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1 Abstract 

RNA editing is an essential posttranscriptional process in the organelles of all land plants, with 

the exception of a liverwort belonging to the Marchantiidae. The predominant process is the 

replacement of cytosine residues by uracils in the RNA. Cis-elements located in the 5’ region 

of target cytidines specify respective RNA editing sites and are recognized by trans-factors. 

Those trans-factors are members of the PLS class of PPR proteins. Their DYW subclass gained 

particular interest, as the DYW domain is assumed to harbour the required enzymatic activity. 

The liverwort Marchantia polymorpha was transformed with combinations of heterologous 

chimera PPR proteins to introduce a de novo RNA editing event in the organism that possesses 

no native RNA editing. Introduction of a single PPR protein, which targets a site in Arabidopsis 

thaliana, was not sufficient to establish RNA editing. This is explicable by the observation that 

PPR RNA editing factors from complex systems seem to miss cofactors required for full 

functionality of the editosome in a bryophyte environment. This assumption was supported 

by the results of cross-species experiments. A knock-out line of an RNA editing factor in A. 

thaliana, CWM1, could be functionally complemented by the transformation of a 

heterologous RNA editing factor from the moss P. patens. The factor from the presumably 

simple and straightforward RNA editing system with only DYW subclass PPR proteins acting as 

specificity factors, was able to restore RNA editing defects, at least in part. Vice versa, it was 

not possible to substitute the corresponding moss PPR protein with the PPR factor from the 

angiosperm. This supports the hypothesis that PPR proteins from the complex system in 

angiosperms require additional co-factors which are missing in the simple bryophyte system. 

To understand the complexity of RNA editosomes, two more RNA editing factors were 

analysed. When investigating the RNA editing defects of the PPR protein mutant mef37, a 

target site of the RNA editing factor MEF19 was also affected. One of the mef37-defective 

sites is located inside the putative binding sequence for MEF19 and seems to prevent MEF19 

from binding. This finding demonstrates how PPR proteins can influence each other. 

The knock-out of the editing factor MEF45 results in embryo lethality. The assessment of the 

binding conditions of the PPR proteins MEF45, MEF37 and SLO4 underlines the importance of 

a stable binding of the C-terminal part of the PPR domains. 
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2 Zusammenfassung 

RNA Editing ist ein essentieller posttranskriptioneller Prozess, der in den Organellen aller 

Landpflanzen mit Ausnahme der Marchantiidae abläuft. Überwiegend wird hierbei Cytosin 

durch Uracil in der RNA ersetzt. Die spezifischen RNA Editing Stellen werden durch Cis-

Elemente bestimmt, welche wiederum durch Trans Faktoren erkannt werden. Die Trans 

Faktoren gehören zur PLS Klasse der PPR Proteine. Speziell deren DYW Unterklasse hat 

Aufmerksamkeit erregt, da der DYW Domäne die enzymatische Aktivität zugeschrieben wird. 

Das Lebermoos M. polymorpha wurde mit mehreren Chimärenkombinationen heterologer 

PPR Proteine transformiert, um eine de novo Editingstelle in den Organismus einzufügen, der 

ansonsten kein RNA Editing besitzt. Die Etablierung von RNA Editing an einer Stelle, die aus A. 

thaliana bekannt ist, konnte nicht erzielt werden. Dies kann mit Beobachtungen aus Cross-

Spezies Experimenten erklärt werden. Der Knock-Out des RNA Editing Faktors CWM1 in A. 

thaliana konnte durch die Transformation eines heterologen RNA Editing Faktors aus dem 

Moos P. patens funktional komplementiert werden. Die Komplementation in die andere 

Richtung, das Ersetzen eines RNA Editing Faktors in P. patens durch ein Protein aus dem 

Bedecktsamer A. thaliana war jedoch nicht möglich. Einzelnen RNA Editing Faktoren aus dem 

komplexen Angiospermen Editing System fehlt in dem überschaubaren Moossystem 

möglicherweise mindestens ein Kofaktor, der in den einfachen Moospflanzen nicht vorhanden 

ist. 

Unter den RNA Editing Defekten in der Mutante mef37 wurde eine Stelle identifiziert, die 

bereits dem Faktor MEF19 zugeschrieben worden war. Im Cis-Element dieser Stelle befindet 

sich ein Editingdefekt von mef37, der die Bindung von MEF19 an seine Stelle behindert. Eine 

spezifische Komplementation der MEF19 Stelle mit einer angepassten MEF19 Variante war 

nicht möglich. Dennoch zeigt dieser Befund das Potential für die gegenseitige Beeinflussung 

von Editing Faktoren untereinander. 

Ein Knock-Out des Editing Faktors MEF45 ist für die Pflanze letal. Die Untersuchung der 

Editingstellen der Faktoren MEF45, MEF37 und SLO4 mithilfe eines 

Bindevorhersageprogramms unterstreicht die besondere Bedeutung einer stabilen Bindung 

des 3‘ Endes der RNA Sequenz eines Cis Elements an den jeweiligen Editing Faktor für eine 

erfolgreiche Editingreaktion. 
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3 Introduction 

3.1 RNA editing 

An essential RNA maturation process together with 3’ and 5’ maturation and splicing in many 

eukaryotic organisms is the process of RNA editing. RNA editing describes the 

posttranscriptional alteration of RNA in three different ways: Either by insertion of nucleotides 

into RNA sequences, by deletion of nucleotides from the sequence, both of which are seen in 

Trypanosoma brucei as position specific insertion or deletion of uridines in its RNA sequences 

(Benne et al. 1986), or by exchanging nucleotide identities (Covello and Gray 1989; Gualberto 

et al 1989; Hiesel et al. 1989; Gott and Emeson 2000). Indels lead to changes in the reading 

frame of a transcript and therefore have very severe consequences for the translated amino 

acid sequence. Each exchange or conversion of nucleotides only alters single nucleotide 

identities, which can lead to changes in single amino acids on the peptide level. RNA editing 

leads to mRNAs that differ significantly from their pre-mRNAs and consequently result in 

translated polypeptide sequences that do not exactly reflect the genetic information provided 

on the DNA level (Hiesel et al. 1989). The three ways of RNA editing have significant 

mechanistic differences, suggesting independently evolved processes (Benne et al. 1986). 

In plant organellar RNAs, only the conversion form of RNA editing is present. The conversion 

is a chemical process in which the identity of a nucleotide is changed. This is in most cases the 

exchange of a cytosine residue by a uracil residue. In ferns, lycopods and hornworts, but not 

in flowering plants, additionally the reverse direction is prevalent with specific uracil residues 

being replaced by cytosine residues (Malek et al. 1996; Chateigner-Boutin and Small 2011). 

With the exception of the Marchantiidae, all terrestrial plants show conversion RNA editing in 

their organelles (Oda et al. 1992; Maier et al. 1995; Malek et al. 1996). No RNA editing was 

found in green algae, suggesting its development in the cause of the adaptation to life on land 

and the early evolution of plants in a non-aquaeous environment (Covello and Gray 1989). 

RNA editing in angiosperms is altering 400-600 nucleotides in mitochondria (Takenaka et al. 

2008) and about 30 nucleotides in chloroplasts (Small et al. 2019). On the other hand, non-

angiosperm vascular plant species show a much higher number of editing sites, with 

Selaginella uncinata chloroplasts having more than 3400 sites (Oldenkott et al. 2014). There 

is a much lower number of sites, e.g. only 13 sites in the moss Physcomitrella patens, 2 sites 
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in the chloroplast (Ichinose et al. 2014) and 11 sites in mitochondria (Ichinose et al. 2013). It 

was hypothesized, that the number of editing sites first increased in plants with the 

colonization of land and later on decreased again. After the transition to life on land, plants 

were confronted with high UV radiation, therefore having to cope with higher mutation rates 

in the genomes of their organelles. This lead to the need for correction mechanisms involving 

RNA editing PPR proteins and the subsequent expansion of this protein class along with the 

increase in editing sites especially in early branching plant lineages. In angiosperms, however, 

the rate of C to T mutations seems to be higher than the rate of T to C mutations, thereby 

leading to the loss of RNA editing sites. A possible reason is the high cost of the editing 

machinery, leading to a selection force for the loss of editing sites as well as the corresponding 

editing factors (Fujii and Small 2011). 

The nucleotide exchanges take place in both coding and non-coding regions. The conversion 

in coding regions can lead to amino acid exchanges, consequently altering the shape of the 

proteins translated from the respective mRNAs. This shows the importance of RNA editing, as 

in many cases functional proteins can be produced only, if RNA editing takes place before 

translation and conserved identities are reestablished by the process (Covello and Gray 1989, 

Hiesel et al. 1989, Walbot 1991). Without RNA editing, structurally reshaped proteins can lose 

functionality with various implications for the whole organism (Takenaka et al. 2008). The 

most severe case is the introduction or the removal of start and stop codons, thereby defining 

open reading frames. In the rpl2 transcript in maize chloroplasts, for example, an ACG codon 

is converted to AUG by RNA editing (Hoch et al. 1991), in petunia mitochondrial atp9, a stop 

codon is created by RNA editing (Wintz and Hanson 1991) and the start codon AUG in tobacco 

chloroplast ndhD mRNA originates from RNA editing of the ACG present on the DNA level 

(Kotera et al. 2005). In A. thaliana the nad2 transcript in mitochondria is an example for the 

posttranscriptional alteration of an ACG to the start codon AUG by RNA editing. However, if 

the event is taking place in non-coding regions or at the third nucleotide position within a 

codon, it can as well be without any changes in the composition of the polypeptide. 

The exchange of a C by a U could be achieved via various mechanisms such as deamination, 

transglycosylation or excision-insertion. However, as the latter two have already been ruled 

out experimentally, the deamination is regarded as the most likely process (Yu and Schuster 

1995). 
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3.2 RNA editing site recognition and trans-factors 

The high number of sites, e.g. more than 400 in A. thaliana, that are specifically chosen from 

all cytosines that could possibly be edited have to be distinguished very carefully. Sequences 

directly upstream of each editing site, the so-called cis-elements, are uniquely labelling each 

editing site. The cis-element is located upstream of the nucleotide to be edited and is 

advancing the actual editing site to a distance of four nucleotides. There is enough sequence 

information provided for a specific recognition of the editing sites (Chaudhuri et al. 1995; Farre 

et al. 2001; Chateigner-Boutin and Hanson 2002; Verbitskiy et al. 2008). The cis-elements can 

be recognized by nuclear encoded protein trans-factors from the family of the PPR proteins 

(Kotera et al. 2005; Zehrmann et al. 2009). More than 400 genes of this family exist in A. 

thaliana (Andrés et al. 2007). PPR (pentatricopeptide repeat) proteins are characterized by 

repetitive motifs of about 35 amino acids, where each motif of the protein can bind to one 

nucleotide in an RNA sequence (Small and Peeters 2000; Lurin et al. 2004). 

Besides the canonical P motifs with a length of 35 amino acids, some PPR proteins also contain 

shorter (S) motifs with 31-34 amino acids or longer (L) motifs with 35-37 amino acids. The 

protein family can therefore be subdivided into P class and PLS class. Some members of the 

PLS class contain additional C-terminal domains, the E and E+ domains and the DYW domain 

(Figure 1). The C-terminal domains are alternatively termed E1, E2 and DYW domains (Cheng 

et al. 2016). The E domain covers both the E1 and E2 domain and includes the PG box, which 

is assigned to the DYW domain in Cheng et al. 2016. The small E+ domain, which directly 

follows after the E domain in Lurin et al. 2004 is part of the DYW domain in the nomenclature 

of Cheng et al. 2016. In this thesis, the nomenclature for the C-terminal domains follows E, E+ 

and DYW as proposed by Lurin et al. 2004. 
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Figure 1: List of architectures of PPR proteins.  The PLS subfamily can be further divided into the PLS, E1, E2, E+ and DYW 
subgroups according to the new definition by Cheng et al. 2016 (a). The definition of Lurin et al. 2004 distinguishes between 
E, E+ and DYW subgroups. Figure taken from Cheng et al. 2016. 

 

Almost exclusively PLS class PPR proteins are involved in RNA editing. P class PPR proteins 

serve among other processes in splicing and RNA stabilization (Shikanai 2015). 
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The mode of binding of the PPR proteins to RNA is elucidated. The target RNA is bound in a 

linear manner by the PPR protein with the 5’ part attached to the N-terminal PPR repeats of 

the protein and the 3’ part to the C-terminal PPR repeats. Amino acids at defined positions 

within the PPR motifs are specifically binding to nucleotides in the RNA. The amino acid at 

position 6 of one PPR motif and the amino acid at position 1 in the following PPR motif (called 

position 1’) together attach to one nucleotide. The combination of the residues at those two 

positions is determining the specificity of each motif and therefore defines which of the four 

possible nucleotides is bound best. The last PPR repeat of the PPR protein binds to the position 

-4 with respect to the editing site in the case of RNA editing factors. With this ability to 

specifically bind nucleotides in a row, PPR proteins are ideal tools for the sequence specific 

recognition of transcripts (Barkan et al. 2012). 

Knowing the structure of the proteins and their mode of binding, it became possible to predict 

RNA sequences that would fit best to a given PPR protein. Vice versa, for known editing sites, 

bona fide PPR trans-factors can be defined. The prediction model led to the development of 

several PPR prediction programs (Barkan et al. 2012; Takenaka et al. 2013b; Yagi et al. 2013). 

Here, the program developed by Takenaka et al. 2013b was used for the prediction of target 

sequences of PPR proteins or trans-factors for cis-elements. 

The presence of well over 400 editing sites in A. thaliana leads to the fact that several PPR 

proteins influence more than one editing site (Zehrmann et al. 2012; Zhu et al. 2012), while 

others still only recognize a single cis-element (Takenaka 2010; Verbitskiy et al. 2012). At some 

sites editing is not completely lost, when the corresponding PPR protein is taken away via 

knock-out experiments, so there seem to be other trans-factors that can at least partly 

compensate for the missing PPR protein, suggesting a complicated network of PPR proteins in 

RNA editing (Zehrmann et al. 2011). 

The protein complex that is assembling on each RNA editing site is called the editosome. PPR 

proteins are prominently involved in the editing site recognition and specific conversion of C 

nucleotides and most likely build up the basis for the recruitment of further trans-factors to 

the respective editing sites (Takenaka et al. 2013a). 

It is still not completely proven where the enzymatic activity for the possible deamination 

reaction is coming from, but recently the C-terminal DYW domain gained interest in this regard 

(Oldenkott et al. 2019). A DYW domain-containing PLS class PPR protein from the moss 
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Physcomitrella patens was able to specifically edit a transcript in the gram-negative bacterium 

Escherichia coli, which has no native RNA editing. Disruption of the conserved residues in the 

DYW domain abolished the RNA editing activity. When replacing the residues that are 

regarded as responsible for Zn2+ coordination by alanines, no RNA editing could be observed 

anymore. The DYW domain is therefore strongly suggested as the enzymatic source of the 

editing reaction. 

To date, all PPR proteins involved in RNA editing are part of the PLS class (Chateigner-Boutin 

and Small 2011), with the exceptions of the P class PPR proteins PPR596 (Doniwa et al. 2010) 

and NUWA, which is serving as a bridge between E+ class PPR proteins and the DYW domain 

containing short PPR protein DYW2 (Andres-Colas et al. 2017; He et al. 2017). 

 

3.3 Additional trans-factors 

Several factors other than PPR proteins are involved in the editosome. One example for 

factors with great impact is the MORF protein family (multiple organellar RNA editing factor). 

The small family consists of only 10 members, including 1 pseudogene in Arabidopsis 

(Takenaka et al. 2012). All MORF proteins contain a conserved domain, the 100 amino acid 

long MORF box in the middle part of the protein. In contrast to single PPR proteins that are 

involved in only a small number of editing events, single MORF proteins act on many more 

sites. Thus, they do not serve as specificity factors. Five of its members are proven to be 

involved in RNA editing, with MORF1 and MORF3 acting in mitochondria, MORF2 and MORF9 

in chloroplasts and MORF8 being involved in RNA editing in both organelles (Figure 2) 

(Takenaka et al. 2012). 

The function of the MORF proteins in the editosome is unclear. Their significant impact on 

RNA editing on the one hand and their ability to interact with themselves and other MORF 

proteins, as well as with PPR proteins suggests an important role of the MORF proteins for the 

functionality of the editosome and possible recruitment of further essential trans-factors. 

Being relatively small, an adapter function was suggested to be most likely for the MORF 

proteins (Takenaka et al. 2012; Zehrmann et al. 2015). The analysis of crystal structures has 

also shown, that MORF9 is able to bind to an artificial PLS class PPR protein. By its binding to 

L repeats, it induces conformational changes, bringing those repeats into a conformation 



Introduction 

14 

closer to P and S repeats and thereby increasing the ability of the PPR protein to bind RNA 

(Yan et al. 2017). This would ascribe the MORF proteins a new role in assisting PPR proteins to 

bind to their respective target sites. 

 

 

Figure 2: MORF protein family, consisting of nine functional genes and one pseudogene.  The MORF box is indicated, as well 
as the localization in mitochondria and/or chloroplasts. Figure taken from Takenaka et al. 2012. 

 

The ORRM proteins (Organelle RNA recognition motif-containing) are another protein family 

identified as part of the editosome. Like the MORF proteins, those proteins have impact on 

many specific editing sites, between 6 and 40 % of the mitochondrial and 64 % of the plastid 

editing sites, respectively, are affected in knock-out lines of the 4 known members (Sun et al. 

2013). 

The function of the ORRM proteins is not elucidated, as well as the function of another protein 

family identified, the OZ proteins (Organelle zinc-finger). Only one member of this family, OZ1, 

was identified to be involved in RNA editing, with 30 affected sites in chloroplasts. OZ1 might 

act as adapter protein, too, as it binds to ORRM1. But to elucidate its functional implication in 

the editosome further studies are necessary (Sun et al. 2015). 

There are possibly also additional, not yet identified, trans-factors involved in RNA editing. But 

after all, the most basic editosome seems to be built up only by a DYW containing PPR protein 
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of the PLS class, as effective editing with the transgenic P. patens PPR protein PpPPR56 or 

PpPPR65 in E. coli has shown (Oldenkott et al. 2019). 

 

3.4 Plant species and RNA editing 

RNA editing is present in all terrestrial plants except the Marchantiidae (Figure 3). Besides the 

general presence, the dimension of RNA editing is highly diverse throughout the plant species. 

While the moss P. patens has a very low number of RNA editing sites, the seed plants contain 

a moderate number of RNA editing sites with 400-600 sites in rice, tobacco or Arabidopsis. In 

contrast, some mosses, hornworts or lycopods have a lot more RNA editing sites with 

Selaginalla uncinata having more than 3.400 sites in its chloroplasts (Oldenkott et al. 2014). C 

to U RNA editing is present in both mitochondria and chloroplasts in all the above mentioned 

plants, the reverse form, U to C RNA editing, is only present in ferns, hornworts and lycopods. 

After the initial increase of RNA editing in early branching plant lineages in the course of the 

colonization of land, the number of sites decreased again in angiosperm evolution. This 

decrease is possibly driven by the high costs for the maintenance of the RNA editing system, 

which constitute a selection force for the loss of RNA editing sites (Fujii and Small 2011). 
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Figure 3: Prevalence of RNA editing within the plant lineage.  The number of chloroplast RNA editing sites is shown on the 
left side, the number of RNA editing sites in mitochondria is shown on the right. The conventional C to U conversion events 
are displayed in blue, the reverse editing events from U to C that are only present in hornworts, ferns and lycopods are 
depicted in red. RNA editing is absent form green algae and Marchantia, but not from all liverworts, as Haplomitrium shows 
extensive RNA editing in both chloroplasts and mitochondria. (Mizuki Takenaka, personal communication) 

 

3.4.1 Marchantia polymorpha 

 

 

Figure 4: Thalli of Marchantia polymorpha cultivated on ½ strength Gamborgs B5 agar medium.  Gemma cups containing 
gemmae for asexual reproduction are visible as dark green spots. 
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The Marchantiidae are the single exception within the terrestrial plants that do not show 

organellar RNA editing. Being on the evolutionary verge between aqueous life and life on land, 

this taxon and its best investigated species, Marchantia polymorpha, show some important 

features and differences to other land plant species, that make it an interesting model 

organism. 

M. polymorpha has been studied by biologists for well over 200 years, but its recently 

sequenced genome makes it now also available for targeted genetic analysis and molecular 

evolutionary considerations. Especially its reduced genome without large gene families make 

it well accessible for genomic studies and provides a straightforward overview on regulatory 

pathways (Bowman et al. 2017). 

The liverworts dominant appearance in its life cycle is the gametophyte. It does not possess 

roots but rhizoids and the plant body is called thallus (Figure 4). The plant is dioecious with 

male and female individuals. In the ecotype utilized in this work, Takaragaike, the male plant 

is called Takaragaike-1 (Tak-1) and the female plant Takaragaike-2 (Tak-2). For sexual 

reproduction, the liverwort uses motile sperm cells. However, M. polymorpha can be 

propagated easily via gemmae that are derived from single cells via asexual reproduction 

(Ishizaki et al. 2016) and the plant is growing on soil, as well as on agar medium. Several 

transformation protocols are established for either spore transformation or transformation of 

thalli via Agrobacteria (Kubota et al. 2013). A set of Gateway® vectors is available for molecular 

genetic experiments (Ishizaki et al. 2015).  

An advantage of the gametophytic dominant life cycle is the haploid presence of the genome 

throughout most of the lifetime of the plant. This simplifies genetic experiments, like knock-

out studies on the one hand, but hampers studies of essential genes on the other hand. 

 

3.4.2 Physcomitrella patens 

In contrast to M. polymorpha, Physcomitrella patens is a bryophyte with organellar RNA 

editing, albeit only a very small number of RNA editing sites, 2 in chloroplasts and 11 in 

mitochondria, and corresponding PPR proteins are present. This small number made it 

possible to make a complete assignment of PPR proteins to all RNA editing sites via knock-out 

experiments. All of those trans factors are of the DYW subclass of PLS class PPR proteins and 
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recently it was shown that one of the factors, PpPPR56 or PpPPR65, is sufficient to drive RNA 

editing in E. coli (Oldenkott et al. 2019). Besides this, P. patens does not contain MORF or 

ORRM proteins, which are required for effective RNA editing in angiosperms. 

 

3.4.3 Arabidopsis thaliana 

The Angiosperm Arabidopsis thaliana is one of the best studied model plants in molecular 

biology. With a completely sequenced genome (Arabidopsis Genome Initiative 2000), its 

accessibility for genetic transformation techniques and its short generation time of only eight 

weeks, it is widely used for genetic experiments. 

A. thaliana RNA editing is altering 400-600 nucleotides in mitochondria and about 30 

nucleotides in chloroplasts, respectively (Takenaka et al. 2008). It therefore represents a 

species with a medium number of editing events, compared to P. patens with a low number 

and e.g. Selaginella uncinata with a very high number of editing sites in their organelles. RNA 

editing in A. thaliana involves an editosome with several trans-factors. Besides the PPR 

specificity factors, MORF proteins among others have been identified as factors affecting RNA 

editing. Not only PLS class PPR proteins of the DYW subclass act as specificity factors, but also 

representatives from classes without a DYW domain, like the E-class. This implicates a 

recruitment of an enzyme bearing factor, rendering the editosome more complex than for 

example for P. patens, where two of its DYW subclass PPR proteins were each alone sufficient 

to introduce RNA editing in E. coli (Oldenkott et al. 2019). 

 

3.5 Genome editing via CRISPR/Cas9 

The CRISPR/Cas9 genome editing system enables the introduction of targeted mutations at 

defined sites in the genome and was used in this work for knock-out experiments in M. 

polymorpha. It consists of two components, a Cas9 nuclease with enzymatic activity and a 

guide RNA that confers site specificity by specifically identifying the target sites for genome 

editing by base pairing with the genomic DNA. Cas9 binds to the PAM (protospacer adjacent 

motif) NGG. This can be a limitation of target finding in the CRISPR/Cas9 system, but since M. 

polymorpha has a GC content of 49.8 %, NGG PAMs can be found at a high frequency in its 

genome. The guide RNA (gRNA) binds to the target site in the genome directly upstream of 
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the PAM and thereby specifies the site for genome editing (Figure 5). If the gRNA and the 

target DNA match, Cas9 induces a double-strand break (Jinek et al. 2012), which is afterwards 

repaired by the error prone non-homologous end joining (NHEJ) repair mechanism. This can 

introduce Indel mutations and substitutions of bases which in turn can disrupt genes through 

the derangement of ORFs. As M. polymporpha has a haploid gametophytic dominant life cycle, 

stable mutations are easy to introduce. Essential genes, however, cannot simply be knocked-

out, as this would lead to lethality. 

 

 

Figure 5: Functional principle of the CRISPR/Cas9 system.  The guideRNA is incorporated into the Cas9 protein. With its guide 
sequence it can base pair with complementary sequences in the target DNA. The Cas9 protein can bind to the complex, if a 
PAM sequence (NGG) is present and introduce a double strand break, indicated by the red arrow heads. Figure taken from 
Sugano et al. 2014. 
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3.6 Aim of the thesis 

The work presented here aims at the investigation of RNA editing sites and their 

corresponding RNA editing factors, and at the way how cis-elements and trans factors 

influence each other. In the course of the investigations, the power, as well as the weak spots 

of the prediction program presented in Takenaka et al. 2013b should be tested. To achieve 

this, different mitochondrial RNA editing factors were examined via knock-out lines and 

subsequent elucidation of the resulting RNA editing defects. 

To test for the ability of single Arabidopsis DYW subclass PPR proteins to perform RNA editing 

reactions without the help of additional cofactors, the liverwort M. polymorpha was used as 

a platform. Using M. polymorpha, an organism without organellar RNA editing, for the de novo 

introduction of RNA editing should circumvent the problems encountered with the use of in 

vitro RNA editing systems with purified recombinant proteins. Heterologous PPR proteins 

should be introduced into the liverwort, taking advantage of the relative ease of 

transformation of M. polymorpha. 

Cross-species experiments should focus on the investigation of the evolutionary development 

of the RNA editing system across different plant species. Via transgenic experiments, the 

compatibility of editing factors from different species with the editing system and molecular 

environments inside mitochondria of other species was investigated. Complementation 

experiments of mutant lines with RNA editing factors for corresponding editing sites in other 

species and subsequent phenotypic investigations were conducted to assess the compatibility 

of RNA editing factors. Native and chimeric RNA editing factors from mosses and angiosperms 

were assessed and the implications on RNA editing status and phenotypic appearance were 

observed. 
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4 Material and Methods 

4.1 Material 

4.1.1 Plasmids 

The entry vector pENTR41b was used for cloning of transgenes via InFusion® reaction (Figure 

6). pENTR41b was modified from pENTR1A (Thermo Fisher Scientific, Waltham, USA) by 

adding the MCS from pET41 (Merck KGaA, Darmstadt, Germany). It contains attL1 and attR1 

sequences for Gateway® reactions. 

 

 

Figure 6: pENTR41b for cloning of transgenes; attL1 and attL2 sequences mark the borders of the Gateway cassette. 

 

pMpGWB102 and pMpGWB106 are Gateway®-ready binary vectors for expression of 

transgenes in plants (Figure 7). Transgenes were transferred from pENTR41b to those vectors 

by Gateway® LR reaction. pMpGWB102 contains a CaMV35S promotor for overexpression, 

pMpGWB106 harbors a 35S promotor and additionally a Citrine tag. 
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Figure 7: pMpGWB102 and pMpGWB106 for overexpression of transgenes.  pMpGWB102 includes a CaMV35S promoter 
for overexpression and a NOS terminator, pMpGWB106 additionally contains a Citrine tag for localization of transgenes. attR1 
and attR2 sequences mark the borders of the Gateway cassette. 

 

pMpGE_En01 (Sugano et al. 2018, Figure 8) was used as a Gateway entry vector for cloning of 

guide sequences for CRISPR/Cas9 experiments. It contains PstI and SacI restriction sites for 

cloning of the guide sequences and a 2 kb MpU6-1pro promotor for constitutive expression 

of the gRNA. 
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Figure 8: pMpGE_En01 with 2 kb MpU6-1pro promotor and PstI and SacI restriction sites for InFusion cloning of guide 
sequences;  attL1 and attL2 sequences mark the borders of the Gateway cassette. 

 

pMpGE010 (Sugano et al. 2018, Figure 9) contains the gene for Arabidopsis codon optimized 

Cas9 with a nuclear localization signal, a gene conferring resistance against hygromycin and a 

Gateway cassette for insertion of the guide sequence from pMpGE_En01. 
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Figure 9: pMpGE010 including the Cas9 gene and a Gateway cassette for insertion of the guide sequence from 
pMpGE_En01, indicated by attR1 and attR2. 
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4.1.2 Chemicals, consumables and commercial kits 

All chemicals used in this work are listed in Table 1. Commercial kits and consumables are 

listed in Table 2. 

 

Table 1: Chemicals with their respective manufacturers 

Substance Manufacturer 

Acetic acid Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

Acetosyringone Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

Agarose  Bio-Budget Technologies GmbH (Krefeld, Germany),  

Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

Biotin Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

CaCl2 Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

Carbenicillin Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

DEPC   Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

Casein Hydrolysate Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany), 

Duchefa Biochemie B.V. (Haarlem, Netherlands) 

Cefotaxime Alfa Aesar (Ward Hill, USA) 

Cholinchloride Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

Citric acid Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

CoCl2 hexahydrate Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

CuSO4 pentahydrate Fluka, now Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

DMSO Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

Ethanol, denatured VWR International GmbH (Darmstadt, Germany) 

Ethanol, 100% VWR International GmbH (Darmstadt, Germany) 

Ethidiumbromide Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

FeSO4 heptahydrate Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

Gamborg B5 medium Duchefa Biochemie B.V. (Haarlem, Netherlands) 

Gamborg B5 micro-elements Duchefa Biochemie B.V. (Haarlem, Netherlands) 

Gamborg B5 vitamin mixture Duchefa Biochemie B.V. (Haarlem, Netherlands) 

α-D(+) Glucose monohydrate  Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

L-Glutamine Duchefa Biochemie B.V. (Haarlem, Netherlands) 

Glycerol Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

H3BO3 Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

HCl Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

Hygromycin Duchefa Biochemie B.V. (Haarlem, Netherlands) 
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Substance Manufacturer 

Inositol Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

Kanamycin sulfate  Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

KCl Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

KH2PO4 Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

KI Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

KNO3 Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

Malic acid Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

β-Mercaptoethanol  Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany)  

MES Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

MgCl2 Merck KGaA (Darmstadt, Germany)  

MgSO4 heptahydrate Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

Micro agar Duchefa Biochemie B.V. (Haarlem, Netherlands)  

MnSO4 monohydrate Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

Murashige & Skoog medium Duchefa Biochemie B.V. (Haarlem, Netherlands) 

EDTA dihydrate disodium salt Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

Na2MoO4 dihydrate Riedel-de Haën, now Sigma-Aldrich Chemie GmbH  

(Taufkirchen, Germany) 

NaCl Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

NaClO Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

NH4NO3 Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

Nicotinamide Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

Panthothenate – Ca Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

Plant agar Duchefa Biochemie B.V. (Haarlem, Netherlands) 

Propanol Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

Pyridoxine Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

RiboLock RNase Inhibitor  Thermo Fisher Scientific (Waltham, USA)  

SDS MP biomedicals, LLC (Santa Ana, USA)  

Spectinomycin HCl pentahydrate Duchefa Biochemie B.V. (Haarlem, Netherlands) 

D-sucrose Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

Thiamine Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

TRIS Carl Roth GmbH & Co. KG (Karlsruhe, Germany) 

BactoTM Tryptone  Becton Dickinson GmbH (Heidelberg, Germany)  

BactoTM Yeast Extract Becton Dickinson GmbH (Heidelberg, Germany) 

ZnSO4 heptahydrate Fluka, now Sigma-Aldrich Chemie GmbH  

(Taufkirchen, Germany) 
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Table 2: Commercial kits and consumables with their respective manufacturers 

Product Manufacturer 

Leucopore tape Duchefa Biochemie B.V. (Haarlem, Netherlands) 

Osmocote Exact Mini Fertilizer Everris GmbH (Nordhorn, Germany) 

Potting soil Ökohum GmbH (Herbrechtingen, Germany) 

NucleoSpin® Gel and PCR Clean-up Macherey-Nagel GmbH & Co. KG (Düren, Germany) 

NucleoSpin® Plasmid Macherey-Nagel GmbH & Co. KG (Düren, Germany) 

NucleoBond® AX Macherey-Nagel GmbH & Co. KG (Düren, Germany) 

NucleoSpin® RNA Macherey-Nagel GmbH & Co. KG (Düren, Germany) 

SpectrumTM Plant Total RNA Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

PCR tubes PEQLAB Biotechnologie GmbH (Erlangen, Germany) 

Reaction tubes, pipette tips Sarstedt AG & Co. KG (Nümbrecht, Germany) 

 

4.1.3 Mono- and oligonucleotides 

Mononucleotides (dNTPs) were obtained from Genaxxon Bioscience GmbH (Ulm, Germany), 

Oligonucleotides from Biomers.net GmbH (Ulm, Germany) and Eurofins (Luxembourg, 

Luxembourg) (Table 3). 
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Table 3: Oligonucleotides with respective sequences in 5’-3’ direction 

Oligonucleotides Sequence 
reverse transcription 

NGSRT_accD_1 TCGGGAAATGCAAAAAGATGGA 

NGSRT_atp1 GGCCTCTCCAGTCTTTGCTT 

NGSRT_atp4_R CCCCGAACCATTCTTAAGACCA 

NGSRT_atp6 AGTGACCAAGATGCAAGGGA 

NGSRT_atp8 CCTACCAGAGGTATCTATAGAATGAAA 

NGSRT_atp9 TCAGAATACGAATAAGATCAAAAAGGC 

NGSRT_atpH AGAAAGCGAATCGATGTGCT 

NGSRT_ccmB ATACCCGGCCCAACATTCTC 

NGSRT_ccmC ACCATTCAGCCATGGATGCA 

NGSRT_ccmFn2 GTTCTACGGACCGATGCCTG 

NGSRT_cox2 AAACGAGCGTTAGAGCGAGC 

NGSRT_cob TCAGGTGTGATCAGTCTCATCC 

NGSRT_cox3 AGGAACAATCTCAAATAGACCAAGA 

NGSRT_cp_rps14 TGCCTGAACCATTTCCCGAA 

NGSRT_CpRPS4UTR AGAGCAAACAAGGGATCCCA 

NGSRT_matR AGACTAGACTAGTAGTTGAGTGTTC 

NGSRT_mtrps12 CGACCCGGAATTCCCATCAA 

NGSRT_mttB TTTTTCTCGATCGAGCCGCT 

NGSRT_nad1_1 TATGTGCGAGGAATTGCCCT 

NGSRT_nad2 ACCCTTTCTTTGAACCTTGTCA 

NGSRT_nad2_2 GTAACCGGGGTGGGTGAAC 

NGSRT_nad4_1 TCAATGAAATTTGCCATGTTGCAC 

NGSRT_nad4_2 AGGAAAAACTGATATGCTGCCTTG 

NGSRT_nad4L GTACCTCGGACTCGGAAAGT 

NGSRT_nad5_1 GCCTGGTTGCTTGCTTACCA 

NGSRT_nad5_2 CCGAACCAGCACTCAGGAAT 

NGSRT_nad6 GATCGTGAGTGGGTCAGTCG 

NGSRT_nad7 TCTGGGCTCGCAATAAAGCT 

NGSRT_nad7_2 ATCTTGTGCCACTCCACCTG 

NGSRT_nad9 CGTCGCTACGCTGTTCCC 

NGSRT_ndhB_2 TCCTGGGGAGTTATACATTTGTGT 

NGSRT_ndhK_ndhJ ATACACGCTGGCTAAGAGGC 

NGSRT_petR TGCCAATGAATCTCAATGACCA 

NGSRT_rpl16 CATAAGATTCTCGGCCCGCT 

NGSRT_rpl2 ACAGGTGCACGATCGACTTT 

NGSRT_rpl23R ACCCGGTTGAAGCGTAATGA 

NGSRT_rpl5 ACTGAGTTTCCCCCTCATCT 

NGSRT_rpl5trail GCCCATCAAAGAACCTCGAGA 

NGSRT_rps3 AGCAAAAATGGAATGAAATGATCTTCT 

NGSRT_rps3_2 CCCCGTCGTAGTTCTCAATC 
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NGSRT_rps4 TTATATGTTTTGGCCACGTCCG 

NGSRT_rps7_1 TGGTCTCACTTTACCACCATCTG 

NGSRT_ycf3 ATGCTACACCGCTGCTCAAT 

RT-PCR 

accD_NGS_1_LEFT  ACACTGACGACATGGTTCTACATCAATTGTGGATTCAATGCGACA 

accD_NGS_2_RIGHT TACGGTAGCAGAGACTTGGTCTACATATGCAAGCAAGGGAGGA 

atpF_NGS_1_LEFT  ACACTGACGACATGGTTCTACATACTTGGGTCACTGGCCATC 

atpF_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTAGCTCCTTCACGCAGTTCTT 

atpH_NGS_1_LEFT  ACACTGACGACATGGTTCTACAGGCCTGGTTGTAGCATTAGC 

atpH_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTTGTGCTAATTCCCCATCCTCA 

clpP_NGS_1_LEFT  ACACTGACGACATGGTTCTACAAGGCACAAACGGGAGAATTT 

clpP_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTTGAACCGCTACAAGATCAACA 

matK_NGS_1_LEFT  ACACTGACGACATGGTTCTACATCAAACCCTACGTTACCGGG 

matK_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTCGAAGACCGCTTGCGTAGAA 

ndhB_NGS_1_LEFT  ACACTGACGACATGGTTCTACATCCCAGAATGTATCCTAATTTTTGGC 

ndhB_NGS_2_RIGHT TACGGTAGCAGAGACTTGGTCTTCTCCCCCGGATGAACCATA 

ndhB_NGS_3_LEFT  ACACTGACGACATGGTTCTACACCCAGGAATTTCAATTGCGCT 

ndhB_NGS_4_RIGHT TACGGTAGCAGAGACTTGGTCTCGCAATAATCGGGTTCATTGA 

ndhD_NGS_1b_LEFT  ACACTGACGACATGGTTCTACAGAGTACGCGTTCTTTGGACC 

ndhD_NGS_3b_RIGHT TACGGTAGCAGAGACTTGGTCTCCCATATGAGATACAGAAGAATAGGCT 

ndhF_NGS_1_LEFT  ACACTGACGACATGGTTCTACATCAACAAATTTTTCTAAGTTGCATTCA 

ndhF_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTAGGTATCCTTGATCATGCGACA 

ndhG_NGS_1_LEFT  ACACTGACGACATGGTTCTACATGGATTTGCCTGGACCAATACA 

ndhG_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTAGGAGTTGTGCAGCAGCTAC 

ndhK-ndhJ_NGS_1_LEFT  ACACTGACGACATGGTTCTACAAAGTCCAGTATCGTCCCACG 

ndhK-ndhJ_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTTATGAACCAGCCCGCGTTT 

petL_NGS_1_LEFT  ACACTGACGACATGGTTCTACAAAAACATATTTTATTGAGTCCCTTCATG 

petL_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTACACGGTAAGGAACTATCGAACA 

psbE-psbF_NGS_1_LEFT  ACACTGACGACATGGTTCTACAGGCATTCCATTAATAACAGGCCG 

psbE-psbF_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTTCGTTGGATGAACTGCATTGC 

psbZ_NGS_1_LEFT  ACACTGACGACATGGTTCTACAATGACTATTGCTTTCCAATTGGC 

psbZ_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTAAGAGAATTAAGGATACCCACCAAGA 

rpl23_NGS_1_LEFT  ACACTGACGACATGGTTCTACAACAGACAAAAGTATTCGGTTATTGGG 

rpl23_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTTGTATGTCCCAGAATAGGTCCCA 

rpoA_NGS_1_LEFT  ACACTGACGACATGGTTCTACAGCGAAGAGCTTTACTTGGCG 

rpoA_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTGCGTTGCGCGTTCCATATAG 

rpoB_NGS_1_LEFT  ACACTGACGACATGGTTCTACATCCTTTAATGAATTCCCTTGGAACT 

rpoB_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTAGAATTTCTCGTAGATTCAAACCCA 

rpoB_NGS_2_LEFT  ACACTGACGACATGGTTCTACATGGGTTCAGAAAAAGGGTGGT 

rpoB_NGS_2_RIGHT TACGGTAGCAGAGACTTGGTCTGGGTCTCCCGTCTTGCAAAT 

rps12intron_NGS_1_LEFT  ACACTGACGACATGGTTCTACAAGACAGCCAATCCGAAACGT 

rps12intron_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTTGAATCGAGTTCGTCCATTCT 

rps14_NGS_1_LEFT  ACACTGACGACATGGTTCTACAAGGGAGAAGAAGAGGCAAAAA 

rps14_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTCTTCCGGTCGAAAAGCAACG 
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 Cprps4_NGS_1_LEFT   ACACTGACGACATGGTTCTACATGCTTGTCGTAGAATATTACTCTCGA 

Cprps4_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTGGGATCCCAATCTCCCTACC 

ycf3intron2_NGS_1_LEFT  ACACTGACGACATGGTTCTACAGGGCTTTCTACATAAGCATCGC 

ycf3intron2_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTTGTCGGTCCAAAACCTTTCCA 

atp1_NGS_1_LEFT  ACACTGACGACATGGTTCTACACGGAATTAGACCTGCTATTAACGT 

atp1_NGS_2_RIGHT TACGGTAGCAGAGACTTGGTCTTGAGGATTCCTAATGTGATGAAAGC 

atp4_NGS_1_LEFT  ACACTGACGACATGGTTCTACATCTATTTGTGCATTAAGTTCGAAGA 

atp4_NGS_2_RIGHT TACGGTAGCAGAGACTTGGTCTAGACCACCAAGCTCTCTCGA 

atp6_NGS_1_LEFT  ACACTGACGACATGGTTCTACACCTCCCCACTGGACCAATTT 

atp6_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTACATTCCCGGAAAGACCACC 

atp8_NGS_1_LEFT  ACACTGACGACATGGTTCTACATTTAGCACTGGTGTATCCTATATGT 

atp8_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTTGCTTCCTTGGCCATGTACA 

atp9_NGS_1_LEFT  ACACTGACGACATGGTTCTACACCCGAGATGTTAGAAGGTGCA 

atp9_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTACGAATAAGATCAAAAAGGCCATCA 

ccmB_NGS_0_LEFT  ACACTGACGACATGGTTCTACAGATGATGTTACGCGGCGTTC 

ccmB_NGS_3_RIGHT TACGGTAGCAGAGACTTGGTCTGGTCCAGAAGAGAATTGGCCA 

ccmC5'UTR_NGS_1_LEFT  ACACTGACGACATGGTTCTACACCGCCATTTCAGGTTTACGTC 

ccmC5'UTR_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTCACTCCTTGCTGGCGGAG 

ccmC_NGS_1_LEFT  ACACTGACGACATGGTTCTACACAAAGACCAGAAGCTACGCG 

ccmC_NGS_4_RIGHT TACGGTAGCAGAGACTTGGTCTTGGTATTCCTTCTCGAGCTTCA 

ccmFc_NGS_1c_LEFT  ACACTGACGACATGGTTCTACACGGATAGAGCAGATGGTCCA 

ccmFc_NGS_4b_RIGHT TACGGTAGCAGAGACTTGGTCTTCAAGCCCGATTTCTGGTGG 

ccmFc_NGS_5b_LEFT  ACACTGACGACATGGTTCTACATCACATGGAGGAGTGTGCAT 

ccmFc_NGS_7_RIGHT TACGGTAGCAGAGACTTGGTCTGCAGCCACTACTTTGACTCCT 

ccmFn1_NGS_1c_LEFT ACACTGACGACATGGTTCTACAGGTTCGAATCCTGCCACCTT 

ccmFn1_NGS_6_RIGHT TACGGTAGCAGAGACTTGGTCTCTCGCTTGTTATACGGGATCC 

ccmFn2_NGS_1_LEFT  ACACTGACGACATGGTTCTACACGAAGCGTGTCGTTCGTAATG 

ccmFn2_NGS_3_RIGHT TACGGTAGCAGAGACTTGGTCTGCCTGCTGCTTCATCTGGTA 

cob_NGS_1_LEFT  ACACTGACGACATGGTTCTACAATCCAACCCCGAGCAATCTT 

cob_NGS_5_RIGHT TACGGTAGCAGAGACTTGGTCTGGTGTGATCAGTCTCATCCGT 

cox2_NGS_1_LEFT  ACACTGACGACATGGTTCTACAAGGAACCTTTGCTTTGAAAATGA 

cox2_NGS_4_RIGHT TACGGTAGCAGAGACTTGGTCTTGATAGCTCTTCCCCCTCCC 

cox3_NGS_1_LEFT  ACACTGACGACATGGTTCTACAGAGCTTTGGCAACCACCGTA 

cox3_NGS_3_RIGHT TACGGTAGCAGAGACTTGGTCTAGACCAAGATCTAATTTCGGGTCA 

matR_NGS_1_LEFT  ACACTGACGACATGGTTCTACACCTTACTCCGTCCCACACAG 

matR_NGS_2_RIGHT TACGGTAGCAGAGACTTGGTCTGGCCTTTTCTGGTCCCCC 

matR_NGS_4_LEFT  ACACTGACGACATGGTTCTACACAGGACGGGGTTCAACTAGC 

matR_NGS_5_RIGHT TACGGTAGCAGAGACTTGGTCTGTTCAGGTCTTGACCGGGTC 

mttB_NGS_1_LEFT  ACACTGACGACATGGTTCTACATCCTTCACTTTTAGCTTTGAATTACT 

mttB_NGS_4_RIGHT TACGGTAGCAGAGACTTGGTCTCCAGCCCTCTTCACGAACTT 

nad1_NGS_1_LEFT  ACACTGACGACATGGTTCTACACGACCAGGCCAGATCATGAG 

nad1_NGS_5_RIGHT TACGGTAGCAGAGACTTGGTCTAGGAAGCCATTGAAAGGTGAC 

nad1intron_NGS_1_LEFT  ACACTGACGACATGGTTCTACACCAGAGCAAGTAGGGTTGGG 

nad1_NGS_2_RIGHT TACGGTAGCAGAGACTTGGTCTTGCTCCTAGAAAGGCATATTTCGA 
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nad1intron4_NGS_1_LEFT  ACACTGACGACATGGTTCTACATTGTATTGTAGTCGGCCCGG 

nad1intron4_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTAGGGGCCTTTTCTTGATCGT 

nad1intron4_NGS_2_LEFT  ACACTGACGACATGGTTCTACACCACTTGTTGGGAGAGGTTGT 

nad1intron4_NGS_2_RIGHT TACGGTAGCAGAGACTTGGTCTATGTGCATGGACCAGGTGAG 

nad2_NGS_1_LEFT  ACACTGACGACATGGTTCTACAGACTCAGTGCTCCATACGGG 

nad2_NGS_5_RIGHT TACGGTAGCAGAGACTTGGTCTTCCTTCTATGGTTCCACATGAGA 

nad2_NGS_5_LEFT  ACACTGACGACATGGTTCTACACTTTCTATTGCGCCTAAAATCTCT 

nad2_NGS_8_RIGHT TACGGTAGCAGAGACTTGGTCTACCCTTTCTTTGAACCTTGTCA 

nad3_NGS_1_LEFT  ACACTGACGACATGGTTCTACATCGATATGCCGCTTCTTCGC 

nad3_NGS_3_RIGHT TACGGTAGCAGAGACTTGGTCTACGTGGGCATTATTCTCTTTCCT 

nad4_NGS_1_LEFT  ACACTGACGACATGGTTCTACATGTTAGAACATTTCTGTGAATGCT 

nad4_NGS_4_RIGHT TACGGTAGCAGAGACTTGGTCTCGCTTCGGGAAACATGGGTA 

nad4_NGS_5_LEFT  ACACTGACGACATGGTTCTACATCCCGAAGCGACACTTTGTT 

nad4_NGS_7_RIGHT TACGGTAGCAGAGACTTGGTCTTTACGGATGTATGCATGCAGT 

nad4L_NGS_1_LEFT  ACACTGACGACATGGTTCTACAGTTCCCGAAATGGATCTTATCAAA 

nad4L_NGS_2_RIGHT TACGGTAGCAGAGACTTGGTCTGCTAACCCAATAGCGGATTCC 

nad5_NGS_1b_LEFT  ACACTGACGACATGGTTCTACATGATTGCTTTTTATGAAGTCGCAC 

nad5_NGS_5_RIGHT TACGGTAGCAGAGACTTGGTCTATATTCCAGTGGTTGCCGCA 

nad5_NGS_6_LEFT  ACACTGACGACATGGTTCTACAGCCTCCTCCTTCCCTTTGAC 

nad5_NGS_9_RIGHT TACGGTAGCAGAGACTTGGTCTGCAAGCTCCTCCAGTTCGAT 

nad5intron_NGS_1_LEFT  ACACTGACGACATGGTTCTACAGAAGAAGGGGCCTAAGCACG 

nad5intron_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTGGCTATCGAACACAGAGTCA 

nad6_NGS_1_LEFT  ACACTGACGACATGGTTCTACATGAAATAGGAACAACCGCGC 

nad6_NGS_3_RIGHT TACGGTAGCAGAGACTTGGTCTGCCCCAATCATGGCTACTAA 

nad7_NGS_1_LEFT  ACACTGACGACATGGTTCTACAACAAGTGGTATTGGACAAGATCT 

nad7_NGS_7_RIGHT TACGGTAGCAGAGACTTGGTCTGCTAAGGTCCTGATCGAGCA 

nad7intron2_NGS_1_LEFT  ACACTGACGACATGGTTCTACAATTGCACGGTTCAGAGAGCA 

nad7intron2_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTGCTCGTAATGGTACCTCGCA 

nad9_NGS_1_LEFT  ACACTGACGACATGGTTCTACATGGAAAGATCGGAACATGGGA 

nad9_NGS_3_RIGHT TACGGTAGCAGAGACTTGGTCTGCTGTTCCCAAGGACTAGCA 

orf240_NGS_1_LEFT  ACACTGACGACATGGTTCTACATGGCACGAAAAGGAAATCCG 

orf240_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTACCTCAGCCCCCAAACAAAA 

rpl16_NGS_1_LEFT  ACACTGACGACATGGTTCTACAACCATAAAATCGATTATGCTCCTG 

rpl16_NGS_3_RIGHT TACGGTAGCAGAGACTTGGTCTGGCCCGCTTTATCCCCATTA 

rpl16trail_NGS_1_LEFT ACACTGACGACATGGTTCTACACGGAAAGGAGGAGTAGGAGGA 

rpl16trail_NGS_2_RIGHT TACGGTAGCAGAGACTTGGTCTCCTTCTCCATACATATCGAGGGC 

rpl2_NGS_1_LEFT  ACACTGACGACATGGTTCTACATCGTTCTTCTCAGATCGCTC 

rpl2_NGS_2_RIGHT TACGGTAGCAGAGACTTGGTCTAAACCCCGGAGAGCTTTGAG 

rpl5_NGS_1_LEFT  ACACTGACGACATGGTTCTACATGTTTCCACTCAATTTTCATTACGA 

rpl5_NGS_3_RIGHT TACGGTAGCAGAGACTTGGTCTTCCCCCTCATCTTTTTGCAA 

rpl5trail_NGS_1_LEFT  ACACTGACGACATGGTTCTACACAAACGTAGATTGCTCGCGG 

rpl5trail_NGS_1_RIGHT TACGGTAGCAGAGACTTGGTCTCAGATACAGAACGAGGGCGA 

rps12_NGS_1_LEFT  ACACTGACGACATGGTTCTACAAAAGGAAAGAGAATAATGCCCACG 

rps12_NGS_2b_RIGHT TACGGTAGCAGAGACTTGGTCTTCGATTTGGGTTTTTCTGCACC 
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rps3_NGS_1_LEFT  ACACTGACGACATGGTTCTACACGATTTCGGTAAGACTTGGAAAA 

rps3_NGS_4_RIGHT TACGGTAGCAGAGACTTGGTCTTGGAAAGAGCGAGATGGTGG 

rps3_NGS_4_LEFT  ACACTGACGACATGGTTCTACAAGCGAATGCACAGGGAAGAA 

rps3_NGS_6_RIGHT TACGGTAGCAGAGACTTGGTCTATGAAATCCACACTTTGACACC 

rps4_NGS_1_LEFT  ACACTGACGACATGGTTCTACAAGATTTCAAACTTGTCGTCTACTTT 

rps4_NGS_4_RIGHT TACGGTAGCAGAGACTTGGTCTTCTCTTCATAGTCAACTTATGGGGG 

rps4_NGS_4_LEFT  ACACTGACGACATGGTTCTACATGCAAGAAGAAGACTTAGAAAGAACA 

rps4_NGS_5_RIGHT TACGGTAGCAGAGACTTGGTCTTATGTTTTGGCCACGTCCGT 

rps7_NGS_1_LEFT  ACACTGACGACATGGTTCTACACCACTTGTTGGGAGAGGTTGT 

rps7_NGS_2_RIGHT TACGGTAGCAGAGACTTGGTCTCACCATCTGAAATGCGCGAA 

MpccmFc30F ATGGGAGACTTTTCATATTTAGAATCTTT 

MpccmFc500R ACAGGGCAGGACGTGATCCA 

ACT2_fw TCCCTCAGCACATTCCAGCAGAT 

ACT2_rev AACGATTCCTGGACCTGCCTCATC 

CRISPR/Cas9 

MpPPR_60_1463iFFcr GCACCCAGCCTCTCGTCCGAGTGGTGGGACAAC 

MpPPR_60_1463iFRcr TTCTAGCTCTAAAACGTTGTCCCACCACTCGGA 

Cloning and genotyping 

35Sf TATCCTTCGCAAGACCCTTC 

At1g08070E+F_MEF30E TATATAGAGAAGTTTTCTGTGGTCCATGAGTTCATCA 

At1g08070F1618_MEF30S2 AAACCGGATGTACGTATTTGGTGCTCCCTTCTCAAAG 

At1g08070F1618_MEF30S2_D1N AAACCGAATGTACGTATTTGGTGCTCCCTTCTCAAAG 

At1g08070stopiFR GTGCGGCCGCAAGCTTGCTACCAGTAGTCATTGCAGG 

At1g17630 F1603 GGGATCGCTTTGGTAGCTGT 

At1g17630 F1855 GTGGACATTGCAGAGGGTATAGC 

At1g17630 R1700 GTGCTCTTGTTGGGGCTCTA 

At1g17630 R1931 CCACCAGCAGAGTAGATGTTGG 

At1g17630F489 GGACGGATATATTTTGCCCTTG 

At1g17630F-82 GTCGATTAACAGCGTTTAACC 

At1g17630iFFATG CGAATTCTGTACAGGCATGGTTCACGCTTCTCTTTG 

At1g17630iFRstop GTGCGGCCGCAAGCTTTTATGCTGTCCATAGGTCTAGAT 

At1g17630R742 TCTTCACGTTGCATCCATTC 

At1g28690 ATGiFF CGAATTCTGTACAGGCATGAGAATCTTCAGATTCACG 

At1g28690 stopiFR GTGCGGCCGCAAGCTTTCAATCTTCGCTGGTCCAAC 

At1g28690F878 GGTGAAACTGCTAAGAGATCAG 

At1g28690R1128 CATCAATCATCGAAGTCCACG 

At1g28690R1687 AAGCCTGATAAGTATGAGACTCT 

At2g25580E+F_MEF30E TATATAGAGAAGTTTAGTAGTATGCAGGAATTTAGGGC 

AT2g25580stopiFR GTGCGGCCGCAAGCTTGTCACCAATAATCTTTACAGGTGC 

At3g05240_D106S_rev CCTTAAGAACATAAGGAAAAGTGAAATAACTCGGAGAATAACCTTTTCGAAGC 

At3g05240_F1582 TTTTGAAGAGGCAGAGAGATT 

At3g05240_F300 CCGACTCATAGATTTCTGCACT 

At3g05240_F394 TGTTTATATATGGAACTCTATGATCAGAG 

At3g05240_F499 TTATTTCACTTTTCCTTATGTTCTTAAGG 



Material and Methods 

33 

At3g05240_F509 TTATGTTCTTAAGGCTTGTTCTGG 

At3g05240_P111Lrev CCAGAACAAGCCTTAAGAACATAAAGAAAAGTGAAATAATCCGGAGAATAACC 

At3g05240_R1705 TTTATAACGAGGTCAAGTAGGA 

At3g05240_S42Nrev AGTGCAGAAATCTATGAGTCGGTTTAGAGGAATGACGTTTCTGATAAC 

At3g05240_S71Trev CTCTGATCATAGAGTTCCATATATAAACAGTTGGACAATCGATACTTTCGAAAA 

At3g05240ATGiFF CGAATTCTGTACAGGCATGATGAAGAAGCACTACAAACC 

At3g05240F-12 AACATTGCCTTTGAATTTCATGA 

At3g05240iFRstop GTGCGGCCGCAAGCTTTTAGAACATTGTTTCAACAGAACTATGA 

At3g05240R1404 CCCGAGATATGTGATTCCATC 

At3g05240R1637 TCTACCCTTTTGCTCTTCATG 

At3g05240R1893 GGTGAAAATCACGACCTCTT 

AT3g05240stopiFR GTGCGGCCGCAAGCTTGAAGTAGGACCCTGAATTAGAAC 

At4g14850iFFATG CGAATTCTGTACAGGCATGAGCCTCCTCTCCGCGGAC 

At4g14850iFRstop GTGCGGCCGCAAGCTTGTTACCAATAATCCTTACAAGAACATATCC 

At4g14850iFRstopDTOPO GGCGCGCCCACCCTTTTACCAATAATCCTTACAAGAACATATCC 

At4g38010AMiFFATG GAAGGAGATAGAACCATGTATTTGCCGGAGAAATCAG 

At4g38010EF_S2_D1N AAACCGAATGTACGTATATGTGGAGCTATTCTTAGTGCTTG 

At4g38010ER AAACTTCTCTATATAACTTGATCCTGGAACC 

At4g38010F1291 GCATGGACTTGAATCCCTTAGAT 

At4g38010F-3 TTGTTTGATCACTATTTGCGACT 

At4g38010iFR262DTOPO GGCGCGCCCACCCTTGTAAGATGCAAAATCTGCGGATTTG 

At4g38010iFR263 GTGCGGCCGCAAGCTTGTAAGATGCAAAATCTGCG 

At4g38010iFRATG CGAATTCTGTACAGGCATGTATTTGCCGGAGAAATCAG 

At4g38010iFRnostDTOPO GGCGCGCCCACCCTTTTGGTCTAAAGTCATAAACTTCTC 

At4g38010iFRstop GTGCGGCCGCAAGCTTTCATTGGTCTAAAGTCATAAACTTCTC 

At4g38010R1129 GGCAGTTCCAATATGCGTATC 

At4g38010S2_D1N_MEF11ER AAGAGCACCCCAAACACGTACATTCGGTTTAACCGGCATTGC 

At4g38010S2_D1N_MEF11ER AAGAGCACCCCATACACGTACATTCGGTTTAACCGGCATTGC 

At4g38010S2_D1N_PpPPR71_ER CAAACTACTCCAGATACGTACATTCGGTTTAACCGGCATTGC 

At4g38010S2_D1NR_MEF1E TAAAGCTCCCCATACACGTACATTCGGTTTAACCGGCATTGC 

At4g38010S2_MEF11ER AAGAGCACCCCAAACACGTACATCCGGTTTAACCGGC 

At4g38010S2_MEF11ER AAGAGCACCCCATACACGTACATCCGGTTTAACCGGC 

At4g38010S2_MEF1ER TAAAGCTCCCCATACACGTACATCCGGTTTAACCGGC 

At4g38010S2_PpPPR71_ER CAAACTACTCCAGATACGTACATCCGGTTTAACCGGC 

At4g38010S2R ACGTACATCCGGTTTAACCG 

At4g38010S2R_D1N ACGTACATTCGGTTTAACCG 

At5g08310F484 TCCGAGACCAAGCTTCTG 

At5g08310iFFATG CGAATTCTGTACAGGCATGTTGAAATCATCATCGTCTCTC 

At5g08310iFRstop GTGCGGCCGCAAGCTTTCAAGAACAAAAACAATGATTGTCTTG 

At5g08310R655 CCAACGCTTTGTTATATTCACC 

At5g47030mtiFFATG2 TACAAAAAAGCAGGCTATGTTTAAACAAGCTTCTCGTC 

At5g47030mtiFFDTOPO GCCGCCCCCTTCACCATGTTTAAACAAGCTTCTCGTCTCC 

At5g47030mtiFR3 CCTGTACAGAATTCGGGAATCGAGCGTCGATG 

cwm1-1_WT_LEFT GGTTCACGCTTCTCTTTGGC 
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cwm1-1_WT_RIGHT GGTTCTCCAGCAACTCGTCA 

DTOPOinvfw GGTGAAGGGGGCGGCCGC 

DTOPOinvrev AAGGGTGGGCGCGCCGAC 

hygroB_563F TCTCGATGAGCTGATGCTTTG 

M13 Forward GTAAAACGACGGCCAG 

M13 Reverse CAGGAAACAGCTATGAC 

MEF11_EF GTTTGGGGTGCTCTTCAGAA 

Mi_CWM1_F953 GCATTCAGTAAGGGTAAGGAGAT 

Mi_CWM1_iFRstop GTGCGGCCGCAAGCTTTCACCAGTAATCTTTGCAAGAACAG 

MpU6-1pro_seqfw GTGGATCGAAGAATGAC 

MpU6-1pro_seqfw2 AACTGCTGTTCACTAGT 

pENTRA1F GTTAGTTACTTAAGCTCGGGC 

pENTRA1R ACATCAGAGATTTTGAGACACG 

pENTRforORGCCBF CGAATTCTGTACAGGCCTGAACCAATTCAGTCGACTGG 

pENTRinFrameR2 CAAGAAAGCTGGGTCCTCGAGTGCGGCCGCAAGCT 

pENTRinverseR2 AGCCTGCTTTTTTGTACAAAGTTGG 

pENTRinvertF GACCCAGCTTTCTTGTACAAAG 

PpPPR_71_EF ATCTGGAGTAGTTTGCTGGTTG 

PpPPR_71iFRstop GTGCGGCCGCAAGCTTTCACCAGTAATCGCCGCAAG 

PpPPR_71iFRstopDTOPO GGCGCGCCCACCCTTCCAGTAATCGCCGCAAGAG 

PpPPR_79_DYWrev CCGCAAGAGCACTCACCAT 

PpPPR_79_DYWrev2 GAAGTGATGGAACCGATGAGCA 

PpPPR_79_EE+rev GACCAGGCTCCTTCTTCAC 

PpPPR_79F578 GAGATGAGGTATCCTGGACTAC 

PpPPR_79R1380 TTTTACAACTTCCGCGTGAA 

PpPPR79_genotyping_LEFT AGACGGGCTTGTGTCAGATG 

PpPPR79_genotyping_RIGHT CCTTCACACCTTGTTGCAGC 

SALK LB1.3 ATTTTGCCGATTTCGGAAC 

Tnos-SacR ACGATCGGGGAAATTCGAG 

HiDi PCR 

MarCyt1063R CCCACTGAAGCAATTTGTCC 

Mp_cob_F953C GTAGTTCAAGTTTTCGACCAATTC 

Mp_cob_F953T GTAGTTCAAGTTTTCGACCAATTT 

Mp_cob_F953T_iFF CGAATTCTGTACAGGCGTAGTTCAAGTTTTCGACCAATTTACC 

Mp_cob_iFR GTGCGGCCGCAAGCTTTCACCACCAAAGCAAGCCAATAGA 
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4.1.4 Enzymes 

All enzymes used are listed in Table 4. 

Table 4: Enzymes and associated buffers with their respective manufacturers 

Enzymes Buffers Manufacturer 
GoTaq® G2 DNA Polymerase GoTaq® 5x Green / Colorless 

Reaction Buffer 

Promega GmbH  

(Mannheim, Germany) 

Phusion High-Fidelity DNA 

Polymerase 

5x Phusion GC Buffer Thermo Fisher Scientific Inc. 

(Waltham, USA) 

5x HOT FIREPol® GC Master Mix  Solis BioDyne (Tartu, Estonia) 

HiDi DNA Polymerase 10X amplification buffer Genaxxon Bioscience (Ulm, 

Germany) 

InFusion® HD Cloning Master Mix  Takara Bio Inc. (Shiga, Japan) 

Gateway® LR Clonease® II enzyme 

mix 

 Thermo Fisher Scientific Inc. 

(Waltham, USA) 

M-MLV Reverse Transcriptase 

RNase H- point mutant 

M-MLV RT 5x Buffer Promega GmbH  

(Mannheim, Germany) 

RQ1 RNase-Free DNase RQ1 DNase 10x Reaction Buffer Promega GmbH  

(Mannheim, Germany) 

Ambion Turbo DNase 10X Reaction Buffer Thermo Fisher Scientific Inc. 

(Waltham, USA) 

FastDigest HindIII 10x FastDigest® Buffer Thermo Fisher Scientific Inc. 

(Waltham, USA) 

FastDigest PstI 10x FastDigest® Buffer Thermo Fisher Scientific Inc. 

(Waltham, USA) 

FastDigest SacI 10x FastDigest® Buffer Thermo Fisher Scientific Inc. 

(Waltham, USA) 

FastDigest SnaBI 10x FastDigest® Buffer Thermo Fisher Scientific Inc. 

(Waltham, USA) 

FastDigest StuI 10x FastDigest® Buffer Thermo Fisher Scientific Inc. 

(Waltham, USA) 

Exonuclease I  Thermo Fisher Scientific Inc. 

(Waltham, USA) 

FastAP Thermosensitive Alkaline 

Phosphatase 

 Thermo Fisher Scientific Inc. 

(Waltham, USA) 

 

4.1.5 Bacteria and plants 

Escherichia coli cells BD3.1 tolerating the gene ccdB, were used for transformation of original 

Gateway® vectors. Apart from this, all transformation was performed in E. coli cells of the 

strain DH5α (Taylor et al. 1993) and in Stellar™ Competent Cells (Takara, Japan). All strains 

were heat-shock competent and contained a recA1 and an endA1 mutation for lower 

endonuclease degradation and reduced homologous recombination, respectively. 
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Agrobacterium tumefaciens strain GV2260 (Deblaere et al. 1985) was used for plant 

transformation. 

Arabidopsis thaliana plants of the ecotype Columbia-0 were used for all A. thaliana 

experiments. T-DNA insertion lines were obtained from the Salk Institute for Biological 

Studies, La Jolla, USA. 

Marchantia polymorpha accessions Takaragaike-1 and Takaragaike-2 (Tak-1 and Tak-2) were 

used for all M. polymorpha experiments. They were a kind gift of Prof. Dr. Takayuki Kohchi.  

 

4.1.6 Solutions and media 

All buffers and media were prepared with double distilled water. For experiments performed 

in the presence of RNA, DEPC-treated water was used. Buffers are listed in Table 5. 

 

Table 5: Buffers used in this work 

DNA isolation buffer 200 mM Tris-HCl pH 7.5 

250 mM NaCl 

25 mM EDTA 

0.5 % SDS 

TE buffer 10 mM Tris-HCl pH 7.5 

1 mM EDTA 
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All media used are listed in Table 6. 

 

Table 6: Composition of media used in this work 

0M51C medium 

pH 5.5 

 

 

2% (w/v) sucrose 

0.1% (w/v) Casamino acids 

0.03% (w/v) L-glutamin 

2 mM KH2PO4 

19.8 mM KNO3 

5 mM NH4NO3 

1.5 mM MgSO4 heptahydrate 

2 mM CaCl2 dihydrate 

0.0004% (w/v) EDTA-NaFe(III) 

0.1 µM  Na2MoO4 dihydrate 

0.01 µM CuSO4 pentahydrate 

0.01 µM CoCl2 hexahydrate 

0.7 µM ZnSO4 heptahydrate 

6 µM MnSO4 monohydrate 

5 µM H3BO4 

56 µM myo-inositol 

0.8 µM Nicotinic acid 

0.5 µM Pyridoxine-HCl 

3 µM Thiamine-HCl 

45 µM KI 

½ Gamborg B5 medium 

pH 5.5 

 

0.15 % (w/v) Gamborg B5 medium 

2.56 mM MES 

1 % (w/v) plant agar 

MS medium 0.44 % (w/v) MS medium 

1 % (w/v) plant agar 

2YT agar medium 1 % yeast extract  

1.6 % tryptone  

0.5 % NaCl  

1.5 % micro agar 

2YT medium 1 % yeast extract  

1.6 % tryptone  

0.5 % NaCl  

SOC medium 0.5 % yeast extract  

2 % tryptone  

10 mM NaCl  

2.5 mM KCl  
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13 mM  glucose 

embryo rescue medium  18.8 mM KNO3 

6 mM CaCl2 dihydrate 

10.3 mM NH4NO3 

1.5 mM MgSO4 heptahydrate 

4.7 mM KCl 

1.25 mM KH2PO4 

60.7 µM Na2 * EDTA dihydrate 

60.1 µM FeSO4 heptahydrate 

200 µM H3BO3 

200 µM MnSO4 monohydrate 

73 µM ZnSO4 heptahydrate 

10 µM KI 

2 µM Na2MoO4 dihydrate 

0.2 µM CuSO4 pentahydrate 

0.2 µM CoCl2 hexahydrate 

555 µM inositol 

5 µM thiamine 

2.5 µM pyridoxine 

1 µM biotin 

5 µM nicotinamide 

0.5 µM panthothenate – Ca 

50 µM cholinchloride 

0.5 µM malic acid 

0.5 µM citric acid 

8 %/2% (w/v) sucrose 

0.7 % plant agar 

0.04 % Casein Hydrolysate pH 5.8 

 

FeSO4 and EDTA of the embryo rescue medium were prepared as stock solutions of 5.57 g 

FeSO4 ∙ 7 H2O and 7.45 g Na2 ∙ EDTA per litre, 3 ml/l of which were added to the 8 % sucrose 

rescue medium. Rescue medium containing 2 % sucrose was mixed with 10 ml/l of the 

FeSO4/EDTA stock solution. 

 

4.1.7 Laboratory equipment 

Table 7 gives an overview of the laboratory devices used in this work. 
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Table 7: Laboratory devices used with the respective manufacturers 

Device Manufacturer 

Mikro 120 centrifuge Hettich AG (Bäch, Switzerland) 

Mikro 185 centrifuge Hettich AG (Bäch, Switzerland) 

Mikro 200R centrifuge Hettich AG (Bäch, Switzerland) 

Avanti® J-E centrifuge Beckman Coulter (Krea, USA) 

J2-HC centrifuge Beckman Coulter (Krea, USA) 

HeraeusTM Labofuge 200 Thermo Fisher Scientific (Waltham USA) 

HeraeusTM Biofuge PrimoR Thermo Fisher Scientific (Waltham USA) 

HeraeusTM Biofuge 13 Thermo Fisher Scientific (Waltham USA) 

Rotor JA-10 Beckman Coulter (Krea, USA) 

Rotor JA-20 Beckman Coulter (Krea, USA) 

Jenway Spectrophotometer 7305 Bibby Scientific Ltd. (Staffordshire, USA) 

Gene Quant II RNA/DNA Calculator GE Healthcare (Chalfont St. Giles, Great Britain) 

ScanDrop Spectrophotometer Analytik Jena (Jena, Germany) 

Lab 850 pH meter SI Analytics GmbH (Mainz, Germany) 

Lab 855 pH meter SI Analytics GmbH (Mainz, Germany) 

BlueLine 14 pH electrode SI Analytics GmbH (Mainz, Germany) 

GeneFlash Gel Documentation System Syngene Bioimaging Private Ltd. (Haryana, India) 

FAS V Gel Documentation System Nippon Genetics (Düren, Germany) 

KL300 LED microscope Leica Microsystems GmbH (Wetzlar, Germany) 

DM5500B microscope Leica Microsystems GmbH (Wetzlar, Germany) 

Fluoview FV1000 microscope Olympus K.K. (Shinjuku, Japan) 

Laminair HB 2448 clean bench Heraeus Instruments GmbH (Hanau, Germany) 

Uniflow UV 1200 clean bench UniEquip Laborgerätebau- und Vertriebs GmbH (Planegg, Germany) 

BSB 4A clean bench Gelaire Flow Laboratories (Seven Hills, Australia) 

IKA Vortex 2 IKA Werke GmbH & Co. KG (Staufen im Breisgau, Germany) 

MC 6 Centrifuge Sarstedt AG & Co. KG (Nümbrecht, Germany)  

Mixer 5432 Eppendorf AG (Hamburg, Germany) 

Discovery Comfort pipette set HTL Lab Solutions (Warszawa, Poland) 

Electrophoresis Power Supply EPS600 Pharmacia Biotech (Uppsala, Sweden) 

MP-3000 balance Chyo Balance Corp. (Tokyo, Japan) 

DB3 Dry Block Techne Corporation (Minneapolis, USA) 

FlexCycler PCR machine Analytik Jena (Jena, Germany) 

FlexCycler2 PCR machine Analytik Jena (Jena, Germany) 

Thermomixer 5436 Eppendorf AG (Hamburg, Germany) 

C-MAG HS7 magnetic mixer IKA Werke GmbH & Co. KG (Staufen im Breisgau, Germany) 

MAG RCT magnetic mixer IKA Werke GmbH & Co. KG (Staufen im Breisgau, Germany) 

SE400 Incubator Memmert GmbH + Co. KG (Schwabach, Germany) 

TR-1 shaker Infors HT (Bottmingen, Switzerland) 

Innova 43 shaker New Brunswick Scientific (Edison, USA)  

Shaker 3020 GFL Gesellschaft für Labortechnik mbH (Burgwedel, Germany) 
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Standard Analog Shaker VWR International GmbH (Darmstadt, Germany) 

SI-2002A balance Denver Instrument Company (Bohemia, USA) 

PXE 0.2 Thermal Cycler Thermo Electron Corporation (Waltham, USA) 

Doppio thermocycler VWR International GmbH (Darmstadt, Germany) 

Thermocycler 60 Bio-Med (Guilford, USA) 

1086 water bath GFL Gesellschaft für Labortechnik mbH (Burgwedel, Germany) 

AR-66L growth chamber Percival Scientific, Inc. (Perry, USA) 

AR-75L growth chamber Percival Scientific, Inc. (Perry, USA) 

 

4.1.8 Size standards 

Size standards for agarose gel electrophoresis were obtained from Genaxxon Bioscience (Ulm, 

Germany). Depending on the expected fragment sizes, either a 1.5 kb or a 100 bp + 1 kb size 

standard were used. 

 

4.1.9 Databases and software 

Sequence information and genomic data about Arabidopsis thaliana were obtained from the 

websites of The Arabidopsis Information Resource (TAIR) (http://arabidopsis.org) and the 

National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov). The 

NCBI tools Genebank and BLAST were used for sequence obtainment and analysis. 

Information about T-DNA insertions were gathered from SIGnAL – Salk Institute Genomic 

Analysis Laboratory (SALK Institute, USA), FLAGdb++ database was used for additional 

Arabidopsis genome analysis. 

The MarpolBase website (marchantia.info) was used as genome database for Marchantia 

polymorpha. Genomic information about Physcomitrella patens was extracted from the 

Phytozome database version 12. 

TargetP (Emanuelsson et al. 2000) and Predotar (Small et al. 2004) tools were used to predict 

the subcellular localization of proteins. 

Sequencing data was analyzed with the program DNADynamo (BlueTractorSoftware Ltd, UK). 

Additional analysis was done with CLC Main Workbench 8 (Qiagen, The Netherlands) and 

Snapgene Viewer 4.3.9 (GSL Biotech LLC, USA). 



Material and Methods 

41 

RStudio 1.1.456 was used for R based calculation and graph drawing. The programs GIMP 2.10 

and Inkscape 0.92.4 were used to compose images, microscope and gel picture analysis was 

done with ImageJ 1.52e. 
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4.2 Methods 

4.2.1 Standard methods in molecular biology 

Molecular biological standard methods like liquid cultures of bacteria and gel electrophoresis 

were performed according to Green and Sambrook 2012 or in case of commercial kits 

according to the manufacturer’s instructions.  

 

4.2.2 Plant material and growth conditions 

T-DNA insertion lines of Arabidopsis thaliana cwm1-1, SALK_017325C, and cwm1-2, 

SALK_124160, mef37, SALK_058773 (mef37-1) and SALK_110420 (mef37-2), mef45-1 

(SALK_024136) and slo4-2, SALK_062576 were obtained from the Arabidopsis Information 

Resource (TAIR) stock center. Arabidopsis thaliana plants were grown in growth chambers at 

21°C and 65% humidity, with a day-night cycle of 16 h light and 8 h dark. Potting soil mixed 

with 20% vermiculite and 0.5 mg/l Osmocote Exact Mini fertilizer was used as substrate. Green 

leaves were harvested from the rosettes of 2-3 week old plants, T-DNA insertions of the 

mutants were confirmed by PCR. For comparison of the phenotypes of mutants and transgenic 

lines, wild type Col-0 plants were grown alongside at the same conditions. 

 

4.2.3 Nucleic acid preparation 

Fresh green leaf material from 2-3 week old Arabidopsis plants was used for preparation of 

DNA and RNA. A fresh light green piece of thallus was used for Marchantia nucleic acid 

preparation. DNA was prepared via ethanol precipitation. In brief, plant material was crushed, 

shaken with 70% ethanol for 20 min and precipitated at 4 °C. The supernatant was discarded 

and the precipitate was dried at 37 °C, before the DNA was resuspended in 20 µl TE buffer (10 

mM Tris-HCl pH 7.5, 1 mM EDTA) 

RNA was isolated via spin columns (Macherey-Nagel, Germany), including a 20 min DNase 

treatment step on column with RQ1 RNase-Free DNase (Promega, Germany). The purified RNA 
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was additionally treated with Ambion RNase-free DNase (Thermo Fisher Scientific, USA) to 

further remove residual genomic DNA. 

 

4.2.4 Standard PCR 

Standard PCR was performed for genotyping, insert amplification and amplification of cDNA 

fragments with specific oligonucleotides. 

For genotyping of plants, PCR with specific oligonucleotides for the respective gene and the T-

DNA insertion was carried out according to the conditions displayed in Figure 10. 

 

1 µl template DNA    

0.5 µl forward oligonucleotide 95 °C 5 min  

0.5 µl reverse oligonucleotide 95 °C 30 s  

50x 0.5 µl dNTP 10 mM x °C  30 s 

0.1 µl GoTaq® G2 DNA polymerase 72 °C y min 

4 µl 5x GoTaq® reaction buffer 72 °C 5 min  

13.4 µl H2O    

 

Figure 10: Reaction mixture and PCR program for GoTaq® G2 polymerase. Annealing temperature x was chosen according 
to the melting temperature of the oligonucleotides. Elongation time y was adapted to the product length; for the 
amplification of 1 kb of DNA, 1 min elongation time was calculated. 

 

The genotyping scheme is shown in Figure 11. Three PCRs were performed for each plant. One 

PCR was conducted with oligonucleotides binding to the respective gene of interest to the left 

and right of the presumed T-DNA insertion. In a second PCR one oligonucleotide binding inside 

the T-DNA sequence and one to the wild type genomic sequence were used. A third PCR used 

oligonucleotides binding to the transgene and the flanking vector sequence, respectively. 
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Figure 11: Scheme of the strategy for the genotyping of plants. PCR with oligonucleotides binding to the WT gene of interest 
(GOI), to the border of the T-DNA, or to the transgene and the flanking vector sequence. 

 

Col-0 DNA samples were used as wildtype controls, vector samples were used as transgene 

controls. Plants showing a product for only the wildetype (WT) PCR were considered as wild 

type plants, those showing products for both the WT PCR and the T-DNA insertion PCR were 

plants with heterozygous T-DNA insertions. Plants which only show products for the T-DNA 

insertion PCR would then constitute homozygous mutants. Plants with signals for the second 

and the third reaction were deemed complemented homozygous mutant plants. 

Phusion High-Fidelity DNA Polymerase was used for amplification of DNA fragments for 

cloning (Figure 12). 
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1 µl template DNA    

1 µl forward oligonucleotide 98 °C 5 min  

1 µl reverse oligonucleotide 98 °C 30 s  

1 µl dNTP x °C 30 s 30x 

0.3 µl Phusion polymerase 72 °C y min  

10 µl GC buffer 72 °C 5 min  

35.7 µl H2O    

 

Figure 12: Reaction mixture and PCR program for Phusion High-Fidelity DNA Polymerase®. Annealing temperature x was 
chosen according to the melting temperature of the oligonucleotides. Elongation time y was adapted to the product length; 
for the amplification of 1 kb of DNA, 1 min elongation time was calculated.   

 

4.2.5 High Discriminating PCR 

To discriminate between single different nucleotides in DNA fragments, PCR with a High 

Discrimination (HiDi) Polymerase (Genaxxon Bioscience, Ulm, Germany) was used (Figure 13). 

The melting temperature of the oligonucleotides was optimized with control fragments. To 

investigate the RNA editing status at M. polymorpha cob-973, two different forward 

oligonucleotides with either T or C at their 3’ end were chosen to bind either to the edited or 

unedited nucleotide in the respective cDNA, which would exhibit an A or a G in that position. 

WT Tak-1 cDNA was chosen as a negative control for the unedited status, an artificially 

amplified cob version containing T at position 973 inside the vector pENTR41b was chosen as 

a positive control for an edited status. 

  



Material and Methods 

46 

1 µl template DNA    

0.5 µl forward oligonucleotide (10 µM) 95 °C 2 min  

0.5 µl reverse oligonucleotide (10  µM) 95 °C 15 s  

40x 0.5 µl dNTP 10 mM 62 °C  10 s 

0.25 µl HiDi DNA polymerase 72 °C 30 s 

2.5 µl 10x amplification buffer 72 °C 2 min  

19.75 µl H2O    

 

Figure 13: Reaction mixture and PCR program for HiDi DNA polymerase. The elongation time and annealing temperature 
for all combinations of oligonucleotides was chosen to be 30 s and 62 °C, respectively.  

 

4.2.6 cDNA synthesis and RT PCR 

First strand cDNA synthesis was performed with M-MLV Reverse Transcriptase RNase H Minus 

Point Mutant (Promega, Germany) according to the manufacturer’s instructions with a 1 pmol 

mixture of oligonucleotides, binding specifically to organellar transcripts harboring RNA 

editing sites, or with a 0.5 µg/µl mixture of oligo(dT) oligonucleotides. In brief, after annealing 

of the oligonucleotide, the reaction mixture was incubated first for 30 min at 42 °C and then 

for 30 min at 55 °C. The mixture was diluted 1:2 with ddH2O, obtained cDNA fragments were 

amplified with FIRE Polymerase® (Solis Biodyne, Estonia) with specific forward and reverse 

primers (Figure 14). 
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2 µl cDNA 95 °C 15 min  

0.5 µl forward oligonucleotide 95 °C 20 s  

0.5 µl reverse oligonucleotide x °C 30 s 40 x 

4 µl 5x FIRE polymerase mastermix 72 °C y min  

13 µl H2O 72 °C 5 min  

 

Figure 14: Reaction mixture and PCR program for FIRE Polymerase®. Annealing temperature x was chosen according to the 
melting temperature of the oligonucleotides. Elongation time y was adapted to the product length; for the amplification of 1 
kb of DNA, 1 min elongation time was calculated.   

 

0.3 µl FastAP Thermosensitive Alkaline Phosphatase, 0.1 µl Exonuclease I and 0.6 µl H2O were 

added to the RT-PCR product after the amplification and incubated for 1-2 h at 37°C. A 

deactivation step for 15 min at 75 °C followed the reaction. 

For semi qRT-PCR, one RT-PCR reaction was carried out on cDNA of the gene ACT2 for 

normalization and one RT-PCR was carried out on the respective transgene. For reactions on 

ACT2, the oligonucleotides ACT2_fw und ACT2_rev were used with an annealing temperature 

of 62°C and an elongation time of 10s. Cycle numbers varied between 32 and 35 and are 

indicated with each experiment. 

 

4.2.7 Restriction digestion 

Restriction digestions with the enzymes StuI, HindIII, PstI, SacI and SnaBI were performed 

according to the description in Figure 15. 
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1 µg plasmid   

5 µl 10 x Fast Digest buffer   

1 µl enzyme 1 37 °C 45 min 

1 µl enzyme 2 75 °C 15 min 

ad 50 µl H2O   

 

Figure 15: Reaction mixture and conditions of a restriction digestion. 

 

4.2.8 Design of guide RNAs for CRISPR/Cas9 genome editing 

Suitable sites for genome editing in given genes were chosen according to the presence of 

NGG PAM sequences and the absence of off-target sites inside the genome of M. polymorpha. 

Only guide RNAs were chosen, that had at least one mismatch for potential off-target sites 

inside the seed sequence of 8 bases at the 3′ end of the targeting sequence. 

A forward oligonucleotide was designed with the 18 bp target sequence directly preceding the 

PAM sequence but not including it and a 15 bp adapter for InFusion reaction at the 5’ end. A 

reverse oligonucleotide was designed with the complementary target sequence and also a 15 

bp adapter for InFusion at the 5’ end, again leaving out the PAM. 1 µl of a 100 µM solution of 

the forward and reverse oligonucleotide, respectively, were mixed in 28 µl of H2O and heated 

to 96 °C for 5 min. Afterwards they were slowly cooled to room temperature for annealing. 

The annealed oligonucleotides were then subjected to InFusion reaction with pMpGE_En01, 

restriction digested with PstI and SacI (Figure 16). 

 

 

Figure 16: Two annealed oligonucleotides, including the target sequence for CRIPSR/Cas9 based genome editing. The target 
sequence can be adjusted to the respective sequence of the genome to be edited. The 15 bp adapters are defined and 
complementary to the vector sequences in pMpGE_En01 for cloning. 

 



Material and Methods 

49 

Off-targets in the M. polymorpha genome were searched for via the website 

http://marchantia.focas.ayanel.com/ (Osakabe et al. 2016). 

 

4.2.9 InFusion® cloning and heat shock transformation 

Cloning via InFusion® was performed according to the manufacturer’s instructions. 50 ng of 

insert DNA containing 15 bp adapters were mixed with 50 ng of linearized plasmid DNA, ddH2O 

was added up to a total volume of 2 µl. 0.5 µl of the InFusion® premix, including InFusion® 

buffer and enzyme, were added and incubated for 15 min at 50 °C. The solution was then 

added carefully to chemically competent E. coli DH5α, Stellar™ Competent Cells or BD3.1 cells, 

incubated for 30 min on ice, for 45 s at 42 °C and again for 1 min on ice. 450 µl of SOC medium 

were added immediately and the bacteria were incubated for 1 h at 37 °C and 700 rpm. 300 

µl of the cell suspension were transferred onto 2YT medium containing Kanamycin for 

selection of positively transformed bacteria and incubated over night at 37 °C. 

For InFusion® cloning of guide sequences for CRISPR/Cas9 experiments, 0.5 µl of the annealed 

pair of oligonucleotides were mixed with 45 ng of pMpGE_En01 and 0.5 µl of InFusion® premix. 

ddH2O was added up to a total volume of 2 µl and the solution was subjected to 50 °C for 15 

min and the subsequent steps as described above were followed. 

 

4.2.10  Gateway® cloning 

Equal amounts of the pENTR41b vector, containing the respective insert, and pMpGWB102 or 

pMpGWB106 vector, linearized with SnaBI, were mixed. In CRISPR/Cas9 experiments 

pMpGE_En01 including the guide sequence was used as an entry vector and pMpGE010 as the 

destination vector. 0.4 µl of the Gateway® LR Clonease® II enzyme mix was added and the 

solution was incubated for 1.5 h at 25°C. The solution was then transformed into E. coli DH5α 

or Stellar™ Competent Cells via heat shock. The cells were transferred to 2YT medium 

containing spectinomycin and incubated over night at 37 °C. 
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4.2.11  Computational target site prediction 

Prediction of PPR protein target sites was performed as previously described (Takenaka et al. 

2013b). Each PPR repeat was aligned with the respective nucleotide in the target RNA and the 

binding preferences of the amino acid positions 6 and 1’ were determined according to the 

previously identified binding preferences of known amino acid combinations in those 

positions. This was repeated for all PPR repeats of a given PPR protein to determine a 

complete binding landscape. This binding landscape was then aligned with the putative 

binding sites of all known RNA editing sites to create a list of the most probable RNA targets 

for the given PPR protein. 

 

4.2.12  Analysis of RNA editing sites 

Sequences were obtained commercially from Macrogen Europe (The Netherlands). 

The obtained cDNA sequences were screened for C to T differences at the respective RNA 

editing sites. The relative height of the respective nucleotide peaks in the sequence 

chromatograms was compared to estimate the RNA editing levels of each editing site. Peak 

height calculation was done with DNADynamo (Blue Tractor Software, UK). 

 

4.2.13  Complementation assays in transgenic A. thaliana plants 

Two mutant lines for the CWM1 gene, cwm1-1 and cwm1-2 were transformed with the CWM1 

wild type Col-0 reading frame or with the reading frame of different full length or truncated 

transgenes and chimera genes under control of the 35S promoter by floral dip (Clough and 

Bent 1998). The open reading frames of full length and truncated versions without DYW 

domain of PpPPR79 were cloned into the expression vector pMpGWB102 (Ishizaki et al. 2015) 

via Gateway® LR reaction. The same was done for the open reading frames of wildtype CWM1 

and CWM1-PpPPR79 chimera genes consisting of the PPR stretch of CWM1 and either EE+ 

domains of CWM1 or PpPPR79 and the DYW domain of PpPPR79 and for Macadamia 

integrifolia CWM1 with the Arabidopsis mitochondrial targeting sequence at the 5’ end. 
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Plants of the mutant line mef37-2 were transformed with the MEF37 wild type Col-0 reading 

frame or with the reading frame of MEF19_Var_1-3 under control of the 35S promoter in 

vector pMpGWB102 (Ishizaki et al. 2015) by floral dip (Clough and Bent 1998). mef45-1 mutant 

plants were transformed with the MEF45 wild type Col-0 reading frame in a similar manner. 

Seeds of transformed plants were stratified for 2 weeks at 4 °C, washed with 70 % ethanol, 

surface-sterilized with 8 % sodium hypochlorite and selected on Murashige and Skoog (MS) 

medium containing 10 mg/ml Hygromycin. Positively selected transformants were transferred 

to soil for further growth and presence of the transgenes was verified by PCR with specific 

primers on isolated DNA. 

 

4.2.14  Construction of SLO4 chimeric clones 

Marchantia polymorpha male wild type Tak-1 was transformed with several chimera genes on 

the basis of the PPR stretch of the E class PPR protein SLO4. The ORFs of the respective chimera 

genes were cloned into the vector pMpGWB102 containing the 35S promotor via Gateway® 

LR reaction and transformed to M. polymorpha thalli via Agrobacteria. 

The SLO4 N-terminus was changed in the last PPR repeat (S2) to then recognize an Adenine 

instead of Guanine. D475 in the last PPR repeat was exchanged by an N via PCR site-directed 

mutagenesis. 

 

4.2.15  Cut-thallus transformation of M. polymorpha 

Marchantia polymorpha Tak-1 gemmae were grown for 2 weeks under continuous white light 

on ½ Gamborg B5 agar medium. The apices of the developing thalli were cropped, the middle 

part of each cropped thallus was dissected from the basal part of the plant, transferred to ½ 

Gamborg B5 medium + 1% sucrose and grown for 5 days under continuous white light for 

induction of fragment regeneration. 15 thallus pieces were used for one round of 

transformation. 

Agrobacteria carrying a binary vector with the transgene of interest were incubated for 2 days 

at 28 °C on 2YT agar medium containing 50 μg/ml Carbenicillin and 10 μg/ml Spectinomycin. 
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A single colony was transferred to 5 ml 2YT liquid medium containing 50 μg/ml Carbenicillin 

and 10 μg/ml Spectinomycin and cultured for another 2 days at 28 °C until the culture reached 

an OD of 0.8 - 1.2. 

The regenerating thalli were transferred into 50 ml 0M51C liquid medium containing 2% 

sucrose in 300 ml Erlenmeyer flasks. Acetosyringone was added to a final concentration of 100 

μM and 500 μl of Agrobacteria suspension was added. The mixture was incubated for 2 days 

under continuous white light with 60 μmol m-2 s-1 at 130 rpm at 22 °C. The co-culture was 

transferred to 50 ml Falcon tubes and a series of 5 washing steps with ddH2O was performed. 

The thalli were alternately rinsed with ddH2O, sedimented by gravity and decanted. 1 mg/ml 

Cefotaxime was added to the last washing step and the suspension was incubated for 10 min 

before decantation. Washed thalli were transferred onto ½ Gamborg B5 agar medium 

containing 10 mg/ml Hygromycin and 100 μg/ml Cefotaxime for selection and incubated for 2 

days under continuous white light with 60 μmol m-2 s-1 at 22 °C for 3-4 weeks. 

 

4.2.16  Growth analysis for Arabidopsis 

Sixteen seeds per pot of wild type Col-0, mutant and transgenic T2 lines were sown directly 

on soil in triplicates without selection on Hygromycine. Germlings were counted; means and 

standard deviations were calculated for each line. 

 

4.2.17  In-vitro cultivation of immature A. thaliana seeds 

For some lines homozygous mutant plants could not be observed when seeds of heterozygous 

parents where seeded on soil. To obtain plant material of homozygous mutant plants in those 

cases, an embryo rescue approach was followed (Dahan et al. 2014). Immature green siliques 

of heterozygous mutant plants were surface-sterilized with 70% ethanol, rinsed with sterilized 

ddH2O and opened for collection of clearly visible developmentally retarded immature seeds. 

The seeds were collected in sterilized TE buffer and transferred to embryo rescue medium 

containing 8% sucrose to circumvent energy shortage. Homozygous mutant plants could be 

obtained by choosing seeds from siliques that were old enough to detect developmental 

delays, but young enough to still have non-aborted seeds. After 10 days the seeds where 
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transferred to embryo rescue medium with a reduced sucrose content of 2%. Plants were 

cultivated for several weeks with a medium change every week and then transferred to soil. 

5 Results 

5.1 RNA editing attempts in M. polymorpha 

Much effort has been made to elucidate the minimal composition of the plant mitochondrial 

RNA editosome. In vitro RNA editing investigations with cauliflower mitochondrial lysates did 

not lead to the identification of minimum editosomes that have editing activity. Incubation of 

purified recombinant PPR editing factors with their target RNAs also did not reproduce C to U 

RNA editing in vitro. This could be due to missing required co-factors and/or improper folding 

of the purified recombinant proteins. In order to find an alternative for in vitro experiments, 

the liverwort M. polymorpha, a bryophyte and emerging model organism was chosen as a 

platform to set up RNA editing from scratch in planta and to introduce a de novo editing site 

in its transcriptome. The class of the Marchantiidae, the complex thalloid liverworts, does not 

show any RNA editing (Rüdinger et al. 2008). Among the 74 PPR proteins in M. polymorpha, 

only one is part of the PLS class, MpPPR_60 (Bowman et al. 2017). With 9 PPR repeats, it is 

very short and has neither DYW nor E domains. It is assumed that this protein is a remnant of 

a once present but secondarily lost RNA editing system in the liverwort. 

Searching for suitable target sites of the Arabidopsis RNA editing machinery in the M. 

polymorpha mitochondrial transcriptome a cytidine at position 973 in the cob transcript could 

be identified. Among all editing sites known from the well investigated model plant 

Arabidopsis thaliana, almost all sites are present in a pre-edited state in the M. polymorpha 

genome. Instead of genomically encoded cytosines that are later on post-transcriptionally 

edited to uracils in the Arabidopsis RNA, thymines are readily encoded on the DNA level in 

Marchantia. Among very rare exceptions, which encode a C, again a very small proportion has 

an already assigned specificity editing factor for the homologous site in the plant A. thaliana. 

The site cob-973 is not pre-edited in M. polymorpha and also has an assigned specificity factor 

in A. thaliana: SLO4 (At4g38010). 
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Figure 17: Impact of mutations in SLO4. A: Schematic illustration of SLO4 with P, L and S representing canonical, long and 
short PPR repeats, respectively, and E denoting the C-terminal extension domain. The triangle specifies the site of T-DNA 
insertion in the mutant line slo4-2 corresponding to line SALK_062576 (Weissenberger et al. 2016). B: Chromatograms of the 
SLO4 RNA editing sites in wild type A. thaliana plants and in slo4-2 knock-out mutants. The editing sites are framed and the 
nucleotide exchanges for each editing site in their respective triplet environments are denoted. Resulting amino acid 
exchanges are indicated. RNA editing at the site cob-982 is reduced to 30 % in the mutant line, editing at the site nad4-1033 
is completely lost in slo4-2. A phenotypic comparison of Col-0 wild type and slo4-2 mutant plants is shown in C, the plants are 
at an age of four weeks. The bar represents 1 cm. 

 

Slo4-2 mutant plants (SALK_062576) harbor a T-DNA insertion in the 6th PPR repeat of SLO4, 

leading to a slow growth phenotype (Weissenberger et al. 2016, Figure 17A). 

SLO4 is necessary for the editing of two sites in Arabidopsis mitochondria: nad4-1033, which 

was mentioned in Weissenberger et al. 2016, and cob-982, corresponding to Marchantia 

cob-973. Site cob-982 is edited to 100 % in wild-type A. thaliana plants but is reduced to 30 % 

in the mutant plants (Figure 17B). This raises the possibility that there might be other trans-

factors responsible for the partial editing of cob-982, though SLO4 is the main factor for this 

site. Slo4-2 plants display growth defects with a much slower development than Col-0 wild 

type A. thaliana (Figure 17C). This seems to be mainly due to the RNA editing defect at nad4-

1033, since the cob-982 site is still partially edited in the mutant line. 

SLO4 is an E class PPR protein lacking the additional C-terminal DYW domain (Figure 17A), 

which is supposed to be the enzymatically active domain for the deamination reaction of RNA 

editing. It is therefore assumed, that the enzymatic activity for the SLO4 sites is provided in 

trans, while the specificity is provided by SLO4 itself. 
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SLO4 prediction 

 

Figure 18: Alignment of the SLO4 PPR stretch, the relevant amino acid residues at positions 6 and 1’ and the targets in A. 
thaliana and M. polymorpha. The PPR repeats are aligned with the RNA in such a way, that the C-terminal most PPR repeat 
is aligned with nucleotide position -4 with respect to the editing site. Cob-982 and nad4-1033 are known editing sites for SLO4 
in A. thaliana, cob-973 is the site in M. polymorpha corresponding to A. thaliana cob-982. Each amino acid residue 
combination is assigned a probability for binding the four possible nucleotides A, C, G and U (Takenaka et al. 2013b). A high 
probability for binding is shaded in dark green, lower probability in light green. The editing site is shaded in blue. Note the 
difference between the A. thaliana and the M. polymorpha cob transcripts: A. thaliana has a G nucleotide at position -4, M. 
polymorpha, however, has an A. P, S and L: Canonical, short and long PPR repeats. 

 

Figure 18 shows the alignment of the SLO4 PPR repeats to their known target sites cob-982 

and nad4-1033. High binding probabilities for the amino acid combinations 6 and 1’ of the 

single PPR repeats are indicated in green according to the prediction program (Takenaka et al. 

2013b). The protein is predicted to bind especially well to its target RNAs towards the 3’ end 

of the binding sites. The target site for Mpcob-973, corresponding to the A. thaliana site 

cob-982, shows a single nucleotide difference to this cis-element: At position -4, an A is 

encoded instead of a G. According to the prediction program, this A residue is predicted not 

to be bound by the S2 repeat of SLO4, in contrast to the G residue in its native target which 

shows a strong binding probability. 

In order to introduce a de novo editing site at M. polymorpha cob-973, the liverwort was 

transformed with various combinations of the SLO4 PPR stretch and different C-terminal 

extensions (Figure 19). Functional DYW domains had to be added to the SLO4 protein part, as 

the native protein was missing this presumably essential domain for the actual editing 

reaction. The SLO4 PPR repeats were combined with the complete C-terminus, including E and 

DYW domains from the mitochondrial editing factors MEF1 and MEF11, as well as from the P. 

patens factor PpPPR71. Two chimeras retained also the C-terminal E domain of SLO4 and only 

E+ and DYW domains were added. The E+ and DYW domains of the mitochondrial editing 
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factor MEF8 and of the chloroplast editing factor OTP82 were used. The E domain of SLO4 was 

kept for these chimera experiments, since, when combining different PPR, E and DYW 

domains, it was shown, that the combination of PPR and E domains from the same protein are 

important for functional complementation of respective mutant plants, while DYW domains 

can be exchanged more easily (Bayer-Császár 2016). All chimeras were combined with a 

mitochondrial target sequence from the ATP synthase subunit delta (At5g47030), because the 

native N-terminal sequence of SLO4 gave no unambiguous target prediction when using the 

localization prediction tools Predotar ( Small et al. 2004) or TargetP (Emanuelsson et al. 2000). 

 

 

Figure 19: Chimera PPR proteins used for transformation into M. polymorpha Tak-1 wildtype plants and A. thaliana slo4-2 
mutant plants. The outcome of the editing investigations at position cob-973 in M. polymopha and cob-982 in A. thaliana are 
indicated; P, S and L: Canonical, short and long PPR repeats; mt: mitochondrial targeting sequence. 

 

At first, respective chimera clones without amino acid exchange in the S2 repeats were 

transformed into A. thaliana, as the native PPR stretch was assumed to bind its wild type RNA 
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sequence best. All chimera proteins, with the exception of the one with MEF11 C-terminus, 

were able to at least partly complement the editing defect in the respective slo4 mutants in 

A. thaliana, suggesting that SLO4 chimera proteins can substitute for native SLO4 in 

Arabidopsis (Figure 19). 

For better binding to the Mpcob-973 cis-element, in addition to combining different C-termini 

with the SLO4 PPR repeats, the last PPR repeat, the S2 repeat, was changed in its nucleotide 

binding preference. According to the prediction program in Takenaka et al. 2013b, the 

combination G, N is binding an A nucleotide with higher preference than G, D. Therefore, D475 

in SLO4 was exchanged by an N and each chimera gene was transformed into the M. 

polymorpha wild type strain Tak-1.  However, none of the chimeric proteins led to editing at 

the Mpcob-973 residues in M. polymorpha, as observed in cDNA sequencing. 

Because the RNA editing extent, if present at all, was expected to be very low, High 

Discriminating (HiDi) PCR was executed as a second very sensitive test on the cob cDNA of the 

transgenic Marchantia lines. However, no traces of RNA editing could be found in HiDi 

experiments, too. Figure 20 shows an exemplary experiment with SLO4_PpPPR71 transgenic 

lines.  

 

 

Figure 20: HiDi experiment with seven transgenic lines containing the chimera construct SLO4_PpPPR71.  Two reactions 
were carried out for each line: The first reaction used a C-specific oligonucleotide sensitive for the unedited version of the 
cDNA, the second reaction used a T-specific oligonucleotide sensitive for the edited version of the cDNA. All transgenic lines 
exhibit the same pattern as the negative control. N: negative control Tak-1 cDNA; P: positive control pENTR41b_MpcobT; 1-
7: Transgenic M. polymorpha lines. Genaxxon 100 bp + 1 kb size standard is shown on the left. 

 

As the cis-element for cob-982 is identical between A. thaliana and P. patens, the chimera 

constructs used in Arabidopsis were also transformed into Physcomitrella where this editing 

event is not present. Stable transformants were established in P. patens but no editing activity 

could be observed in the moss at the position cob-982 (Hein 2019). Four alternative target 
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sequences for the SLO4 constructs, nad3-308, nad4L-29 nad6-444 and rps4-438, were 

identified using the TargetScan software (Lenz at al. 2018) and investigated for possible RNA 

editing activity. Also at these sites no RNA editing could be observed (Hein 2019). 

To rule out the possibility of impaired import of the SLO4 based chimera proteins into the 

mitochondria, a 150 bp N-terminal part of SLO4 was cloned in frame with a Citrine tag and 

transformed into M. polymorpha plants. The transgenic plants showed a Citrine signal inside 

mitochondria (Figure 21), suggesting that the chimeric proteins are localized in the correct 

cellular compartment and therefore wrong localization is not the reason for the absence of 

editing in M. polymorpha transformants. 

 

 

Figure 21: M. polymorpha Tak-1 thallus cells transformed with pMpGWB106+SLO4_1-50 show a Citrine signal inside 
mitochondria (green). Chloroplast autofluorescence is shown in pink. 

 

5.2 CRISPR/Cas9 knockout of MpPPR_60 

The class of the Marchantiidae does not show any RNA editing (Rüdinger et al. 2008). 

However, among the 74 PPR proteins in M. polymorpha, MpPPR_60 alone belongs to the PLS 

class (Bowman et al. 2017). MpPPR_60 is predicted to be localized in mitochondria by TargetP. 

With 9 PPR repeats, it is very short and has neither DYW nor E domain (Figure 22). It is assumed 

that this protein is a remnant of a once present but secondarily lost RNA editing system in the 

liverwort. In order to elucidate the role of MpPPR_60 (Mapoly0064s0021.1), consisting of 3 
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exons and 466 amino acids, a knock-out approach via the CRISPR/Cas9 genome editing system 

was followed. A guideRNA (gRNA) for targeting the MpPPR_60 CDS was designed to bind 

between the nucleotides 142 and 159 of the CDS, cloned into binary vector pMpGE010 and 

transformed into M. polymorpha thallus pieces. 

 

 

Figure 22: Schematic illustration of MpPPR_60 with P, L and S representing canonical, long and short PPR repeats and mt 
representing the mitochondrial target sequence, respectively.  The triangle specifies the guide RNA target site for 
construction of CRISPR/Cas9 based mutant lines. 

 

Two regenerated thalli displayed genome editing at the binding site of the gRNA, with 

introduced frame shifts in both cases, therefore rendering the gene product functionless 

(Figure 23A). Line Mpppr_60-1 had an 8 nt deletion, starting from nucleotide 150 and 

introducing a shift in the reading frame starting from amino acid 50, causing a stop codon at 

position 54. Line Mpppr_60-2 had a 1 nucleotide insertion with an Adenine inserted at position 

157, introducing a frame shift from amino acid 53 and subsequently creating a stop codon at 

amino acid position 57. No macroscopic phenotype could be observed throughout the life 

cycle, indicating that an MpPPR_60 knock-out gives no strong impact on growth of M. 

polymorpha at growth-chamber conditions (Figure 23B). 
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Figure 23: CRISPR/Cas9 knock-out lines in M. polmorpha.  A: Alignment of the CRISPR/Cas9 target region in MpPPR_60. The 
two knock-out lines display indel mutations leading to frame shifts. Mpppr_60-1 has an 8 nt deletion, Mpppr_60-2 has an 
insertion of an Adenine nucleotide. B: Thalli of the two knock-out lines Mpppr_60-1 and Mpppr_60-2 in comparison with the 
wildtype Tak-1 plants at an age of 20 days. 

 

5.3 Analysis of two PPR editing factors in Arabidopsis  

Although the attempt to introduce RNA editing in Marchantia with SLO4 chimera PPR proteins 

was not successful, the reason for this might be just an incompatibility of the SLO4 protein in 

the Marchantia mitochondrial environment. To find RNA editing factors, which are available 

for introducing heterologous RNA editing in Marchantia or other plant species, further 

characterization of new RNA editing factors are essential. Therefore, an E class and an E+ class 

PPR protein were investigated for RNA editing involvement. 

 

5.3.1 MEF37 target sites 

At first, the E+ class PPR protein MEF37 (At5g08310) was investigated for RNA editing defects 

in its corresponding T-DNA insertion line SALK_110420, which is named mef37-1 here. The T-

DNA insertion site lies in the 5th PPR repeat, leading to a knock-out of the protein (Figure 24). 



Results 

61 

 

Figure 24: Schematic illustration of MEF37 with P, L and S representing canonical, long and short PPR repeats, respectively, 
and E and E+ denoting the C-terminal extension domains. The triangle specifies the site of T-DNA insertion in the mutant 
line mef37-1 (SALK_110420).    

 

Eight differentially edited mitochondrial sites were observed in the mutant plants in total 

(Figure 25), including editing losses in the transcripts atp4, ccmB, ccmC, mttB, nad4 and rps3 

and one site with higher editing extent in atp4. Complementation with the full length CDS of 

MEF37 under the control of the 35S promotor for overexpression restored the editing levels 

to wild type extents (Figure 25). 
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Figure 25: Chromatograms of the MEF37 RNA editing sites in wild type A. thaliana plants, in mef37-1 knock-out mutants 
and in mef37-1 + MEF37 OX complementation plants. The editing sites are framed and the nucleotide exchanges for each 
editing site in their respective triplet environments are denoted. Where applicable, resulting amino acid exchanges are 
indicated, silent nucleotide exchanges are designated as such. 

 

An alignment of the 5’ cis-elements of the seven reduced sites matches very well with the 

predicted binding sequence of the MEF37 PPR repeats deduced from the residues 6 and 1’ of 

the single PPR motifs according to the prediction program in Takenaka et al. 2013b (Figure 

26). Especially for the higher ranked three editing sites, complete matches are observed for 

the 3’ almost 2/3 of the respective cis-elements. An exception constitutes the site ccmB-566 
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which shows three mismatches within the 3’ most 2/3 of the cis-element, at the positions -10, 

-9 and -6. 

The site atp4-144 gains RNA editing in mef37-1, however the abolished site atp4-138 lies 

within its cis-element. This indicates, that an unknown PPR protein responsible for the 

increased editing at this site has a higher affinity for the cis-element with the unedited atp4-

138 than for the edited version and that RNA editing at atp4-144 therefore is a secondary 

effect. 

 

MEF37 prediction 

 

Figure 26: Alignment of the MEF37 PPR stretch, the relevant amino acid residues at positions 6 and 1’ and the target sites. 
The PPR repeats are aligned with the RNA in such a way, that the C-terminal most PPR repeat is aligned with nucleotide 
position -4 with respect to the editing site. Each amino acid residue combination is assigned a probability for binding the four 
possible nucleotides A, C, G and U. A high probability for binding is shaded in dark green, lower probability in light green. The 
ranking number indicates the position of the listed editing sites in the probability ranking of the prediction program (Takenaka 
et al. 2013b). “WT extent” denotes the dimension of edited transcripts in wild-type plants in percentage terms of total 
transcripts investigated. The editing site is shaded in blue, underlined Us indicate further editing sites. P, S and L: Canonical, 
short and long PPR repeats. 

 

The fact that the site ccmB-566 was already assigned to another RNA editing factor, MEF19 

(Takenaka et al. 2010), led to the hypothesis that the editing defect at the site ccmB-566 in 

mef37-1 is not directly caused by missing of a cis-element recognition factor, but rather by a 

secondary effect to MEF19. The defective editing site ccmB-551 lies within the cis-element for 

ccmB-566 (Figure 27) and should therefore affect the binding and downstream editing of the 

second site via MEF19. 
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Figure 27: Sequence segment of the ccmB transcript in mef37-1 mutant plants.  Both ccmB-566 and ccmB-551, residing 15 
nucleotides upstream, show no trace of RNA editing. 

 

The PPR protein MEF19, encoded by the gene At3g05240, has 13 PPR repeats and is a member 

of the E subclass of PLS class PPR proteins. Figure 28 shows an alignment of its PPR repeats 

with the corresponding known target editing sites and the binding probability landscape 

according to Takenaka et al. 2013b. In its corresponding mutant line, RNA editing at ccmB-566 

was completely absent (Takenaka et al. 2010). This indicates, that MEF19 is the single 

responsible specificity factor for this site and no other PPR protein can take its place for cis-

element recognition. 

 

MEF19 prediction 

 

Figure 28: Alignment of the MEF19 PPR stretch, the relevant amino acid residues at positions 6 and 1’ and the target sites. 
The PPR repeats are aligned with the RNA in such a way, that the C-terminal most PPR repeat is aligned with nucleotide 
position -4 with respect to the editing site. Each amino acid residue combination is assigned a probability for binding the four 
possible nucleotides A, C, G and U. A high probability for binding is shaded in dark green, lower probability in light green. The 
ranking number indicates the position of the listed editing sites in the probability ranking of the prediction program (Takenaka 
et al. 2013b). “WT extent” denotes the dimension of edited transcripts in wild-type plants in percentage terms of total 
transcripts investigated. The editing site is shaded in blue, underlined Us indicate further editing sites. P, S and L: Canonical, 
short and long PPR repeats. 
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The nucleotide at ccmB-551 is bound by the second PPR repeat of MEF19 according to the PPR 

binding model. The amino acid residues 6 and 1’ of the second PPR repeat are an N and a D, 

respectively, which bind preferentially to a U. Transcripts of ccmB with an unedited C at 

position 551 are therefore predicted to be bound less good by the wildtype MEF19 than the 

edited version. To assess the possibility of the ccmB-566 defect in mef37-1 being due to 

diminished affinity to MEF19 by the upstream defect at site ccmB-551, different mutant 

variants of the MEF19 gene were cloned and used for complementation assays in mef37-1. 

In order to rather bind a C in the RNA at ccmB-551, the residue 1’ of the 2. PPR repeat of 

MEF19 was altered to S by PCR site-directed mutagenesis. 

As a control, also the first and the third PPR repeats were altered. Residues 6 and 1’ of the 1. 

repeat were changed from S/S to N/T to bind C and U instead of A (Yan et al. 2019), so that 

the PPR domain is expected to increase the affinity to the target RNA, while those of the 3. 

repeat were changed from P/N to L/N, which would not influence the affinity of MEF19 to the 

target RNA. According to the position of the altered PPR repeat, the transgenes were termed 

MEF19_Var_1, MEF19_Var_2 and MEF19_Var_3 (Table 8). Transformed plants were 

investigated for RNA editing at both ccmB sites ccmB-566 and ccmB-551. 

 

Table 8: Composition of the PPR repeats 1-3 at the crucial positions 6 and 1’ in the MEF19 variants 1-3 in comparison to 
the MEF19 wild type setting. 

 PPR repeat 1 PPR repeat 2 PPR repeat 3 

MEF19 wt S/S N/D P/N 

MEF19_Var_1 N/T N/D P/N 

MEF19_ Var_2 S/S N/S P/N 

MEF19_ Var_3 S/S N/D L/N 

 

Complemented plants did not show macroscopic phenotype aberrations and appeared like 

wild type plants, as did the mef37-1 mutant line. Plants transformed with MEF19_Var_2 

versions were able to significantly restore RNA editing at the site ccmB-566 to a certain extent 

in the majority of cases (Figure 29). From 14 transgenic lines in total, eight lines displayed RNA 

editing extents between 20 and 30 % and one line showed about 65 %. 
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Figure 29: Analysis of RNA editing in mef37-1 plants transformed with different variants of MEF19.  MEF19_Var_1, 
MEF19_Var_2 and MEF19_Var_3 denote MEF19 variants with altered 1st, 2nd and 3rd PPR repeats, respectively. The numbers 
at the x axis represent the single transgenic plants analyzed. Editing extents for the two sites ccmB-551 and ccmB-566 are 
illustrated. Editing at site ccmB-551 could not be detected in any of the analyzed plants. 

 

MEF19_Var_3 was able to restore editing to up to about 50% in one line out of 11 with the 

majority of lines showing an editing extent at ccmB-566 between 20 and 40 % (Figure 29). 

MEF19_Var_1 showed almost no recovery of RNA editing. Out of five positively transformed 

lines, only one displayed an editing extent of above 10 %, but all other lines did not show 

editing at the site ccmB-566 (Figure 29). No editing activity could be seen at the site ccmB-551 

in any of the transformed lines suggesting MEF19 is specifically targeting ccmB-566 but not 

ccmB-551. Since Var_3 was expected to show no difference in RNA binding, the observed 

partial restoration of RNA editing at ccmB-566 is the likely the effect of overexpression, 

suggesting that increased RNA editing at ccmC-566 with Var_2 may not be due to the amino 

acid conversion but also due to overexpression. 
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5.3.2 MEF45 target sites 

Next, an E class PPR with 11 PPR repeats, MEF45, encoded by the gene At1g28690, was 

analyzed. The corresponding mutant line mef45-1 (SALK_024136) has a T-DNA insertion in the 

7th PPR repeat (L) of the MEF45 protein at amino acid position 861 (Figure 30), leading to a 

nonfunctional protein and a loss of the MEF45 activity. 

 

 

Figure 30: Schematic illustration of MEF45 with P, L and S representing canonical, long and short PPR repeats, respectively, 
E denotes the C-terminal extension domain and mt the mitochondrial targeting sequence.  The triangle specifies the site of 
T-DNA insertion in the mutant line mef45-1 (SALK_024136). 

 

Homozygous mef45-1 mutant plants were not viable on soil or on standard MS agar medium. 

To obtain plant material for analysis of nucleic acids and RNA editing, an embryo rescue 

approach on high sucrose agar medium had to be followed. Mutant line mef45-1 was among 

the very few embryo lethal lines that were possible to rescue via embryo rescue medium. A 

list of 21 T-DNA insertion lines in 20 different genes that display embryo lethality and that 

were tested to rescue with an embryo specific ABI3 promoter and/or with embryo rescue 

medium is shown in Table 9. Out of those 21 lines only four reached the adult stage as 

homozygous mutants with the help of these measures. 
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Table 9: List of embryo lethal T-DNA insertion lines tested by using either an embryo specific ABI3 promoter or embryo 
rescue medium with high sucrose content.  In only four out of 21 lines tested, homozygous mutant plants could be obtained.  

 

 

Rescued mef45-1 plants showed severe defects in growth and development. They were 

growing extremely slowly, failed to develop a proper rosette and never reached the full height 

of wildtype plants. Instead, they displayed a bushy appearance and very short siliques that did 

not contain viable seeds (Figure 31). Nucleic acid was prepared from the rescued mutant 

plants and cDNA of mitochondrial and chloroplast transcripts was sequenced for analysis of 

RNA editing defects. 
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Figure 31: mef45-1 mutant plants. A: Homozygous mef45-1 mutant plant rescued on high sucrose medium at an age of 22 
weeks. Bar represents 1 cm. B: Light microscopy of two seeds from a silique on a heterozygous mef45-1 plant and a 
fluorescence microscopy image from the same seeds detecting the autofluorescence of chlorophyll. A clear difference in 
developmental stage is visible for the embryos, indicating less developed homozygous mef45-1 embryos in the transparent 
seed. The severe developmental delay facilitates easy selection of homozygous mutant seeds by light microscopy. Bars 
represent 0.1 mm. C: Rescued homozygous mef45-1 mutant plant on agar medium at an age of 8 weeks. Bar represents 0.5 
cm. D: mef45-1 mutant plants at an age of 8 weeks directly after the transfer from agar medium to soil. Bar represents 1 cm. 

 

Four editing sites showed a complete loss of RNA editing: At the sites ccmC-608, cob-1084, 

matR-1596 and nad5-1490 RNA editing is completely absent, while wildtype plants showed 

100% editing extent at the sites ccmC-608 and nad5-1490, 70% at the site cob-1084 and 43% 

at matR-1596. To verify the mef45-1 mutation as the reason for the editing defects, the 

complete MEF45 CDS was cloned into the expression vector pMpGWB102 containing the 35S 

promotor for overexpression and transformed to heterozygous mutant plants. T1 plants were 

subsequently screened for positive transformants with genetically homozygous T-DNA 

background.  The selected mef45 + MEF45 OX plants displayed normal growth phenotype like 
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wildtype plants. Investigation of RNA editing in the transformed lines at the relevant sites 

showed a complete restoration of RNA editing (Figure 32). 

 

 

Figure 32: Chromatograms of the MEF45 RNA editing sites in wild type A. thaliana plants, in mef45-1 knock-out mutants 
and in mef45-1 + MEF45 OX complementation plants. The editing sites are framed and the nucleotide exchanges for each 
editing site in their respective triplet environments are denoted. Resulting amino acid exchanges are indicated, a silent 
nucleotide exchange is designated as such. 

 

The sites matR-1596, nad5-1490 and ccmC-608 are the first, second and third most probable 

sites for MEF45 binding according to the prediction program from Takenaka et al. 2013b 

(Figure 33). Site cob-1084 is ranked only at 28th position in the prediction program. An RNA 

editing defect at the first three top-ranked sites by the program demonstrates that the PPR 

code fits well for MEF45. 
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MEF45 prediction 

 

Figure 33: Alignment of the MEF45 PPR stretch, the relevant amino acid residues at positions 6 and 1’ and the target sites. 
The PPR repeats are aligned with the RNA in such a way, that the C-terminal most PPR repeat is aligned with nucleotide 
position -4 with respect to the editing site. Each amino acid residue combination is assigned a probability for binding the four 
possible nucleotides A, C, G and U. A high probability for binding is shaded in dark green, lower probability in light green. The 
ranking number indicates the position of the listed editing sites in the probability ranking of the prediction program (Takenaka 
et al. 2013b). “WT extent” denotes the dimension of edited transcripts in wild-type plants in percentage terms of total 
transcripts investigated. The editing site is shaded in blue, an underlined U indicates a further editing site. P, S and L: 
Canonical, short and long PPR repeats. 

 

5.4 Compatibility of RNA editing machineries between different 

organisms 

The unsuccessful transfer of RNA editing system components from Arabidopsis to Marchantia 

arose the question on the flexibility of organellar RNA editing systems between plant species. 

The protein CWM1, “cell wall maintainer 1”, is a PPR protein of the E+ class and is encoded by 

the gene At1g17630. Mutations in the gene were reported to lead to defects in three 

mitochondrial RNA editing sites as well as in cytochrome c maturation (Hu et al. 2016). Among 

the three target sites of CWM1, the nad5-598 site is conserved among many angiosperms as 

well as in the moss Physcomitrella patens. The specific factor for the nad5 site in 

Physcomitrella has been identified as PpPPR79 and cis-elements of the sites are highly 

conserved between Arabidopsis and Physcomitrella. Therefore, the CWM1 mutants were ideal 

for analyzing the possibility for cross-species complementation of RNA editing machineries. 

Characterization of CWM1 mutant plants 

Two T-DNA insertion lines, cwm1-1 (SALK_017325) and cwm1-2 (SALK_124160) (Figure 34) 

show major growth retardations that have not previously been described. 
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Figure 34: Schematic illustration of CWM1 with P, L and S representing canonical, long and short PPR repeats, respectively, 
E and E+ denoting the C-terminal extension domains. The triangles specify the sites of T-DNA insertion in the mutant lines 
cwm1-1 (SALK_017325) and cwm1-2 (SALK_124160). 

 

Nine weeks after seeding, Col-0 wildtype plants displayed flowers and completely developed 

siliques, whereas the mutant lines did not even have stalks (Figure 35A). Furthermore, cwm1 

mutants show a reduced rate of seed germination. When 16 seeds were seeded per line in 

triplicates, on average 15 seeds opened for the Col-0 wild type, whereas only four seeds of 

the mutant line cwm1-1 and about 7 seeds of cwm1-2 opened, respectively (Figure 35B and 

Figure 35C) 
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Figure 35: Phenotypic appearance of cwm1 mutant plants in comparison to the Col-0 wildtype.  A: Adult plants at an age of 
9 weeks. B: Seedlings at an age of 4 weeks. C: The amount of seeds that open in the wildtype Col-0 and the mutant lines 
cwm1-1 and cwm1-2. 16 seeds were seeded in triplicates for each line, respectively. 28 days after seeding, significantly more 
Col-0 seeds germinated than seeds from the mutant lines. Error bars indicate sd. 

 

The cwm1 mutants exhibit 4 RNA editing defects, 3 of them were previously described (Hu et 

al. 2016). Among them, the complete loss of RNA editing at ccmC-463 and nad5-598 were 

reproduced. The 20% remaining editing at ccmB-428 could only be seen in cwm1-2. In cwm1-

1, this site was also completely lost. Additionally, the silent site nad5-609 was not edited in 

both mutant lines (Figure 36). 
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Figure 36: Chromatograms of the CWM1 RNA editing sites in wildtype A. thaliana plants and in cwm1-1 and cwm1-2 knock-
out mutants. The editing sites are framed and the nucleotide exchanges for each editing site in their respective triplet 
environments are denoted. Resulting amino acid exchanges are indicated, a silent nucleotide exchange is designated as such. 
In contrast to the results presented in Hu et al. 2016, RNA editing at the site ccmB-428 is completely absent in the mutant 
line cwm1-1 whereas residual RNA editing is present in cwm1-2. Additionally, the silent site nad5-609 is affected in the mutant 
lines. 

 

RNA editing and developmental defects of the cwm1 mutants were rescued by overexpression 

of the CWM1 gene, suggesting that this protein is involved in RNA editing in mitochondria as 

well as in the germination and developmental phenotype (Figure 37 and Figure 38; Table 11). 

Even though the T2 seeds used were not again selected, but directly seeded on soil, which 

means that theoretically ¼ of the seeds did not contain the transgene, the increase in 

germination rate and developmental speed was significant. 
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Figure 37: Editing extent of 6 different transgenic lines transformed with the wildtype gene CWM1 and relative expression 
level of the transgene. The first 3 lines have a cwm1-1 backgound and represent the individual transgenic lines 1, 3 and 7; 
the latter 3 lines have a cwm1-2 background and represent the individual transgenic lines 3, 9 and 10. A: Red bars represent 
the RNA editing level at the site nad5-598 and green bars represent the relative expression level of the transgene. The 
expression level is normalized to the line with the highest expression of the transgene. B: Relative transgene expression was 
determined by semi qRT-PCR on the transgene and an Actin control. The numbers of the single complementation lines are 
indicated above the lanes; 32 amplification cycles were run in the PCR. Genaxxon 100 bp + 1 kb size standard is shown on the 
left. 
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Figure 38: Germination behaviour and phenotypic appearance of the transgenic line cwm1-1 + CWM1 #5; 16 seeds were 
seeded in total, n = 3. A: Amount of germinating seeds of the Col-0 wildtype, the cwm1-1 mutant and cwm1-1 + CWM1 #5. 
Error bars indicate sd. B: Col-0 wildtype, cwm1-1 mutant and cwm1-1 + CWM1 #5 plants 3 months after seeding. C: Col-0 
wildtype, cwm1-1 mutant and cwm1-1 + CWM1 #5 plants 18 days after seeding. Theoretically, 1/4 of the T2 plants contain 
no CWM1 integration. This could be a reason why the germination rate was not completely recovered. 

 

PpPPR79, the Physcomitrella specificity factor for the site nad5-598, can rescue cwm1 

mutants. 

The PPR protein PpPPR79, a member of the DYW subclass of PLS class PPR proteins is 

responsible for RNA editing at one of the CWM1 target sites, nad5-598 in P. patens (Uchida et 

al. 2011). There are only two nucleotides difference between the putative binding site of 

CWM1 and PpPPR79 located upstream of the nad5-598 site (Figure 39). Therefore, this editing 

site is an ideal candidate for testing the ability of heterologous proteins to compensate for 

RNA editing machineries between evolutionarily separated plant species. However, CWM1 

and PpPPR79 are not directly orthologous to each other as indicated by the low similarity of 

their PPR domains. PpPPR79 is longer by 2 PPR repeats compared to CWM1. CWM1 has 15 

PPR repeats starting with an S repeat and displaying a cluster of P repeats in the middle of the 

protein. PpPPR79, however, starts with an L repeat and apart from that shows a perfect array 

of PLS triplets resulting in a PPR tract consisting of 17 PPR repeats in total (Figure 40). Besides 
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the PPR domain, there is a clear structural difference between CWM1 and PpPPR79. A. 

thaliana CWM1 lacks the C-terminal most DYW domain, whereas the bryophyte analog from 

P. patens contains this domain. 

 

 

Figure 39: Comparison of the CWM1 target cis-elements throughout the three organisms A. thaliana, M.integrifolia and P. 
patens. Underlined Us within the sequences indicate editing sites. Nucleotides shaded in red show differences in the target 
sequences of P. patens with respect to the two angiosperm sequences. The U shaded in blue indicates the editing site nad5-
598, which is lost in cwm1 mutant lines. 

 

 

Figure 40: ORFs used in complementation experiments. Different combinations of A. thaliana, P. patens and M. integrifolia 
parts were combined to form proteins with or without C-terminal DYW domains. P, S and L: Canonical, short and long PPR 
repeats; mt: mitochondrial targeting sequence. Parts with black caption originate from A. thaliana, parts with red caption 
from P. patens and parts with green caption from M. integrifolia. 
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To analyze the compatibility of these two analogs, PpPPR79 from P. patens was transformed 

to the cwm1 mutant lines. The moss protein was able to edit the original PpPPR79 target site 

nad5-598 up to 26 % and 51 % in cwm1-1 and cwm1-2 mutants, respectively. Interestingly, 

ccmB-428 and ccmC-463 sites, as well as the silent site nad5-609, which are not present in P. 

patens, were also partially recovered in the cwm1-1 and cwm1-2 background (Table 10). 
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Table 10: cwm1 mutant lines were transformed with either PpPPR79 full-length (FL) or without its DYW domain (ΔDYW), 
mimicking the CWM1 protein. One transgenic line with the full-length gene and five transgenic lines with the truncated gene 
were recovered for cwm1-1 complementation experiments, respectively. In cwm1-2, nine successfully transformed lines with 
the full-length version and four lines with the truncated version could be isolated, respectively. The site ccmB-485 is not 
affected by CWM1 and was used as a positive control. The editing extents are given as ratio of detected U nucleotides in %. 
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DYW domain of PpPPR79 is dispensable to complement CWM1 in Arabidopsis 

Next, a DYW domain-deleted version of PpPPR79 (PpPPR79∆DYW), therefore mimicking the 

C-terminus of the A. thaliana CWM1 was transformed into cwm1 mutant lines to investigate 

the effect of the lacking DYW domain to the function of PpPPR79 in Arabidopsis. In the 

background of cwm1-1, the PpPPR79∆DYW edited better than full-length PpPPR79, though 

this tendency was not observed with cwm1-2 (Table 10, Figure 41, Figure 42). The expression 

level of full-length PpPPR79 in the cwm1-1 transformed line (FL#1 in Figure 41) was less than 

half of the those of PpPPR79∆DYW in the transgenic lines (∆DYW#1, 2, 4 and 5), suggesting 

the difference of RNA editing efficiencies between full-length and DYW-deleted transformed 

lines derived from the expression level but not from the C-terminal structure. 

 

 

Figure 41: Editing extent of the 6 transgenic lines of cwm1-1 transformed with either the full length version of PpPPR79 
(FL) or the truncated version of PpPPR79 (ΔDYW) and relative expression level of the transgene. A: Red bars represent the 
RNA editing level at the site nad5-598, green bars represent the relative expression level of the transgene, respectively. The 
expression level is normalized to the line with the highest expression of the transgene. B: Relative transgene expression was 
determined by semi qRT-PCR on the transgene and an Actin control. The different complementation lines are indicated above 
the gel lanes; 32 amplification cycles were run in the PCR. Genaxxon 100 bp + 1 kb size standard is shown on the left. 
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Figure 42: Editing extent of cwm1-2 complemented with full length PpPPR79 (FL) or truncated PpPPR79 (ΔDYW) and 
relative expression level of the transgenes.  A/C: Red bars represent the RNA editing level at the site nad5-598, green bars 
represent the relative expression level of the transgene, respectively. The expression level in each bar chart is normalized to 
the line with the highest expression of the transgene. B/D: Relative transgene expression was determined by semi qRT-PCR 
on the transgene and an Actin control. The numbers of the single complementation lines are indicated beneath the gel; 35 
and 32 amplification cycles were run in the PCR for the lines with PpPPR79FL and PpPPR79ΔDYW, respectively. Genaxxon 100 
bp + 1 kb size standard was used. 

 

PpPPR79∆DYW also rescued the seedling germination delay and slow growth phenotype of 

the cwm1 mutant despite RNA editing is not completely recovered (Figure 43, Figure 44). 
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Figure 43: Germination behaviour and phenotypic appearance of the transgenic lines cwm1-1 + PpPPR79ΔDYW #4 and 
cwm1-2 + PpPPR79FL #2; 16 seeds were seeded in total, n = 3. A: Amount of germinating seeds of the Col-0 wildtype, the 
cwm1-1 mutant and cwm1-1 + PpPPR79ΔDYW #4. B: Col-0 wildtype, cwm1-1 mutant and cwm1-1 + PpPPR79ΔDYW #4 plants 
3 months after seeding. C: Col-0 wildtype, cwm1-1 mutant and cwm1-1 + PpPPR79ΔDYW #4 plants 18 days after seeding. D: 
Amount of germinating seeds of the Col-0 wildtype, the cwm1-2 mutant and cwm1-2 + PpPPR79FL #2. E: Col-0 wildtype, 
cwm1-2 mutant and cwm1-2 + PpPPR79FL #2 plants 3 months after seeding. F: Col-0 wildtype, cwm1-2 mutant and cwm1-2 
+ PpPPR79FL #2 plants 18 days after seeding. Error bars indicate sd. 
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Figure 44: Germination behaviour and phenotypic appearance of the transgenic line cwm1-2 + PpPPR79ΔDYW #4; 16 seeds 
were seeded in total, n = 3. A: Amount of germinating seeds of the Col-0 wildtype, the cwm1-2 mutant and cwm1-2 + 
PpPPR79ΔDYW #4. Error bars indicate sd. B: Col-0 wildtype, cwm1-2 mutant and cwm1-2 + PpPPR79ΔDYW #4 plants 3 months 
after seeding. C: Col-0 wildtype, cwm1-2 mutant and cwm1-2 + PpPPR79ΔDYW #4 plants 18 days after seeding. 

 

The CWM1 protein cannot complement Physcomitrella PpPPR79 mutant lines 

In collaboration with the group of Dr. Schallenberg-Rüdinger, opposite directional cross-

complementation was attempted. At first, wild type CWM1 did not complement the editing 

defect at the nad5 site in the ppr79 mutant line. This could be due to the missing DYW domain, 

which all RNA editing factors in P. patens have. To create a functional CWM1 in P. patens, the 

missing DYW domain was supplied by adding the DYW domain from PpPPR79 (Figure 40). The 

functionality of this chimeric clone in Arabidopsis was confirmed by efficient 

complementation of the RNA editing defect in the cwm1-1 and cwm1-2 mutants (Table 11). 

Furthermore, functionality of the mitochondrial target sequence of CWM1 in P. patens was 

also confirmed (Oldenkott et al. 2020). However, the chimeric gene could not restore RNA 

editing at the nad5 site in the ppr79 mutants (Oldenkott et al. 2020). 

 

Table 11: cwm1 mutant lines were transformed with either CWM1_PpPPR79 chimera constructs or with the wildtype 
version of CWM1. 19 CWM1_PpPPR79EE+DYW positive lines were recovered, 10 with a cwm1-1 background and 9 with a 
cwm1-2 background. 6 lines with CWM1_PpPPR79DYW were recovered, 2 in cwm1-1 and 4 in cwm1-2, respectively. For the 
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wildtype gene CWM1, 8 positively transformed cwm1-1 plants and 4 positively transformed cwm1-2 plants were analysed. 
The RNA editing extents at the sites affected by CWM1 are shown; the site ccmB-485 is not affected by CWM1 and was used 
as a positive control. The editing extents are given as ratio of detected U nucleotides in %. Missing line numbers represent 
plants that were positively selected on hygromycine, but did not show a signal for the transgene in genotyping experiments 
and therefore were not included in further analysis. 

 

 

It is possible that the EE+ domains of PpPPR79 are essential for the editing of the nad5-598 

site in P. patens or simply that Arabidopsis CWM1 cannot recognize the cis-element of nad5-

598 in Physcomitrella. To evaluate the former possibility, another chimeric construct was 

designed where the EE+ domain of CWM1 is replaced by the EE+DYW domain of PpPPR79 

(Figure 40). The chimeric clones were able to completely restore the RNA editing defect at 

nad5-598 in the Arabidopsis cwm1 mutants, while it did not rescue the RNA editing defect in 

the Physcomitrella ppr79 mutant, suggesting that Arabidopsis CWM1 cannot recognize the 

cis-element of nad5-598 in Physcomitrella (Figure 45). 
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Figure 45: Editing extent of 6 different transgenic lines transformed with the chimera gene CWM1_PpPPR79EE+DYW and 
relative expression level of the transgene, as well as germination behaviour and phenotypic appearance of the transgenic 
line cwm1-2 + CWM1_PpPPR79EE+DYW #3.  A/B: The first 3 lines have a cwm1-1 backgound and represent the individual 
lines 1, 3 and 10; the latter 3 lines have a cwm1-2 background and represent the individual lines 1, 3 and 8. A: Red bars 
represent the RNA editing level at the site nad5-598, green bars represent the relative expression level of the transgene, 
respectively. The expression level is normalized to the line with the highest expression of the transgene. B: Relative transgene 
expression was determined by semi qRT-PCR on the transgene and an Actin control. The numbers of the single 
complementation lines are indicated; 32 amplification cycles were run in the PCR. Genaxxon 100 bp + 1 kb size standard was 
used. C: Amount of germinating seeds of the Col-0 wildtype, the cwm1-2 mutant and cwm1-2 + CWM1_PpPPR79EE+DYW #3. 
Error bars indicate sd. D: Col-0 wildtype, cwm1-2 mutant and cwm1-2 + CWM1_PpPPR79EE+DYW #3 plants 3 months after 
seeding. E: Col-0 wildtype, cwm1-2 mutant and cwm1-2 + CWM1_PpPPR79EE+DYW #3 plants 18 days after seeding. 16 seeds 
were seeded in total, n = 3. 

 

Macadamia CWM1 has a DYW domain 

The next focus was on the CWM1 ortholog of the angiosperm M. integrifolia, which contains 

the DYW domain, since it seems to maintain an original form of angiosperm CWM1. M. 

integrifolia possesses the editing sites at the positions ccmB-428, ccmC-463 and nad5-598 like 

in A. thaliana, but not the site nad5-609, and it seems conceivable, that also the orthologous 

CWM1 is responsible for these sites. 

The M. integrifolia CWM1 was included for the heterologous complementation analysis for 

the two Arabidopsis mutant lines cwm1-1 and cwm1-2 as well as for the P. patens ppr79 

mutant line. For the M. integrifolia CWM1 construct, the mitochondrial targeting sequence of 

A. thaliana CWM1 substituted for that of the M. integrifolia CWM1 gene, since the localization 

in P. patens mitochondria has already been verified with the A. thaliana CWM1 one. Only 



Results 

86 

transgenic Arabidopsis plants with the cwm1-1 background could be recovered in this round 

of transformations. Three of four transgenic plants displayed partial or full editing at the site 

nad5-598 (Table 12). However, ccmB-428 showed no or very low editing, suggesting that the 

M. integrifolia and A. thaliana CWM1 orthologs have different RNA sequence specificities. 

Interestingly, the M. integrifolia CWM1 was able to edit the site nad5-598 in the P. patens 

mutant lines, complemented lines showed a wildtype phenotype. Also the silent editing site 

not present in M. integrifolia was edited in the complemented lines (Oldenkott et al. 2020). 

 

Table 12: The cwm1-1 mutant line was transformed with the M. integrifolia CWM1 transgene. 4 transgenic lines were 
recovered. The site ccmB-485 is not affected by CWM1 and was used as a positive control. The editing extents are given as 
ratio of detected U nucleotides in %. Missing line numbers represent plants that were positively selected on hygromycine, 
but did not show a signal for the transgene in genotyping experiments and therefore were not included in further analysis.  
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6 Discussion 

6.1 RNA editing attempts in M. polymorpha 

Marchantia polymorpha mitochondria once had RNA editing and lost it during evolution, thus 

they are expected to maintain an appropriate environment for RNA editing other than 

mitochondria from algae or non-plant mitochondria, or bacteria that have never had the C to 

U editing system. Therefore, Marchantia mitochondria were employed for introducing the 

Arabidopsis RNA editing machinery. 

Several attempts in this study for introducing RNA editing in M. polymorpha mitochondria 

with RNA editing factors from other plant species were not successful. Several chimera 

proteins based on SLO4 were transformed into M. polymorpha, but none of the factors led to 

detectable RNA editing at the target site cob-973 in the liverwort. 

Several considerable causes for the unsuccessful reproduction of RNA editing in the 

transformed M. polymorpha plants were rejected. At first, the majority of chimera factors lead 

to a complementation of the editing defect at cob-982 in A. thaliana slo4 mutant plants, giving 

proof of the functionality of the chimera proteins at least in Arabidopsis. Furthermore, 

incorrect destination of the trans-factors was rejected by the intracellular localization 

experiments. SLO4 N-termini fused with Citrine tags displayed fluorescence inside the 

mitochondria of Marchantia. 

Therefore, the reasons for the failed reproduction of RNA editing in Marchantia are most likely 

to be found in the compatibility of the main component of the chimera proteins, the SLO4 

part. SLO4 is a protein from the angiosperm A. thaliana, where not only PPR proteins but also 

trans factors from other protein classes, like for example the MORF family, are involved in the 

editing process. M. polymorpha is phylogenetically distant from the angiosperm A. thaliana 

and so is its mitochondrial environment, though this plant once had the RNA editing system. 

Thus, it might be possible that the PPR protein SLO4, as a member of the protein set from the 

rather complex angiosperm system, requires cofactors for proper function in the simpler 

bryophyte system. This would explain the full functionality of most of the chimera proteins in 

A. thaliana, while the same proteins fail to establish an editing site in M. polymorpha. 

Interestingly, introduction of the SLO4 chimera proteins was also unable to lead to RNA editing 
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in Physcomitrella (Hein 2019). The bryophyte P. patens is evolutionarily much closer to M. 

polymorpha and seems to have a very simple RNA editing system, where PPR proteins of the 

PLS class are encoded but neither MORF nor ORRM proteins. Taken the other perspective, it 

might be impossible for the bryophyte mitochondrial system to functionally integrate an 

angiosperm PPR protein into a potential editosome without further additional factors. 

This is strengthened by the recent finding, that a single PLS class PPR protein from P. patens 

alone is sufficient for RNA editing in E. coli (Oldenkott et al. 2019), whereas similar attempts 

with proteins from the angiosperm A. thaliana failed (Mizuki Takenaka, personal 

communication). One of the most reasonable reasons for this might be missing cofactors for 

the A. thaliana PPR proteins in E.coli as well as in Marchantia. There are no P. patens PPR 

editing factors, which are available for heterologous RNA editing in M. polymorpha (Ichinose 

et al. 2013), because of genomically encoded thymidines in M. polymorpha at all cytidines 

corresponding to P. patens editing sites. However, with ever more bryophyte genomes being 

sequenced, it might soon be possible to find a suitable bryophyte factor for a non-pre-edited 

site in M. polymorpha, which then can be used for hetereologous establishment of RNA editing 

by avoiding the problem of missing cofactors. 

As it was shown in the experiments with cwm1 mutants, the P. patens factor PpPPR79 is able 

to reestablish RNA editing in A. thaliana. Vice versa the experiment failed: CWM1 was not able 

to rescue the editing defect in ppr79 mutants of P. patens (Oldenkott et al. 2020). This also 

suggests that the PPR editing factors from rather basal species are compatible even in 

angiosperms. The functionality of angiosperm editing factors, however, seems to depend on 

an angiosperm mitochondrial surrounding, including possible cofactors, like for example 

MORF or ORRM proteins. Since heterologous introduction of a simple plant RNA editing 

system could be achieved in E. coli with a P. patens PPR protein, the next question is the 

reconstruction of the angiosperm complex RNA editing machinery in other platforms.  It might 

be possible to gradually build a functional angiosperm editosome by step-by-step 

transformation of additional cofactors. In this context, M. polymorpha can be a better 

platform than E.coli to reduce the possibility of the often observed misfolding of expressed 

plant proteins.  
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6.2 CRISPR/Cas9 knockout of MpPPR_60 

The fact, that no macroscopic phenotype was observed in the MpPPR_60 knock-out plants at 

standard growth conditions doesn’t necessarily conclude that there is no function for the 

protein at all. The consequences of the MpPPR_60 knock-out might not be visible on a 

macroscopic scale. It may play a role in fine tuning cellular functions, where its lack only 

becomes noticeable at extreme conditions. 

With no RNA editing present in M. polymorpha, MpPPR_60 might function at other stages of 

RNA metabolism, like it was shown for many other PLS class PPR proteins in other plant 

species.  PpPPR_43, for example, is involved in splicing of cox1 intron 3 in P. patens even 

though it contains the C-terminal E and DYW domains that are usually present in PPR proteins 

involved in RNA editing. However, those domains could be deleted in complementation 

studies without any harm to the splicing event, conserved Cysteine and Histidine residues are 

missing in its DYW domain and it is shorter by 2 amino acids in comparison to the other DYW 

containing PPR proteins in P. patens (Ichinose et al. 2012). CRR2, a PLS class PPR protein of the 

DYW subclass, is required for cleavage in chloroplast rps7-ndhB polycistronic pre-mRNA 

(Hashimoto et al. 2003) and OTP70, an E subclass PPR protein, is involved in the splicing of 

rpoC1 (Chateigner-Boutin et al. 2011). Those examples illustrate, that PLS class PRR proteins 

with C-terminal extensions are not necessarily RNA editing factors. MpPPR_60 does not 

contain the C-terminal domains, but only a PLS class PPR stretch. A function in RNA splicing or 

stabilization is therefore even more conceivable. With the mutant lines at hand, it is now 

possible to conduct further experiments to study MpPPR_60 function in M. polymorpha, e.g. 

via differential growth conditions or by analysis of transcript accumulation via qPCR and 

northern blot analysis or RNA-seq analysis, which covers not only the amounts but also splicing 

and processing of RNAs. 

The speed and convenience with which the CRISPR/Cas9 knock-out lines could be obtained, 

illustrate the great potential for this technique in M. polymorpha. With its haploid dominant 

life-cycle, it is very easy to achieve homozygous mutations in the liverwort genome. In 

combination with the relatively small number of regulatory genes and the absence of large 

gene families with high redundancy, M. polymorpha is especially interesting for the study of 

regulatory pathways based on mutational experiments. The CRISPR/Cas9 technology takes 

advantage of the error-prone NHEJ repair mechanism, which can lead to mutant lines with 
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different indel mutations and therefore possibly different severities of the mutations within 

one knock-out experiment. 

6.3 One RNA editing event can influence other RNA editing events. 

MEF37 exemplifies the effect of one trans-factor for the editing activity of another trans-

factor, namely MEF19. The MEF37 targeted site ccmB-551 is located within the binding site 

for the MEF19 site ccmB-566. Therefore, the additional defect of the MEF19 target site ccmB-

566 in the MEF37 mutant is most likely to be a secondary effect, as it is caused by an 

improperly edited RNA which provides a faulty cis-element for MEF19. MEF37 has five other 

target sites, showing certain flexibility in target site recognition. For MEF19 in contrast, already 

the exchange of the single nucleotide at ccmB-551 renders the cis element impossible for 

MEF19 to bind. While it obviously does not matter if there are different types of nucleotides 

present at the same binding position for at least some PPR motifs, the binding ability is 

severely affected if other positions in the cis-element are exchanged. The reasons for this and 

the mechanisms causing these different impacts are currently unknown. It may be possible 

that a certain nucleotides’ importance is depending on its neighboring nucleotide identities 

and the way they are bound by the PPR protein (Miranda et al. 2017). For example, if the 

neighboring nucleotides are bound quite well, it may be not as important that this particular 

nucleotide is also bound very well, as if the neighboring nucleotides are bound less good. In 

this case, a binding defect at this site may fatally harm the whole local binding environment 

and lead to a complete binding defect for this cis element. Miranda et al. found that 

mismatches towards the 3’ end of the binding site of an artificial P-class PPR protein had less 

effect on overall binding, than mismatches at the 5’ end or the center of the binding site 

(Miranda et al. 2018). 

MEF19 shows a rather fragile binding environment for ccmB-551 with the nucleotide at ccmB-

551 being followed by two downstream nucleotides not bound according to the PPR-code 

(Takenaka et al. 2013b). The only upstream nucleotide, a U, is facing an S repeat with the 6/1’ 

combination S/S, which favors A (Yan et al. 2019). Therefore, the only tightly bound nucleotide 

within the first four nucleotides of the ccmB-551 cis-element is the U at position -15. When 

losing the tight binding ability at this position, the binding ability for the whole 5’ end of the 

cis-element is lost and consequently the RNA is not bound at all. This might explain the severe 

consequences of the exchange of one out of 13 nucleotides within the binding sequence for 
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the overall binding ability of MEF19. The altered 2. PPR repeat in MEF19_Var_2 had improved 

binding ability towards a C nucleotide, thus this version of MEF19 was able to at least partially 

restore RNA editing at position ccmB-566. However, also the control version with altered 3. 

PPR repeat, which does not seem to change RNA specificity of MEF19, was able to partly 

restore RNA editing almost to the same extent as MEF19_Var_2. This finding is indicative of 

an unspecific effect, maybe because of overexpression of the MEF19 versions. Although the 

PPR motif corresponding to ccmB-551 was changed to bind preferably to cytidine in 

MEF19_Var2 (ND to NS at 6 and 1’ positions), the increased affinity to the cis-element might 

not be sufficient to completely restore RNA editing activity. 

Since RNA editing sites are often located very close to each other especially in mitochondria, 

one RNA editing event that changes the cis-element of another site might occur frequently 

and it is important to consider this for the evolution of RNA editing factors. Also silent editing 

sites may be important for downstream editing sites, in this instance. In such a case, one RNA 

editing factor can regulate two or even more neighboring sites simultaneously. Knock-out 

lines for the factor PpPPR65 in P. patens display two editing defects very close to each other 

at ccmFc-103 and ccmFc-122. Analogously to the results presented here for MEF37 and MEF19, 

the downstream position at ccmFc-122 was not directly affected by PpPPR65, but by PpPPR71 

(Schallenberg-Rüdinger et al. 2013; Ichinose et al. 2013). PpPPR71 was also shown to bind its 

RNA target better, if the upstream site ccmFc-103 was edited (Tasaki et al. 2010). In rice, the 

DYW-class PPR protein OGR1 is required for RNA editing at 3 successive sites in the nad4 

transcript, nad4-401, nad4-416 and nad4-433, among others (Kim et al. 2009). Also here it was 

hypothesized that loss of editing at the first site in this row inhibits binding and subsequent 

editing at the second site, which in turn prevents the same at the third site. 

The site ccmB-566 is also affected in dyw2 mutants (Andres-Colas et al. 2017, Guillaumot et 

al. 2017). All others sites depending on the unusually short PPR protein DYW2 are recognized 

by E+ class PPR proteins, however MEF19 is a member of the E class. Since MEF37 as an E+ 

class PPR protein is responsible for RNA editing at the site ccmB-551, it is likely that the defect 

at ccmB-566 is a secondary effect of the loss of editing at ccmB-551 in mef37, as well as in 

dyw2 (Malbert et al. 2020). 
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6.4 Analysis of RNA editing mutants, that show embryo lethality 

Plants with homozygous mutations in the gene for MEF45 do not germinate at all on soil. The 

mutation leads to embryo lethality, with which the embryo development is arrested at a very 

early stage. However, seeds germinate when transferred to embryo rescue medium at an 

immature stage. The plants grow extremely slowly, but can be transferred to soil when grown 

for several weeks on sucrose medium. They keep their bushy, stunted appearance throughout 

their life cycle and can therefore be easily identified as mutant plants. Homozygous mef45 

plants are sterile. 

Several strategies exist to investigate embryo lethal mutant lines, although they do not pass 

the embryo stage as knock-out lines under standard conditions. It is possible to follow a knock-

down approach which leads to milder phenotypes than complete knock-out mutations. The 

RNA interference technique (RNAi) was successfully used to investigate lines, which display a 

lethal phenotype under knock-out conditions. Conditional RNAi was applied to obtain mutant 

lines for P. patens PPR45 and determine its corresponding editing defects (Ichinose et al. 

2014). Previously followed knock-out attempts were not successful, most likely due to lethality 

of the complete gene loss. Using miRNA-induced gene silencing (MIGS) it is also possible to 

constitutively silence an RNA complementary to the miRNA, or to conditionally start a knock-

down approach at the desired point of plant development (Ossowski et al. 2008). The use of 

artificial microRNAs (amiRNAs) takes advantage of the endogenous cellular machinery 

consisting of Dicer-like proteins and Argonaute proteins, which incorporate the amiRNA and 

lead to the post-transcriptional degradation of complementary mRNA strands. 

As an alternative to the post-transcriptional silencing approach, there is the possibility of 

expressing the target gene only in the critical embryo stage via an embryo specific promoter. 

Plants heterozygous for the desired mutation are transformed with a functional copy of the 

gene under control of the embryo specific ABI3 promoter and T1 plants are screened for 

homozygous mutants. As the transgene is only expressed in the embryo stage of the mutants, 

homozygous ones should therefore display a full mutant phenotype in adult stage or at least 

be rescued over the embryo stage. The ABI3 promoter was successfully used e.g. to rescue 

the embryo lethal phenotype of EMB506 mutants in A. thaliana (Despres et al. 2001). The 

mutant lines for the PPR proteins NUWA and DYW2 were rescued in a similar way (Guillaumot 

et al. 2017). 
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The opportunity for embryo rescue via germination in vitro on high sucrose agar medium was 

used here for the rescue of mef45 mutant plants. Without using any molecular genetic 

technique, immature embryos have to be dissected from heterozygous mother plants, seeded 

on high sucrose medium and after germination the plantlets have to be screened for 

homozygous mutants. Effectiveness of this approach was also shown for the rescue of 

mutants in the CYTOCHROME C OXIDASE DEFICIENT1 (COD1) gene which leads to embryo 

lethality due to depletion of complex IV (Dahan et al. 2014). 

Despite the few examples for successful embryo rescue, the approaches via rescue medium 

and ABI3 promoter still are not effective for many mutant lines. Four rescued lines out of 21 

tested constitute a success rate of less than 20%. Other strategies are needed to obtain plant 

material and investigate the editing status of the remaining lines. 

 

6.5 Binding characteristics of RNA editing factors to their targets 

When regarding the fit of the PPR-code of the editing factors to their target binding sites, it is 

evident that there are always mismatches between the predicted binding sequence of a given 

PPR protein and its actual target RNAs (Yagi et al. 2014, Oldenkott et al. 2019). 

In the process of RNA editing, the PPR protein binds to the RNA, the C is converted to a U and 

in the end the PPR protein releases the RNA for it to be e.g. translated into a peptide at the 

ribosomes. It is very important that the RNA is released from the protein to get accessible for 

translation. Given the fact that there are sometimes several dozens of RNA editing sites per 

transcript (e.g. for nad2), there would also be several dozens of translation blockades to the 

ribosomes, if all the PPR proteins would bind to the RNA and not release it after the editing 

event. Thus, the RNA editing PPR proteins must not bind their targets too tightly. The P class 

PPR proteins, among other things, have the function of stabilizing 5’ and 3’ ends of transcripts, 

once they bind to their target, they tend to stay longer at this position (Ruwe and Schmitz-

Linneweber 2012). 

Mismatches in the binding structure exert an important function in the whole process of RNA 

editing. As well as enhancing affinity to target RNAs and therefore activating editing, the 

increase of matches between protein and RNA should have consequences in terms of 

hampered translation. It will be very interesting to investigate perfectly binding PPR proteins 
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in RNA editing and their consequence for instance for transcript and corresponding peptide 

abundance. 

Sometimes the perfect binding of a single PPR motif to its target nucleotide is extremely 

important. This can be seen in the loss of function by the consequence of a single introduced 

mismatch. But sometimes target recognition seems to be very flexible with cis-elements of 

different sites having several nucleotide variations, being recognized by the same PPR protein. 

When examining the target site alignments in Figure 18, Figure 26 and Figure 33, it is apparent 

that the 3’ most 2/3 of the cis-elements seem to be most important for the RNA editing 

reaction. This is in contrast to the findings of Miranda et al., who found that the 5’-end makes 

a higher contribution to the binding landscape of designer P class PPR proteins than the 3’end 

of the target RNA (Miranda et al. 2018). 

The cis-elements of MEF37 target sites show a certain flexibility of nucleotide identities 

towards the 5’ end. This is possible, if the binding environment at the respective MEF37 

binding sites is relatively strong. The same can be seen for the binding sites of MEF45, but very 

interestingly, targets of both PPR proteins show a very high conservation in nucleotide 

identities towards the 3’ end of their cis-elements. This indicates, that mismatches at the 3’ 

end are often less tolerated, while those at the 5’ end are acceptable. 

The tighter binding towards the 3’ end of the cis-element may also have a mechanistic reason. 

The C-terminal domains of the PPR proteins, especially the DYW domain, have to be sterically 

close to the RNA with its editing site. An accurate binding landscape of the C-terminal most 

PPR repeats, the ones that bind to the 3’ end of the cis-elements can ensure this proximity of 

presumed enzyme and editing site. For the actual editing reaction, it is not that important that 

the N-terminal PPR repeats bind tightly to their RNA counterpart. A certain flexibility does not 

do any harm to the physical closeness of DYW domain and RNA editing site. However, it does 

have a detrimental effect on binding of the PPR protein in principle. If the binding landscape 

is too flexible or if too many mismatches are presented, binding is inhibited from the beginning 

and no editing reaction can take place. 

Generally, it is hard to predict the binding behavior for some PLS-class PPR proteins, while for 

others, the detected RNA editing defects in knock-out lines of a given PPR gene are straight 

forwardly predicted by the prediction program. Obviously, there is a more flexible target 
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recognition at work in PPR proteins that bind to cis-elements of multiple editing sites, not 

necessarily high-ranked in the target prediction program. For other PLS-class PPR proteins, 

recognition is more rigorously constricted to only one or a few sites with a high rank in the 

prediction program. Especially the target sites of MEF45 fit very well to the predicted most 

probable sites, as the first three predicted hits are affected in the mef45 mutant line. 

 

6.6 RNA editing with PPR proteins from different organisms 

Growth phenotypes of cwm1 mutant 

The cwm1 mutant showed developmental delay as well as lower rates of germination.  The 

exact reasons for these phenotypes in the mutant lines cwm1-1 and cwm1-2 were not 

investigated in detail. The L>S exchange in ccmB changes the amino acid identity from 

hydrophobic to polar, the C>R exchanges in ccmC and nad5 changes the identity from polar to 

alkaline. All three changes should therefore be considered as severe. NAD5 is part of complex 

I of the respiratory chain, ccmB and ccmC are involved in the maturation of Cytochrome C. 

Thus, the RNA editing defects interfere with respiratory chain function which can lead to a 

deficiency in energy and consequently to a reduced growth speed. The defects in germination 

could also be ascribed to a lack of energy supply in the seeds. The defect in ccmC most likely 

leads to the observed defect in complex III as studied by Hu et al. 2016. This defect in turn 

confers tolerance against the cellulose synthase inhibitor C17, indicated by the fact that the 

established complex III inhibitor antimycin A causes the same C17 tolerance. The defect of a 

PPR protein is therefore the causative reason for tolerance against a cellulose synthase 

inhibitor via an RNA editing defect and subsequent malfunction of a respiratory chain 

complex. 

A moss PPR type RNA editing factor can complement the A. thaliana analog mutant. 

The results of the cross-species complementation experiments showed that it is possible to 

restore editing defects in A. thaliana PPR protein mutants with heterologous PPR proteins 

from P. patens. The mutated PPR protein, CWM1 is member of the E+ subclass of PLS class 

PPR proteins, it therefore lacks the C-terminal most DYW domain which is considered as the 

enzymatically active part of the protein for C to U conversion (Oldenkott et al. 2019). With the 
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presumption that a DYW domain is mandatory for the execution of the reaction, this domain 

has to be provided in trans, most likely through the action of other PPR proteins that possess 

the DYW domain (Andres-Colas et al. 2017; He et al. 2017). Gene disruption of the DYW2 

protein, which has five PPR motifs, a degenerated E domain, and a DYW domain led to RNA 

editing defects at the target sites of E+ class PPR proteins including all CWM1 target sites, 

suggesting that the DYW2 protein is the partner of CWM1 for providing the catalytic domain. 

The PPR proteins involved in RNA editing in P. patens are only from the DYW subclass and no 

auxiliary factors like MORF proteins have been found in the moss, which may make its RNA 

editing system very simple and straightforward. In the angiosperm A. thaliana in contrast 

there are many auxiliary factors, MORF and ORRM proteins, among others. There is also not 

a single class of PPR proteins involved as specificity factors in RNA editing, but there are 

representatives of the DYW class, the E class and the E+ class. This renders the editing system 

in the angiosperm a lot more complicated and the postulated editosome is assumed to consist 

of several different protein components. 

When the cwm1 mutants were transformed with the moss RNA editing factor PpPPR79, RNA 

editing in cwm1 was partially restored. Interestingly, it was also shown that the DYW domain 

truncated version of PpPPR79 could fulfill this part just as good as the full-length versions. 

Obviously, it is possible for the moss factor to recruit the DYW domain in the same way as 

CWM1 to realize the editing reaction at the specified site in Arabidopsis. It has been shown 

that truncated PPR proteins in the moss can potentially recruit DYW domains from other 

proteins. In complementation assays with truncated DYW subclass PPR proteins in P. patens, 

minor partial editing was still observed at the site cox1-755, (Schallenberg-Rüdinger et al. 

2017). Furthermore, it was shown that PPR proteins from P. patens were able to interact with 

RNA editing factors from A. thaliana in yeast-two-hybrid assays, in this case MORFs 

(Schallenberg-Rüdinger et al. 2013). So it is conceivable, that interaction between truncated 

PPR proteins from the moss and DYW donors in Arabidopsis can be supported by angiosperm 

specific cofactors. 

E domains are compatible between PpPPR79 and CWM1 

Two chimera constructs of CWM1 and PpPPR79 consisted of the PPR repeats of CWM1, the 

DYW domain of PpPPR79, and an EE+ domain from either the original CWM1 or from PpPPR79. 

Both chimera proteins as well as wild type CWM1 equally well complemented the defects in 
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cwm1-1 and cwm1-2. On the other hand, PpPPR79 can only partially complement the cwm1 

mutant. This indicates that the composition of the PPR repeats is of major importance for the 

functionality of the trans factor on the target sites of CWM1 but E domains of these two 

analogs are compatible to each other. 

A recent report by Ruwe et al. proposed an RNA binding activity for the C-terminal E domain, 

too (Ruwe et al. 2019). Small RNA footprints of the PPR protein CRR2 displayed a significant 

enrichment of G and A nucleotides at the position -3 and -2, respectively. Those nucleotides 

are facing the E domain in properly bound PPR proteins, raising the possibility of a contribution 

of this domain in sequence specificity. The E domain resembles two degenerated PPR domains 

and can be formally divided into E1 and E2 domain (Cheng et al. 2016). With this, the positions 

critical for binding of PPR repeats can be likewise assessed in the E1 and E2 domains. 

Interestingly, the E1 and E2 residues in PpPPR79 display the same 6 and 1’ residues as reported 

for CRR2, namely G/N for E1 and V/K for E2, which show enrichment in G and A nucleotides, 

respectively. The site nad5-598 has a conserved G nucleotide at position -3 in A. thaliana and 

P. patens, as well as the site ccmB-428 in A. thaliana (Figure 39). No A nucleotide is found at 

position -2 in any of the target sites for PpPPR79. CWM1 has no conservation for the 6 and 1’ 

residues in E1 and E2, however it also possesses a G residue at position 6 in the E1 domain, 

which was stated to be positively correlated with binding to guanine. 

Angiosperm CWM1 can complement the moss analog mutant. 

The other direction of the cross-species complementation failed (Oldenkott et al. 2020). It was 

not possible to restore the RNA editing defect at the site nad5-598 in P. patens ppr79 mutant 

plants with the CWM1 protein from A. thaliana even fused with a DYW domain of PpPPR79. 

However, Macadamia CWM1 was able to complement the editing defect at nad5-598 in P. 

patens, giving the first example that complete PLS class editing factors including the DYW 

domain and therefore mimicking moss editing factors are functional, even though originating 

from an angiosperm (Oldenkott et al. 2020). 

Interestingly, transgenic plants containing M. integrifolia CWM1 were able to fully restore RNA 

editing at two of three target sites in the Arabidopsis cwm1-1 mutant. Limited editing recovery 

with M. integrifolia CWM1 suggests that RNA sequence specificity of M. integrifolia CWM1 is 

different from the Arabidopsis ortholog. This difference may also be a reason why Macadamia 
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CWM1 can complement RNA editing in the P. patens ppr79 mutant but Arabidopsis CWM1 

cannot. 

P. patens possesses only 13 RNA editing sites in its organelles in total, whereas the 

angiosperms have 400-600 sites. It is conceivable, that P. patens uses a straightforward system 

of RNA editing for a limited number of target sites, whereas the innovation of a more flexible 

system with the separation of PPR domains and catalytic DYW domain as well as the presence 

of several auxiliary factors in angiosperms may allow the increase in the number of RNA 

editing sites. Complementation of the moss ppr79 mutant by Macadamia CWM1 suggested 

that complex RNA editosomes are not always necessary for editing in angiosperms. 
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