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Abbreviations 

Amino acids: 

A  Alanine 

C  Cysteine  

D  Aspartate 

E  Glutamate 

F  Phenylalanine 

G  Glycine  

H  Histidine  

I  Isoleucine 

L  Leucine 

N  Asparagine 

P  Proline 

Q  Glutamine 

R  Arginine 

S  Serine  

T   Threonine 

V  Valine 

W  Tryptophan 

Y  Tyrosine 

___________________________________________________________________________ 

bp  Base pairs 

cDNA  Complementary DNA 
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ccmB  Transcript for cytochrome c biogenesis B 

Col-0  Arabidopsis thaliana ecotype Columbia  

cox3  Transcript for cytochrome c oxidase subunit 3 

ddH2O  Double distilled water 

DNA  Deoxyribonucleic Acid 

E  Extended 

EMS  Ethylmethanesulfonate 

GAL4  Galactose responsive transcription factor GAL4 

GDH  Glutamate dehydrogenase 

GFP  Green fluorescent protein 

GST  Glutathione S-transferase 

IPTG  Isopropyl-β-D-thiogalactopyranosid 

MBP  Maltose binding protein 

MCS  Multiple cloning site 

MEF  Mitochondrial RNA editing factor 

MORF  Multiple organellar RNA editing factor 

mRNA  Messenger RNA 

ORF  Open reading frame 

ORRM Organelle RNA recognition motif  

OZ  Organelle zinc finger 

PA  Subtilisin protease associated 

PCR  Polymerase chain reaction 

PPR  Pentatricopeptide repeat  
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PRORP Proteinaceous RNase P 

RIP  RNA editing factor interacting protein 

RNA  Ribonucleic acid 

rpl5  Transcript of ribosomal protein L5 

rpm  Revolutions per minute 

RT-PCR Reverse transcription PCR 

SD  Synthetic defined 

SMR-domain Small MutS related domain 

T-DNA Transfer DNA 

TPR  Tetratricopeptide repeat  

3AT  3-Aminotriazole  
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1. Abstract 

RNA editing is one of the co- and posttranscriptional modifcations necessary for RNA 

maturation. Alongside polyadenylation, five-prime capping and splicing, organelles of 

embryophytes alter cytidines to uridines via deamination. This deamination reaction is 

mediated by a flexible protein complex called editosome. Editosomes in Arabidopsis thaliana 

contain Pentatricopeptiderepeat (PPR) proteins specifically recognizing cis-elements upstream 

of the respective editing site and potentially recruiting additional trans-factors. 

These trans-factors include the multiple organellar RNA editing factor (MORF) protein 

family, which is required for RNA editing in mitochondria and chloroplasts. Previously it has 

been shown that MORFs are able to both dimerize and to interact with PPR proteins. 

However, how these interactions occur had been unclear due to the lack of structural 

information about MORF proteins. Recently identified crystal structures of MORF proteins 

paved the way for more detailed interaction analysis and their functional relevance in vivo. 

In this thesis MORF1 structure based mutants were analyzed in yeast two-hybrid and pull-

down studies as well as in in planta complementation assays in the EMS mutant line morf1-1 

and the T-DNA insertion line morf1-2. The interaction studies indicated the necessity of a 

hydrophobic region mainly consisting of residues located in β-sheet 5 for MORF 

dimerization. On the other hand, PPR-MORF interactions were impaired not only by 

mutations within the hydrophobic region but also by mutations located at the N-terminus. 

Furthermore, constructs harboring mutations of L164, located in the hydrophobic region, were 

not able to complement the growth phenotype of morf1-1 plants as well as their RNA editing 

phenotype at several probed editing sites. In contrast other constructs with mutations located 

at the N-terminus and the hydrophobic region were able to rescue both the macro and RNA 

editing phenotype. Constructs with a mutation from L164 to glutamate also did not 

complement the morf1-2 embryolethal phenotype while mutation to alanine and constructs 

mutated at C85 did. Hence L164, necessary for MORF dimerization, is likely to be crucial for 

the function of MORF1. Moreover, this data suggests that specific MORF dimerization is 

crucial for the RNA editing machinery in plant organelles. 
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2. Introduction 

After Watson and Crick revealed the structure of deoxyribonucleic acid (DNA) molecules in 

the early 1950s (Watson and Crick, 1953), the central molecular biological dogma was 

established. According to which the information encoded on DNA is transcribed into 

ribonucleic acids (RNA), directly functioning as a template for protein biosynthesis (Crick, 

1970). However, this paradigm was later refuted when it was discovered that RNAs pass 

through several maturation processes including polyadenylation (Edmonds et al., 1971),        

5’ capping (Shatkin, 1976) and splicing (Berget et al., 1977). 

In the middle of the 1980s, Benne et al. described another post transcriptional modification in 

mitochondria of the protozoan Trypanosoma brucei. This process, known ever since as RNA 

editing, was characterized as the insertion or deletion of uridines into messenger RNA 

(mRNA). That way the information of genes that seemed to contain frameshifts could be 

recovered (Benne et al., 1986). Later on this process was also observed in viruses (Cattaneo et 

al., 1989; Vidal et al., 1990) and the mitochondria of the myxomycete Physarum 

polycephalum (Mahendran et al., 1991). 

With altering single nucleotides, another type of RNA editing besides insertion and 

deletion was discovered in eucaryotes. For instance, a cytidine to uridine conversion of 

apolipoprotein B mRNA leads to the introduction of a stop codon and thus a truncated 

apolipoprotein-B48 in the intestine of mammals (Powell et al., 1987).  

2.1 RNA Editing in embryophytes 

Regarding embryophytes, the phenomenon of RNA editing was first described in angiosperm 

mitochondria (Covello and Gray, 1989; Gualberto et al., 1989; Hiesel et al., 1989) and two 

years later in chloroplasts as well (Hoch et al., 1991). Editing events occur in all terrestrial 

plants (Takenaka et al., 2013a) except for Marchantia polymorpha (Oda et al., 1992). Thus, 

RNA editing, presumably, developed during the transition of aquatic to terrestrial mode of life 

while M. polymorpha lost the capability of RNA editing posterior during evolution (Salone et 

al., 2007). This is also backed up by the fact that such nucleotide conversions could neither be 

detected in bacteria nor in green algae (Fujii and Small, 2011; Knoop and Rüdinger, 2010; 

Salone et al., 2007). 

The most abundant nucleotide conversion in plants is the deamination from cytidine to 

uridine, although amination from uridine to cytidine occurs as well. However, conversion 
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from uridine to cytidine is mostly detected in lower plants (Malek et al., 1996), does not occur 

in higher plant chloroplasts and is only rarely observed in their mitochondria (Gualberto et al., 

1990; Hiesel et al., 1990; Schuster et al., 1990). 

Furthermore, the number of editing sites does not only differ between species. There is also a 

high discrepancy in editing site abundance between mitochondria and plastids. Concerning 

flowering plants, about 35 to 45 editing sites are found in plastidic mRNAs (Okuda et al., 2008; 

Sasaki et al., 2006) whereas over 400 are described in mitochondrial mRNAs (Giegé and 

Brennicke, 1999; Handa, 2003; Notsu et al., 2002). Additionally, there are also some editing sites 

described in transfer RNA (tRNA). These are necessary to assure correct folding by preventing 

cytidine to adenosine mismatches in order to become functional (Binder et al., 1994; Fey et al., 

2002; Marchfelder et al., 1996). 

2.1.1 RNA editing effects 

Depending on the position of the edited nucleotide there are several possible effects of RNA 

editing (Fig. 1). 

 

Figure 1 | Scheme of possible RNA editing effects. Depending on the codon and the position of the edited C either the 

amino acid identity is changed or start / stop codons are introduced.  

The first possible effect is the alteration of one single amino acid identity in the translated 

protein sequence, shown as a change from histidine to cysteine. This might refer to RNA 

editing as a mechanism to restore conserved amino acid identities not encoded in a mutated 
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DNA sequence (Chateigner-Boutin and Small, 2011; Malek et al., 1996; Takenaka et al., 

2013a). Thus, RNA editing might have had a selective advantage by avoiding the synthesis of 

malfunctioning proteins (Chateigner-Boutin et al., 2008; Covello and Gray, 1993; Yang and 

Mulligan, 1991).  Furthermore, the alteration of amino acid identities might have a regulatory 

function under different physiological conditions (Karcher and Bock, 2002). 

The second and most likely more impactful effect is the conversion of an amino acid into a 

start or stop codon, thereby changing the open reading frame (ORF) length. That way, 

additional transcripts for translation could be provided faster from a pool of pre-mRNAs by 

inserting a start codon compared to de novo synthesis. Furthermore, it could be possible to 

encode several proteins with only one gene (Malek et al., 1996) as already observed in 

mammals depending on the tissue type (Powell et al., 1987). However, so far nothing similar 

was observed in plants. 

Overall, the general reason for the existence of RNA editing could not be elucidated yet. Most 

likely RNA editing first took place accidentally when a certain mutation occurred, whose 

correction was essential. Consequently, it was not possible to get rid of the editing machinery 

afterwards. As this model inevitably includes the waste of ressources and time compared to just 

supplying the correct RNA sequence directly, it is referred to as the “bureaucracy model” 

(Mulligan, 2004). This hypothesis can also be backed up by the fact that proteins with amino acid 

sequences translated by completely edited transcripts show a high similarity to orthologous 

proteins. Unedited or only partially edited proteins show lower similarity and thus are not 

integrated in polypeptide complexes (Grohmann et al., 1994; Mulligan, 2004; Phreaner et al., 

1996). Due to this circumstance it can be concluded that only fully edited RNA sequences tend to 

be functional (Takenaka et al., 2008). 

2.1.2 RNA editing reaction mechanism 

Theoretically several biochemical reactions could be involved in the cytidine to uridine RNA 

editing process (Fig. 2). Up to now most of them have been rejected experimentally. 

The first possibility is the excision of cytidines followed by the insertion of uridines. As 

labeling of cytidine triphosphates with 
32

P at the α position showed that the sugar backbone 

stays intact this hypothesis was refuted (Rajasekhar and Mulligan, 1993). 

Another possible mechanism could be transglycosylation, posttranscriptionally replacing 

cytosine by uracil. But as transcripts harboring 
3
H labeled cytosines did release labeled 

uridine monophosphates after in vitro editing and hydrolysis, an exchange of complete bases 
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was proven wrong as well (Yu and Schuster, 1995). In addition, this study also ruled out the 

modification of cytosine to a base with similar binding properties as uracil since the base 

present after RNA editing is definetly uracil and not a base with analogous features. 

  

 

Figure 2 | Scheme of possible reaction mechanisms leading to a C to U conversion. Cytosine bases as well as cytidine 

nucleotides might be replaced by uracil / uridine by transglycosylation or deletion and insertion respectively. Uridine could 

also be introduced by deamination of cytidine while other modifications might lead to a hypermodified base with similar 

pairing properties as uridine (e.g. lysidine). 

 

Furthermore, as in vitro systems from plant mitochondria and plastids respectively can 

perform the transition from cytidine to uridine posttranscriptionally, it is not possible that 

uridine is integrated without a template during transcription (Sasaki et al., 2006; Takenaka 

and Brennicke, 2003). 

Thus, the last possibility, a deamination from cytidine to uridine seems to be the logical 

consequence (Bass, 2001). This is also backed up by the in vitro studies conducted by Yu and 

Schuster in 1995 where a α-
32

P label of cytosine triphosphates reappeared in uracil 

monophosphates after successful editing and hydrolysis by nuclease P1 (Yu and Schuster, 

1995). Accordingly, the amino group at the C4 position is oxidized to a carbonyl group either 

by a deaminase or a transaminase (Bass, 2001). 



2. Introduction 

 

9 

Transaminases are often involved in amino acid biosynthesis and depend on different NH2 

acceptor molecules (Graindorge et al., 2010; Knill et al., 2008; Muñoz-Bertomeu et al., 

2013). Concerning RNA editing, glutamate, α-ketoglutarate and aspartate were already tested 

in vitro as potential acceptors and did not improve the editing efficiency (Takenaka and 

Brennicke, 2003).  

In contrast to transaminases, cytidine deaminases are involved in nitrogen remobilization 

(Chen et al., 2016).  They all share a characteristic zinc ion as central atom in the reaction 

pocket which is surrounded by histidine and cysteine groups as ligands (Salone et al., 2007). 

However, these classic deaminases, including nine different proteins in A. thaliana, are most 

likely not involved in RNA editing (Chen et al., 2016). Concerning mitochondrial RNA 

editing this was also supported by the observation that zinc chelators usually incapacitating 

cytidine deaminases do not inhibit RNA editing in vitro. Although zinc bound in the reaction 

center might as well be protected by the protein interface binding it (Takenaka and Brennicke, 

2003). By contrast, chloroplast editing does seem to be significantly influenced by zinc 

chelation (Hegeman et al., 2005). Overall, it is most likely that a currently unknown enzyme 

is catalyzing the C to U conversion during the RNA editing process. One potential candidate 

family is the DYW containing subclass of pentatricopeptide repeat (PPR) proteins, described 

in detail in 2.2. The DYW domain contains a highly conserved region similar to cytidine 

deaminases including the secondary structure with one β-sheet surrounded by two α-helices as 

well as a set of conserved residues in the putative catalytic site (Salone et al., 2007). This 

HxExnCxxC motif comprises both the histidine and cytidine residues for zinc binding in the 

active center and a glutamate required for catalysis in cytidine deaminases (Betts et al., 1994). 

Furthermore, zinc binding of DYW domains was also observed for individual PPR proteins 

(Hayes et al., 2013). Combined with the observation that DYW containing PPR proteins are 

essential for at least some of the known editing sites, this suggests that the DYW domain 

could be involved in the deamination reaction during the RNA editing process. 

2.2 RNA editing site recognition 

Specific recognition of RNA editing sites is utterly important to avoid mis-editing of other 

cytidines. So far, over 500 editing sites have been described in ORFs of organellar transcripts 

within A. thaliana (Bentolila et al., 2008; Giegé and Brennicke, 1999). How these editing 

sites are recognized is becoming more evident, but is not fully understood yet. 
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Presently, it is known that cis-elements, specific regions around the editing site (Blanc et al., 

1995; Bock et al., 1996; Farré et al., 2001; Neuwirt et al., 2005; Takenaka et al., 2004; 

Verbitskiy et al., 2006, 2008), and trans-factors, which recognize these regions (Bock and 

Koop, 1997; Kotera et al., 2005; Takenaka et al., 2010; Zehrmann et al., 2009), are involved 

in the editing process. Investigations via in vitro systems showed, that responsible cis-

elements occur 20 to 25 nucleotides upstream and up to three nucleotides downstream of the 

potential editing site (Chaudhuri and Maliga, 1996; Farré et al., 2001; Hegeman et al., 2005; 

van der Merwe et al., 2006; Miyamoto et al., 2002; Neuwirt et al., 2005; Verbitskiy et al., 

2008). In addition, it seems that the essential nucleotides are located in a region in between 

five and 15 nucleotides upstream of the cytidine to be edited. Therefore nucleotides just 

before the editing site are not as important (Chaudhuri and Maliga, 1996; Farré et al., 2001; 

Neuwirt et al., 2005; Verbitskiy et al., 2006, 2008). So far, all described trans-factors 

necessary for site specificity belong to the PLS subclass of the pentatricopeptiderepeat (PPR) 

protein family. 

2.2.1 Pentatricopeptiderepeat (PPR) proteins 

PPR proteins are a family of RNA binding proteins, most prevalent in plant species, acting 

during post transcriptional processes such as splicing, cleavage, translation and also RNA 

editing (Delannoy et al., 2007; Nakamura et al., 2004; Schmitz-Linneweber and Small, 2008). 

They were named after a tetratricopeptide repeat (TPR) related sequence element of 35 amino 

acids, which is repeated up to 30 times (Small and Peeters, 2000). Later on, in addition to the 

regular PPR repeats (P), shorter (S) and longer (L) motifs and the additional C-terminal 

domains E, E+ and DYW were described. Altogether this led to the classification of two 

subfamilies and four subclasses (Lurin et al., 2004; O’Toole et al., 2008). During the last 

decade this classification was expanded by several small subclasses inside the P subfamily 

(Manna, 2015). Furthermore, in 2016, the domain structure of E and DYW containing 

proteins was redefined. It was realized that the E domain contains two putative PPR-like 

motifs now called E1 and E2 while the E+ domain, including the newly defined PG box 

(Hayes et al., 2013) is now included in the DYW domain (Cheng et al., 2016).  A schematic 

overview of different PPR subclasses occurring in plants is depicted in figure 3. 
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Figure 3 | Scheme of the PPR protein families present in embryophytes and their domain architecture. The number of 

PPR repeats is not representative for all members of the respective subclass and schematics are not to scale. 

 

2.2.2 P-class PPR proteins 

Representatives of the P class mainly consist of P type repeats and to some extent also 

additional C terminal domains depending on their function. P class PPR proteins without 

additional domains are usually either necessary for 5’ processing of mRNAs (Hölzle et al., 

2011) or stabilization of 3’ ends acting as barriers for exoribonucleases (Haïli et al., 2013). 

PPRs of the proteinaceous RNase P (PRORP) subclass, containing a metallonuclease domain 

are involved in tRNA 5’ maturation in organelles (Gobert et al., 2010) as well as in the 

nucleus (Gutmann et al., 2012). Furthermore, OTP51 with two LAGLIDADG domains 

showing similarities to maturases is involved in splicing of both mRNAs and tRNA 

precursors (Longevialle et al., 2008). Besides RNA processing, PPR proteins can also be 

involved in translation of specific transcripts as demonstrated for SVR7, containing a small 

MutS related (SMR) domain (Zoschke et al., 2013, 2016). Recently, a P class PPR called 

NUWA was also associated with RNA editing by enhancing interaction between two PLS 

class PPRs, SLO2 and DYW2 (Andrés-Colás et al., 2017; Guillaumot et al., 2017). However, 

further analyses will be required to fully understand its function in RNA editosomes. 
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2.2.3 PLS-class PPR proteins 

In the last decade more than 50 PPR proteins belonging to the PLS-class have been 

characterized as specificity factors for respective RNA editing sites in plant organelles 

(Kotera et al., 2005; Takenaka et al., 2010; Zehrmann et al., 2009). 

Within the four subclasses of PLS-class PPR proteins the DYW domain containing proteins 

are a matter of particular interest. The presence of DYW domains in PPR proteins correlates 

with the presence of RNA editing in plant genomes (Rivals et al., 2006; Salone et al., 2007). 

In addition to the lack of other suitable candidates (Chen et al., 2016), this observation 

supports the hypothesis of the involvement of DYW domains in the deamination process.  

Due to its motif typical for zinc dependent deaminases, it might provide the catalytic activity 

needed for cytidine to uridine conversion (Salone et al., 2007). Recently, this was also 

supported by actually showing that DYW domains bind Zinc (Hayes et al., 2013). However, 

so far it has not been possible to prove that it is indeed the DYW domain contributing 

deaminase activity. 

In contrast to DYW containing proteins, the E and E+ subclass does not show any motif with 

potential catalytic activity. Thus, their members seem to act as specificity factors, recognizing 

RNA sequences upstream of the site to be edited (Takenaka et al., 2010) while the E domain 

was predicted to act as a protein-protein interaction surface (Hayes et al., 2013; Okuda et al., 

2007). This is supported by the fact that the E domain contributes at least partly to interactions 

with other known factors involved in the RNA editing process (Bayer-Császár et al., 2017). 

2.2.4 The PPR code 

Although many PLS-class PPR proteins have been identified as trans-factors for certain 

editing sites, the molecular machinery to recognize cis-elements is still not fully understood. 

For instance some cis-element regions of different editing sites targeted by the same PPR 

trans-factor only share five identical nucleotides within this window. Since these five 

nucleotides did not seem to be enough to specify a unique editing site, it had been assumed 

that there are other features located outside of this window to ensure specificity. 

Alternateively, recognition of different editing sites could be achieved by different PPR 

motifs of the same trans-factor (Zehrmann et al., 2009). 

Thus, computational analyses of all PPR proteins and their corresponding target sequences 

were performed. It was suggested that specificity of the trans-factors is achieved when one 

PPR motif binds one specific nucleotide (Fig. 4). Concerning P and S repeats, PPR-nucleotide 
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specificity is predominantly defined by the sixth amino acid of the respective PPR repeat and 

the first amino acid of the following one (Barkan et al., 2012). In 2013 another numbering, 

shifting the first amino acid one position, was proposed (Yin et al., 2013). According to this 

model, both crucial residues for recognition of one nucleotide lie in the same PPR repeat 

(Cheng et al., 2016). Compared to P and S motifs, L type repeats show a different 

representation of amino acids at position 5 or 6 depending on the numbering. Thus, it was 

argued that L repeats might not bind nucleotides, leading to small gaps in the interaction 

interface (Barkan et al., 2012).  

 

Figure 4 | Structure model of cis-element recognition by PLS class PPR proteins. P and S repeats bind specific 

nucleotide identities with their 5th and last amino acid indicated with dashed lines. If and how L, L2, S2 and E motifs 

contribute to cis-element binding is not clear yet and indicated with a question mark. 

 

However, they still need to be considered as RNA binding domains, since especially short 

PPR proteins would otherwise lack crucial binding domains and thus specificity. Furthermore, 

incorporating these motifs into prediction programs for affected RNA editing sites leads to 

more precise results (Takenaka et al., 2013b).  

Although PPR proteins are the ones directly interacting with cis-elements, it was recently 

reported that an additional protein family is involved indirectly. Representatives of the 

multiple organellar RNA editing factors (MORF) might be necessary for efficient RNA 

binding by mediating a conformational change of PPRs (Yan et al., 2017). 
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2.3 Multiple organellar RNA editing factor (MORF) 

proteins 

In 2012, the MORF protein family was first linked to RNA editing by forward genetic 

screening of an ehtylmethanesulfonate (EMS) mutated A. thaliana population. The 

corresponding gene family consists of nine genes and one pseudogene, all sharing a conserved 

sequence of approximately 100 amino acids called MORF box (Takenaka et al., 2012). A 

schematic overview of the MORF protein family is displayed in figure 5. 

In contrast to PPR proteins, acting at one to eight editing sites, single MORF proteins can be 

necessary for over 400 editing sites (Bentolila et al., 2013). Furthermore, the morf1-2 DNA 

insertion line and other MORF double mutant lines show embryolethal phenotypes in case of 

homozygosity (Takenaka et al., 2012). Thus, it can be assumed that MORF proteins are 

occupying a superordinate position in RNA editing. 

 

Figure 5 | The MORF protein family in A. thaliana consists of nine genes and one pseudogene. Target signals (TS) for 

mitochondria and chloroplasts are shaded in red and green respectively. All MORF proteins share a conserved stretch of 

approximately 100 amino acids called the MORF box. The pseudogene At1g53260 shows a N-terminal truncation also 

missing a part of the MORF box. The plastidic editing factors MORF2 and MORF9 show rather low similarity to each other 

while being closer related to the mitochondrial factors MORF3 and MORF1 respectively. 

 

MORF2 and MORF9 are required in plastids while MORF1, MORF3, MORF4 and MORF6 

are known to influence RNA editing in mitochondria (Takenaka et al., 2012). MORF8 also 

named RNA-editing factor interacting protein 1 (RIP1) occupies a special position by being 

dual-localized in plastids as well as mitochondria and affecting the largest number of editing 

sites (Bentolila et al., 2012, 2013). MORF5 and MORF7 were not connected to RNA editing 

so far. 
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In plastids both MORF2 and MORF9 are necessary for editing at nearly all sites suggesting 

they act as a heterodimer (Takenaka et al., 2012). This was supported by yeast two-hybrid and 

pull-down screenings, showing both homo- and heterodimeric interactions (Takenaka et al., 

2012; Zehrmann et al., 2015). Furthermore, MORF proteins also show selective interaction 

with representatives of the PPR protein family (Bentolila et al., 2012; Takenaka et al., 2012). 

Recently, it was possible to narrow down the interaction to the MORF box and mainly the E 

domain and particular PPR stretches (Bayer-Császár et al., 2017). Since MORF proteins do 

not harbor any putative catalytic domain, they are proposed to either act as linkers to recruit a 

cytidine deaminating domain in trans (Takenaka et al., 2012) or by improving the RNA 

binding capabilities of PPR proteins (Yan et al., 2017). 

2.4 Other editosome components 

During the last several years two additional protein families were associated with RNA 

editing. On the one hand there is the Organelle RRM (ORRM) protein family named after an 

RNA recognition motif (RRM) (Hackett et al., 2017; Shi et al., 2015, 2016, 2017; Sun et al., 

2013). Its first representative ORRM1, discovered in 2013, also contains a duplicated 

MORF/RIP domain, required for binding PLS-class PPR proteins. However, as it was 

possible to complement the A. thaliana ORRM1 mutant line with just the RRM this 

interaction might not be relevant for RNA editing (Sun et al., 2013). This is also facilitated by 

all other ORRMs lacking the MORF/RIP like domains and their ability to interact with each 

other and MORF proteins (Shi et al., 2016). Thus, the interaction between ORRMs and 

MORFs might be sufficient for building up functional editosomes. 

On the other hand there are Organelle Zinc finger (OZ) proteins, including four members. 

OZ1 was isolated via co-immunoprecipitation with ORRM1 and was characterized as a 

required factor for complete editing of 30 plastidic editing sites (Sun et al., 2015). All 

representatives of the OZ family share RanBP2-type Zinc finger domains and another 

conserved OZ domain. Although elucidating their actual function requires further 

investigation, it can be hypothesized that the Zinc finger domains might be necessary for 

providing Zinc ions to the deaminating moiety in editosomes. This seems reasonable as it was 

previously shown that zinc ions are necessary for RNA editing (Hegeman et al., 2005) and 

that the DYW domain as best candidate for catalysis, also binds zinc (Hayes et al., 2013). 
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2.5 Crystal structure of MORF1 

As described above, MORF proteins are likely to play a key role in RNA editosomes. 

Recently, the crystal structure of the MORF1 MORF box was determined in collaboration 

with Dr. Gert Weber at Free University of Berlin (Haag et al., 2017). Several truncated 

MORF1 proteins fused to an N-terminal His6-tag were expressed recombinantly with the 

pETM11 plasmid and screened for solubility during master courses prior to this thesis. The 

most promising construct including amino acids 79 to 190 was used for crystallization. 

2.5.1. Multimerization interfaces 

The crystal structure of the MORF1 MORF domain suggests several key residues for its 

MORF-MORF interactions (Haag et al., 2017). The asymmetric unit of the crystallized    

MORF1
79-190

 construct comprised four globular molecules, including two dimers, each 

connected by a tight, symmetrical head to head interface. This interaction surface exclusively 

consists of β-sheets while surrounded by α-helices forming up the outer shell (Fig. 6A). 

 

Figure 6 | Crystal structure of MORF179-190. (A) Ribbon plot of the crystallized MORF179-190 tetramer. Two adjacent 

molecules (marine blue, orange) form a tight dimer and contact a distant equivalent dimer (cyan, salmon) with their N-

termini and vice versa. (B) Tetramerization Interface including mainly loop 1. Disulfide bridges are shown as sticks, Carbon 

as for the respective molecule, sulfur –yellow, key residues altered for structure based mutant analysis are framed with 

dashed lines in red. (C) Remodelled structure of the MORF179-190 dimer with N-termini folded back to their respective 

globular moieties. (D) Close-up view of the main hydrophobic protein-protein interface of MORF179–190 shown in (C), key 

residues altered for structure based mutant anylsis are framed with dashed lines in red. (E) Close-up view of residues 

interacting with MORF179–190 V161 illustrating the symmetry of the hydrophobic interface. (Modified according to Haag et 

al., 2017, distributed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/legalcode.) 

https://creativecommons.org/licenses/by/4.0/legalcode
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In addition distant head to tail interactions connect the N-termini of one dimer with the 

globular parts of the other one (Fig. 6A). Similar to the head to head interface, this interaction 

surface mainly consists of hydrophobic contacts complemented with two disulfide bonds 

formed by cysteine 85 (Fig.6B). 

However, these distant interactions most likely represent a domain swap, as the center of the 

N-terminal tetramerization interface (Loop 1)  shows the highest structural flexibility leading 

to different conformations in two crystal lattices (Appendix, Fig 31). Such conformational 

flexibility is often observed in hinge regions involved in domain swaps (Dehouck et al., 2003; 

Huang et al., 2012). 

Overall the tetramerization interface might be artificial, therefore lacking biological 

relevance. Thus, a remodeled MORF1 dimer by back folding of the N-terminal β-sheet was 

considered (Fig. 6C) pointing towards the hydrophobic interface as the most relevant MORF-

MORF interaction surface (Fig. 6D). Due to the symmetrical interface each interaction is 

bipartite (Fig 6E). The structural element defining the core of the hydrophobic pocket is β-

sheet 5. Its residues V161, F162 and L164 influence the dimerization tremendously. The most 

relevant residue seems to be L164 as it is highly conserved and contacts both L164 and F162 

in the neighboring molecule. V161 contacts both T138 and V139 of loop 2. As F162 shows 

less conservation within A. thaliana in comparison, it might mediate selectivity for homo- and 

heterodimer formation (Fig. 6D). 

2.5.2 Structure of the MORF domain 

The MORF domain of MORF1 consists of seven β-strands, three α-helices and four major 

loops (Fig. 7A). Since all secondary structure elements as well as loop 1 and 4 match the 

conserved regions of all MORF proteins present in A. thaliana, a similar fold for all MORF 

domains can be assumed (Fig. 7C). This is also backed up by a similar dimerization interface 

observed in MORF9 (Appendix, Fig. 32). 

Further analysis of sequence conservation, exceeding species borders using ConSurf showed 

high conservation scores in ß-sheets 2 to 5 while all three α-helices as well as ß-sheets 1, 6 

and 7 showed less conservation. In addition, loop 1 showed high conservation scores 

compared to loop 2 to 4 (Fig. 7B). Altogether, the regions that are implicated to take part in 

MORF multimerization or might be necessary for stabilizing the MORF fold are more 

conserved. 
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Figure 7 | Structure of the MORF domain. (A) Close-up view and domain architecture of a single MORF domain with β-

sheet 1 folded back onto the globular moiety. Major loops L1–L4 (light yellow), β-sheets β1–β7 (marine blue) and α-helices 

α1-α3 (red) labeled accordingly. Minor loops and turns are shown in gray. (B) Conservation scores including 124 non-

redundant MORF-related sequences obtained by ConSurf (Celniker et al., 2013) plotted on the structure of MORF179–190. (C) 

Alignment of MORF domains of A. thaliana. The alignment was prepared by Chimera employing Clustal Omega (Pettersen 

et al., 2004) and shaded with ALSCRIPT (Barton, 1993). Proteins are identified on the left of the aligned sequences. Higher 

conservation is indicated by a darker background. Numbering refers to the respective proteins. Below the alignment, 

secondary structure elements (α – α-helix, β – β-sheet, L – loop) of MORF179–190 are shown in marine blue and numbered.    

A dashed line indicates the modeled loop of residues G84-D86. Orange triangles above the alignment indicate residues of 

MORF179–190, which are forming the main hydrophobic dimerization interface. Yellow triangles indicate the MORF986–186 

dimerization interface. Yellow triangles with orange frame mark positions of residues which both contribute to the 

dimerization interface of MORF179–190 and MORF986–186. Red triangles above the alignment mark residues of MORF179–190 

that form a secondary interface as observed in two different crystal lattices. Green - Residue identities between MORF179–190 

and the PA domain of human proprotein convertase subtilisin/kexin type 9 (sequence of PDB ID: 2W2N). (Modified 

according to Haag et al., 2017, distributed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/legalcode.) 

For further indications concerning the mode of action of MORF proteins a DALI search with 

the MORF domain was carried out (Holm and Rosenström, 2010). Although only 24 % of its 

residues match the MORF1 domain (Fig. 7C), the subtilisin protease associated (PA) domain 

https://creativecommons.org/licenses/by/4.0/legalcode
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necessary for folding of the subtilisin catalytic domain showed the highest similarity 

(Appendix. Fig. 33). The MORF1 N-terminus is modeled in agreement with the structure of 

the PA domain supporting the hypothesis of a domain swap. 

2.6 Aim of this thesis 

Despite significant progress concerning the understanding of RNA editing in the last few 

years, some major issues still need to be addressed. Although a hypothetical editosome model, 

depicted in figure 8, has been proposed (Takenaka et al., 2013a), its actual composition and 

assembly remains unclear. 

The origin of the catalytic moiety and how it might be recruited to the editing site still needs 

to be investigated. Concerning the latter, representatives of the MORF protein family present 

a nice starting point due to their broad-ranging influence on RNA editing and protein-protein 

interaction capabilities. 

 

Figure 8 | Hypothetical model of an editosome in A. thaliana. A PPR protein binds a specific RNA sequence and thus 

defines the editing site. One or more MORF proteins interact with the PPR protein and recruit additional factors including the 

catalytic moiety. The catalytic activity might be provided by either a DYW containing PPR protein or another currently 

unknown factor. 

 

The structural information of MORF proteins had been limited to the conservation of the 

MORF box and four predicted sequence motifs (Sun et al., 2013; Takenaka et al., 2012), 

complicating further functional analysis. Recently, several working groups obtained crystal 

structures of MORF proteins facilitating more detailed approaches for structural analysis 

(Haag et al., 2017; Yan et al., 2017; Yang et al., 2018). Although the structures are quite 

consistent in general, additional questions about the functionality of MORF proteins were 
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raised. Contradictory to earlier publications assuming MORF proteins work as dimers and are 

necessary for recruiting the enzymatic moiety, it was suggested that they might work as 

monomers. In this regard, MORF proteins might enhance PPR-RNA affinity by changing the 

PPR protein conformation (Yan et al., 2017). On the other hand, several potential MORF-

MORF interaction surfaces occurred suggesting the crucial role of specific MORF 

dimerization in RNA editosomes (Haag et al., 2017). 

For that reason, the aim of this thesis is to further elucidate the function of MORF proteins on 

a structural basis. Crucial residues in putative MORF-MORF and MORF-PPR interaction 

surfaces were mutated and analyzed in both interaction and complementation assays.  
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3. Material & Methods 

3.1 Material 

3.1.1 Antibodies 

Antibody Dilution Supplier 

Anti-GFP antibody IgG1K, clones 

7.1 and 13.1 

1:10000 in TBS, 1 % skimmed milk Sigma-Aldrich Chemie GmbH, 

(Taufkirchen, Germany) 

Anti-MBP monoclonal antibody, 

isotype IgG2a 

1:10000 in TBS, 1 % skimmed milk New England Biolabs GmbH, 

(Ipswich, USA) 

Goat anti-mouse IgG-HRP 1:5000 in TBS, 1 % skimmed milk Santa Cruz Biotechnology Inc. (Dallas, 

USA) 

3.1.2 Bacterial and yeast strains 

Organism Strain Genotype 

Agrobacterium tumefaciens 

(Deblaere et al., 1985) 

GV2260 rpoBr, pGV2260 pTiB6S3ΔT-DNA), carbr 

Escherichia coli 

(Taylor et al., 1993) 

K12 / DH5α fhuA2Δ (argF-lacZ)U169 phoA glnV44 Φ80Δ 

(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 

hsdR17 

Escherichia coli, Rosetta 2 

(Novagen, Merck KGaA) 

BL21 F- ompT hsdSB(rB
- mB

-) gal dcm pRARE2 (CamR) 

Saccharomyces cerevisiae 

(James et al., 1996) 

PJ69-4A MATa trp1-901, leu2-3, leu2-112, ura3-52, ade2-

101, his3Δ200, Δgal4, Δgal80, LYS2::GAL1-

HIS3, GAL2-ADE2, met2::GAL7- lacZ 

3.1.3 Buffers and solutions 

All buffers and solutions were prepared in double distilled water (ddH2O). 

3.1.3.1 Nucleic Acid Analytics 

Buffer / Solution Components 

DNA Isolation Buffer 200 mM TRis-HCl, pH 7.5 

250 mM NaCl 

  25 mM EDTA 

    0.5 % SDS 

Loading Dye   10 mM TRIS-HCl, pH 7.6  

  60 mM EDTA  

  0.03 % bromophenol blue  

  0.03 % xylene cyanol FF  

     60 % glycerol  

TBE   89 mM TRIS base  

  89 mM boric acid  

    2 mM EDTA  
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3.1.3.2 Protein Analytics 

Buffer / Solution Components 

Basic Buffer   500 mM NaCl  

    50 mM TRIS-HCl, pH 8.8  

Blocking Solution   150 mM NaCl  

    25 mM TRIS-HCl, pH 7.4  

         5 % skimmed milk  

Chemiluminescence Solution I  

 

  100 mM TRIS-HCl, pH 8.5  

   2.5 mM luminol  

 0.44 mM p-coumaric acid  

Chemiluminescence Solution II  

 

  100 mM TRIS-HCl, pH 8.5  

    0.02 % H2O2  

Column Buffer   200 mM NaCl 

  200 mM TRIS-HCl, pH 7.4 

      1 mM EDTA 

Lower TRIS, 2x       1.5 M TRIS-HCl, pH 6.8  

      0.2 % SDS  

Lysis Buffer   400 mM NaCl  

    40 mM TRIS-HCl, pH 8.8  

       20 % glycerol  

         1 % DDM  

0,0004 % β-mercaptoethanol 

PBS   137 mM NaCl 

   2.7 mM KCl 

    10 mM Na2HPO4 

   1.8 mM KH2PO4 

Ponceau S Solution       0.1 % Ponceau S  

         5 % acetic acid  

SDS Loading Dye, 2x   100 mM TRIS-HCl, pH 6.8 

       20 % glycerol  

         4 % SDS  

  100 mM DTT  

    0.02 % bromophenol blue  

SDS Running Buffer, 10x   250 mM Tris base  

         1 % SDS  

    1.92 M glycin  

TBS   150 mM NaCl  

    25 mM TRIS-HCl, pH 7.4  

Transfer Buffer   386 mM glycin  

    48 mM TRIS base  

  0.037 % SDS  

         5 % methanol  

Upper TRIS, 4x  500 mM TRIS-HCl, pH 6.8  

     0.4 % SDS  
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3.1.3.3 Yeast Two Hybrid 

Buffer / Solution Components 

LiAc, 10x 1000 mM lithium acetate 

TE, 10x    100 mM TRIS-HCl 

    10 mM EDTA 

100 % DMSO  

50 % PEG  

3.1.3.4 Media & Additions 

Medium Components 

Rich medium (1 liter)       10 g tryptone 

       5 g yeast extract 

       5 g NaCl 

       2 g glucose 

SD-TL (1 liter)     6.7 g YNB 

  0.61 g CSM-Ade-His-Leu-Trp-Ura 

0.044 g Ade 

0.020 g His 

    0.2 g Uracil 

SD-TLHA (1 liter)     6.7 g YNB 

  0.61 g CSM-Ade-His-Leu-Trp-Ura 

    0.2 g Uracil 

YPAD (1 liter)      20 g peptone 

     20 g glucose 

     10 g yeast extract 

0.044 g adenine sulfate 

2YT (1 liter)      16 g tryptone 

     10 g yeast extract 

       5 g NaCl 

MS (1 liter)     4.3 g MS salts 

Additions Final concentration 

Ampicillin 100 mg l⁄  

Carbenicillin   50 mg l⁄  

Hygromycin   50 mg l⁄  

Kanamycin   50 mg l⁄  

Spectinomycin   50 mg l⁄  

Phosphinothricin – Basta®     9  mg l⁄  

3-Aminotriazole 2.5, 5, 7.5 mMol l⁄  
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3.1.4 Chemicals & consumables 

All chemicals and consumables were obtained from the following companies: 

- Becton Dickinson GmbH (Heidelberg, Germany)  

- Bio-Budget Technologies GmbH (Krefeld, Germany)  

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

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

- Eppendorf AG (Hamburg, Germany)  

- Everris GmbH (Nordhorn, Germany)  

- GE Healthcare (Chalfont St. Giles, Great Britain)  

- Merck KGaA (Darmstadt, Germany)  

- MP biomedicals, LLC (Santa Ana, USA)  

- National diagnostics (Atlanta, USA)  

- New England BioLabs GmbH (Ipswich, USA)  

- Ökohum GmbH (Herbertingen, Germany)  

- PEQLAB Biotechnologie GmbH (Erlangen, Germany)  

- Quiagen N.V. (Venlo, Netherlands)  

- Roche Diagnostics International AG (Rotkreuz, Switzerland)  

- Sarstedt AG & Co. (Nümbrecht, Germany)  

- Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany)  

- Thermo Fisher Scientific (Waltham, USA)  

- VWR International GmbH (Darmstadt, Germany)  
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3.1.5 Enzymes 

Enzyme Supplier 

FIREPol® DNA Polymerase 

 

Solis Biodyne 

(Tartu, Estonia) 

GoTaq® G2 DNA Polymerase Promega GmbH  

(Mannheim, Germany) 

In-Fusion HD Enzyme Premix Takara Bio Inc.  

(Shiga, Japan) 

M-MLV Reverse Transcriptase (H-) Promega GmbH  

( Mannheim, Germany) 

Phusion® High-Fidelity DNA-Polymerase Thermo Fisher Scientific Inc.  

(Waltham, USA)  

Restriction endonuclease Fast Digest® Eco147I (StuI)  Thermo Fisher Scientific Inc. 

(Waltham, USA) 

Restriction endonuclease Fast Digest® HindIII   Thermo Fisher Scientific Inc.  

(Waltham, USA) 

Restriction endonuclease Fast Digest® NcoI Thermo Fisher Scientific Inc.  

(Waltham, USA) 

Restriction endonuclease Fast Digest® PstI Thermo Fisher Scientific Inc.  

(Waltham, USA) 

RiboLock RNase Inhibitor Thermo Fisher Scientific Inc.  

(Waltham, USA) 

RQ1 RNase Free DNase  Promega GmbH  

(Mannheim Germany) 

TURBOTM DNase Thermo Fisher Scientific Inc.  

(Waltham, USA) 

3.1.6 Commercial kits 

Kit Supplier 

In-Fusion® HD Cloning Kit Takara Bio Inc.  

(Shiga, Japan) 

NucleoBond® Xtra Midi Plus-Kit MACHEREY-NAGEL GmbH & Co. KG  

(Düren, Germany) 

NucleoSpin® Gel/ PCR Clean-up Kit MACHEREY-NAGEL GmbH & Co. KG  

(Düren, Germany) 

NucleoSpin® Plasmid Kit MACHEREY-NAGEL GmbH & Co. KG  

(Düren, Germany) 

NucleoSpin® RNA Kit MACHEREY-NAGEL GmbH & Co. KG  

(Düren, Germany) 
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3.1.7 Oligonucleotides 

Name Sequence (5’-3’) 

At4g20020 iFFATG CGAATTCTGTACAGGCATGGCTATGATATCTCACCGTC 

At4g20020.2 iFRstop GTGCGGCCGCAAGCTTCTAGTACCTTCTTCCCTGTGGAA 

At4g20020 iFF-TS CGAATTCTGTACAGGCTTTTCAACGAGGCAGTACAAG 

At4g20020 iFRG241 GTGCGGCCGCAAGCTTGCCCTGTTGAGGACCATAG 

At4g20020 iFF T79pETM11 TTTCAGGGCGCCATGACTGTGTTGTTCGAAGGATG 

At4g20020 iFRstopP190 GTGCGGCCGCAAGCTTATGGCCTGTGTGTTATCACT 

At4g20020F385 CTACATTGATCCCCAGAACAAAG 

MORF1 C85exchangeF GATTATAATCACTGGCTTATCACTATGG 

MORF1 C85S R CAGTGATTATAATCAGATCCTTCGAACAACACAGTGTC 

MORF1 F162exchangeF ATCTTGCCAGATTCCTACATTG 

MORF1 F162A R GGAATCTGGCAAGATGGCAACCACTCCGGGTAGATCC 

MORF1 F162E R GGAATCTGGCAAGATTTCAACCACTCCGGGTAGATCC 

MORF1 L164exchangeF CCAGATTCCTACATTGATCCCC 

MORF1 L164A R AATGTAGGAATCTGGCGCGATGAAAACCACTCCGGGTAG 

MORF1 L164E R AATGTAGGAATCTGGCTCGATGAAAACCACTCCGGGTAG 

GFPup2 CATCGTTGAAGATGCCTCTG 

GFPseq CACCCTCTCCACTGACAGAA 

pACT F CTATCTATTCGATGATGAAG 

pACT R ACAGTTGAAGTGAACTTG 

pENTR F GTTAGTTACTTAAGCTCGGGC 

pENTR R ACATCAGAGATTTTGAGACACG 

pET sense CCGCTGCTGCTAAATTCG 

pET antisense GCTAGTTATTGCTCAGCGG  

pGBKT7 rev GAATTAGCTTGGCTGCAAGC 

pMALTEV up2 GTCGTCAGACTGTCGATGAA 

pMALTEV rev2 GTTTTCCCAGTCACGACGTTG 

T7 promotor TAATACGACTCACTATAGGG 

T7 terminator GCTAGTTATTGCTCAGCGG 

35Sf TATCCTTCGCAAGACCCTTC 

Tnos-SacR ACGATCGGGGAAATTCGAG 

At4g20020F385 CTACATTGATCCCCAGAACAAAG 

At4g20020R2613 AAAGTGGTCTTCAAAGTTCCG 

R160 R3 CAAGATACTAGCCATCAACGG 

ccmB_NGS_0_LEFT  ACACTGACGACATGGTTCTACAGATGATGTTACGCGGCGTTC 

ccmB_NGS_1b_RIGHT TACGGTAGCAGAGACTTGGTCTAGAAGTAGGATCTTTGGCAAGCA 

cox3_NGS_1_LEFT  ACACTGACGACATGGTTCTACAGAGCTTTGGCAACCACCGTA 

cox3_NGS_3_RIGHT TACGGTAGCAGAGACTTGGTCTAGACCAAGATCTAATTTCGGGTCA 

rpl5_NGS_1_LEFT  ACACTGACGACATGGTTCTACATGTTTCCACTCAATTTTCATTACGA 

rpl5_NGS_3_RIGHT TACGGTAGCAGAGACTTGGTCTTCCCCCTCATCTTTTTGCAA 
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3.1.8 Plant material 

A. thalania Columbia-0 (Col-0) was used as model organism. The EMS mutant line morf1-1 

was purchased from Lehle Seeds (USA), the transfer DNA (T-DNA) insertion line morf1-

2,WiscDsLox419C10 (Woody et al., 2007) was obtained from NASC (Nottingham 

Arabidopsis Stock Center). A gene map including both mutations is depicted in figure 9. 

 

Figure 9 | Structure of the MORF1 gene and the MORF1 protein. The location of the morf1-1 single-nucleotide alteration 

changing a proline to a serine codon and the T-DNA insertion site in morf1-2 are marked. LB denotes the location of the left 

border of the T-DNA. The MORF box is displayed in bordeaux. 

3.1.9 Plasmids 

Plasmid Features 

pAHG-MCS41 pVS1 StaA, pVS1 RepA, bom, ori, kanR, CaMV poly(A) signal, LB 

T-DNA repeat, BlpR, CaMV 35S promoter (enhanced), CAP 
binding site, lac promoter, lac operator, NOS terminator, 8xHis, 

CaMV 35S promoter, RB T-DNA repeat 

pENTR-MCS41 rrnB T1 terminator, rrnB T2 terminator, attL1, ccdB, attL2, kanR, 

ori 

pET41-a-GFP T7 terminator, 8xHis, GFP, enterokinase site, S-Tag, thrombin site, 

6xHis, GST, RBS, lac operator, T7 promoter, lacI promoter, lacI, 
rop, bom, ori, kanR, f1 ori 

pETM11 T7 terminator, 6xHis, Kozak sequence, TEV site, 6xHis, lac 

operator, T7 promoter, lacI promoter, lacI, rop, bom, ori, kanR, f1 

ori 

pGADT-MCS41 ADH1 promoter, SV40 NLS, GAL4 activation domain, T7 

promoter, Kozak sequence, HA tag, ADH1 terminator, LEU2, LEU2 

promoter, lac operator, lac promoter, CAP binding site, loxP, loxP, 
ori, ampR, ampR promoter, 2µ ori 

pGBKT-MCS41 ADH1 promoter, GAL4 DNA binding domain, T7 promoter, Myc, 

T7 terminator, ADH1 terminator, lac operator, lac promoter, ori, 

HSV TK poly(A) signal, neoR/kanR, ampR promoter, 2µ ori. TRP1 

promoter, TRP1, f1 ori 

pMAL-TEV-MCS41 lacIq promoter, lacI, tac promoter, lac operator, MBP, TEV site, 

8xHis, rrnB T1 terminator, rrnB T2 terminator, ampR promoter, 
ampR, M13 ori, ori, bom, rop 

pMP-GWB102 RB T-DNA repeat, CaMV 35S promoter, attR1, lac UV5 promoter, 

cmR, ccdB, attR2, lac operator, lac promoter, CAP binding site, 

CaMV poly(A) signal, hygR, CaMV 35S promoter (enhanced), LB 

T-DNA repeat, SmR, ori, bom, oriV, pVS1 RepA, pVS1 StaA 
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Detailed maps of all Plasmids are deposited in the appendix (Appendix, Fig. 22-29).  

pAHG-MCS41 is based on pMDC123 (Curtis and Grossniklaus, 2003) modified by insertion 

of both the eGFP cassette of psmGFP4 (Forner and Binder, 2007) and the MCS of pET41-a 

(Novagen, Merck KGaA; Darmstadt, Germany). 

pENTR-MCS41 is based on pENTR1A (Invitrogen, Thermo Fisher Scientific; Waltham, 

USA) modified with the MCS of pET41-a (Novagen, Merck KGaA; Darmstadt, Germany). 

pET41-a-GFP is based on pET41-a (Novagen, Merck KGaA; Darmstadt, Germany) which 

was modified by insertion of the eGFP coding sequence of psmGFP4 (Forner and Binder, 

2007). 

pETM-11 was obtained from EMBL  (Heidelberg, Germany). 

pGADT-MCS41 is based on pGADT7 (Clontech, Takara Bio Inc.; Kusatsu, Japan) modified 

by removal of the HindIII sites at nucleotide positions 1480 and 2280 and by insertion of the 

MCS of pET41-a (Novagen, Merck KGaA; Darmstadt, Germany). 

pGBKT-MCS41 is based on pGBKT7 (Clontech, Takara Bio Inc.; Kusatsu, Japan) modified 

by insertion of the MCS of pET41-a (Novagen, Merck KGaA; Darmstadt, Germany). 

pMAL-TEV-MCS41 is based on pMAL (NEB) modified by insertion of a TEV-cleavage site 

(Williams-Carrier et al., 2008) and the MCS of pET41-a (Novagen, Merck KGaA; Darmstadt, 

Germany). 

3.1.10 Reagents 

Reagent Supplier 

Amylose Resin New England BioLabs GmbH  

(Ipswich, USA) 

Ni-NTA Agarose Quiagen N.V.  

(Venlo, Netherlands) 

Glutathione Agarose Sigma-Aldrich Chemie GmbH  

(Taufkirchen, Germany) 

Rotiphorese® Gel 40 (37,5:1)  Thermo Fisher Scientific  

(Waltham, USA) 

Roti®-Quant  Thermo Fisher Scientific  

(Waltham, USA) 

3.1.11 Sequencing 

Sequencing was performed by Macrogen Europe (Amsterdam, Netherlands). 
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3.1.12 Software & Databases 

Sequencing data was evaluated with DNA Dynamo (BlueTractorSoftware Ltd., North Wales, 

UK). Plasmid maps were created with Snap Gene (GSL Biotech LLC, USA). 

Analysis of gene and protein sequences and their putative domains was done with the following 

databases: 

FLAGdb++ v6.1 - Integrative database around plant genomes; http://urgv.evry.inra.fr/FLAGdb 

TAIR - The Arabidopsis Information Resource; http://www.arabidopsis.org 

TargetP 1.1 – DTU Bioinformatics; http://www.cbs.dtu.dk/services/TargetP 

Ribbonplots were created with PyMol (DeLano Scientific LLC).  
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3.2 Methods 

3.2.1 Molecular biological standard methods 

Molecular biological standard methods such as nucleic acid extraction, DNA amplification, 

complementary DNA (cDNA) synthesis, et cetera, were executed according to standard 

protocols as described in “Molecular Cloning – A LABORATORY MANUAL”  (Sambrook 

& Russel, 2001). In case of commercial kits, the procedure was adapted as described by the 

manufacturer. 

3.2.2 In-Fusion
®
 cloning 

The In-Fusion
®
 cloning technique is based on homologous recombination of PCR fragments 

and linearized plasmids via 15 overlapping nucleotides at their termini. The recombination is 

performed by the In-Fusion HD Enzyme premix. For amplification of PCR fragments, 

oligonucleotides with 15 bases complementary to the HindIII or StuI restriction sites (MCS41 

based plasmids) or the HindIII and the NcoI restriction sites (pETM-11) at the 5’ end were 

designed. The specific adapter sequences ensure both the correct insert direction and the 

integration without frameshifts. The 3’ end of each oligonucleotide consisted of 15 to 25 gene 

specific bases with a GC content between 40 and 60 % and a melting temperature between 50 

and 65 °C. In contrast to the manufacturer instructions a slightly adjusted protocol was used: 

 0.5 µl 5x In-Fusion HD Enzyme premix  

 10-200 ng PCR product  

 20-200 ng Linearized vector  

 ad 2.5 µl   

After 15 min incubation at 50 °C, 1 µl was used for thermal shock transformation of E. coli 

K12 cells followed by addition of 450 µl SOC medium and incubation for 1 h at                 

250 revolutions per minute (rpm) and 37 °C. 2YT plates containing appropriate antibiotics 

were used for subsequent plating and incubation at 37 °C over night (o/n). Positive 

transformants were identified by colony PCRs using plasmid specific primers and sequencing. 

3.2.3 Cultivation, transformation and selection of A. thaliana  

All A. thaliana lines were cultivated under long-day conditions (16 h light, 8 h dark) with 

luminosity of 80-100 
μmol

m2s
 , 65 % humidity at 21 °C. 
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Plants for transformation via A. tumefaciens, phenotype analysis and the analysis of siliques were 

grown on soil (Ökohum® Anzuchtserde, Ökohum GmbH, Herbertingen, Germany) mixed with   

20 % Vermiculite (Isola-Mineralwolle-Werke GmbH, Sprockhövel, Germany) and 0.5 g/l 

fertilizer (Osmocote Extract Mini Dünger, scotts D. GmbH, Nordhorn, Germany). Selection of 

transformants was achieved by either spraying of phosphinotricin (BASTA®, 120 
mg

l
) or growing 

on MS medium including  50 
mg

l
 hygromycin. For growth on Murashige and Skoog medium (MS) 

seeds were first sterilized. For this purpose seeds of the respective line were filled into a reaction 

tube up to the 100 µl margin and subsequently mixed with 1 ml of 70 % ethanol for 2 minutes 

(min). After sedimentation of the seeds the ethanol was removed and 1 ml 8 % sodium 

hypochlorite solution was added and the mixture was shaken at room temperature for 10 min. 

Sodium hypochlorite was then removed by 3 washing steps with sterile ddH2O. The seeds were 

then mixed with 1 ml of sterile ddH2O and plated on 3 MS plates. After 3 days in the dark at 4 °C 

the plates are incubated at 22 °C in the light for four hours followed by 2 days in the dark and up 

to one week of selection in the light. 

Transformation of plants was performed as described by Bechtold and Pelletier (1998) modified 

by Clough and Bent (1998). This procedure is based on A. tumefaciens mediated gene transfer 

using a binary vector system. A. tumefaciens GV2260 containing the helper plasmid pGV2260 

encoding the vir genes necessary for transformation was used. pGV2260 is derived from pTiB6S3 

whose T-regions were replaced by sequences from pBR322 (Deblaere et al., 1985; Otten et al., 

1985). 

Depending on the transformed mutant line, the Ti plasmids pAHG-MCS41 (morf1-1) or pMP-

GWB102 (morf1-2) were used. pAHG-MCS41 clones were constructed as described in 3.2.2. 

pMP-GWB102 clones were obtained by gateway reaction using pENTR-MCS41 clones including 

the respective genes. pENTR-MCS41 clones were created similarly as pAHG-MCS41 clones. 

3.2.4 Cultivation, transformation and selection of Bacteria 

3.2.4.1 Escherichia coli 

In general, E. coli cultures were cultivated at 37 °C and 200 rpm o/n in 2YT medium 

containing appropriate antibiotics for selection. 

The Rosetta 2 strain was transformed with plasmids for protein overexpression via 

electroporation. This strain contains a helper plasmid for supplying tRNAs of rare codons in 

prokaryotes (AGA, AGG, AUA, CUA, GGA, CCC, CGG), thus enhancing expression of 
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recombinant eukaryotic proteins. Protein overexpression was induced by adding 1 mM IPTG 

and respective Rosetta 2 cultures were incubated at 20 °C and 120 rpm for 3.5 hours. 

3.2.4.2 Agrobacterium tumefaciens 

All A. tumefaciens cultures were grown at 28 °C and 180 rpm o/n in 2YT medium containing 

either Carbenicillin and Kanamycin (pAHG-MCS41) or Carbenicillin and Spectinomycin 

(pMP-GWB102) for selection. Transformation was achieved by heatshock including three     

5 min incubation steps on ice, in liquid nitrogen and at 37 °C.  

3.2.5 Cultivation, transformation and selection of S. cerevisiae 

S. cerevisiae PJ69-4A cells were cultivated in either YPAD or synthetic defined (SD) medium 

at 28 °C and 180 rpm. YPAD full medium was used for growing prior to transformation while 

SD medium lacking tryptophan and leucine was used for selection of positive transformants 

including both pGBKT-MCS41 and pGADT-MCS41 plasmids. 

The PJ69-4A strain is deficient for synthesis of tryptophan (trp1-901), leucine (leu2-3, leu2-

112), histidine (his3Δ200), adenine (ade2-101) and uracil (ura3-52). James et al. (1996) 

introduced three independent GAL4-responsive reportersystems (LYS2::GAL1-HIS3, GAL2-

ADE2, met2::GAL7-lacZ) into the PJ69-4A genome. 

PJ96-4A cells were transformed via the LiAc / SS-carrier DNA / PEG method (Gietz et al., 

1992; Hill et al., 1991; Ito et al., 1983; Schiestl and Gietz, 1989). The transformation was 

performed exactly as described in the Yeast-Protocol Handbook by Clonetech
®
 (Protocol Nr 

PT3024-1 version Nr PR973283). 

3.2.6 Yeast-Two-Hybrid assay 

The Yeast-Two-Hybrid assay is based on a Split-Hybrid system taking advantage of the 

auxotrophy of PJ69-4A cells described in 3.2.5. It uses two hybrid proteins, both containing 

one part of the GAL4 transcription factor and a protein of interest, whose interaction ability 

should be investigated. If both proteins of interest interact, a functional GAL4 transcription 

factor is reconstituted thus leading to the expression of reporter genes under the control of a 

GAL4 responsive element. For excluding false positives by auto activation each hybrid 

protein was also tested against the complementary part of the GAL4 transcription factor 

without any protein fused to it (2001). 

pGBKT-MCS41 encodes the DNA binding domain of the GAL4 transcription factor (DNA-

BD; 1-147) responsible for recognition and binding of the cis-element (Promotor: UAS and 
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TATA box) and thus defining the position for transcription initiation. pGADT-MCS41 

encodes the transcription activation domain of the GAL4 transcription factor (AD; 768-881). 

Successfully double transformed PJ69-4A cells were cultivated in SD-TL medium o/n and 

adjusted to an optical density 600 (OD600) of 0.3 by adding SD-TLHA medium. Equal 

amounts were then dropped on agar plates, containing SD-TL, SD-TLHA and SD-TLHA 

including 2.5 to 7.5 mM 3-aminotriazol (3AT). Only cells with interacting hybrid proteins are 

able to grow on SD-TLHA medium by complementing both the his3Δ200 and the ade2-101 

by expression of HIS3 under control of the GAL1 promotor and ADE2 under the control of 

the GAL2 promotor. Relative affinities between different interaction partners can be observed 

by using increasing 3AT concentrations. 3AT is a competitive inhibitor of HIS3 necessary for 

the 6
th

 step of histidine synthesis. Thus, depending on the concentration of 3AT in the 

medium, higher HIS3 expression is necessary to complement the histidine auxotrophy of   

PJ96-4A. 

3.2.7 Pulldown assay 

Prey fusion proteins, containing N-terminal His and glutathione S transferase (GST) and      

C- terminal green fluorescent protein (GFP) and His tags, were expressed with the pET41-

GFP plasmid. After purification via Ni-NTA agarose and glutathione agarose followed by 

dialysis against PBS, 20 µg aliquots of respective MORF proteins were frozen in liquid 

nitrogen and stored at -80 °C. Concentrations were quanitifed via Bradford assay.  

N-terminally maltose binding protein (MBP) tagged bait proteins were expressed with the 

pMAL-TEV-MCS41 expression plasmid. 20 µl of amylose resin was saturated with the bait 

fusion protein and washed five times with column buffer before adding 20 µg of the 

respective prey fusion solved in basic buffer. After shaking 16 h at 4 °C and five washing 

steps with basic buffer the resin was boiled for 5 min at 95 °C, separated on two gels in 

parallel and blotted. Proteins bound to the resin were detected by an anti-MBP antibody while 

respective pulled down prey proteins were detected with an anti-GFP antibody. 

3.2.8 Phenotyping 

3.2.8.1 Macrophenotype 

A. thaliana plants were seeded on soil after stratification on 4 °C for at least 2 weeks. For 

observing growth defects, pictures were taken once a week in between 4 and 8 weeks of 

cultivation. In case of embryo lethal mutations, immature siliques were harvested and 
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dissected under a binocular microscope to count properly developed and dead seeds. Prior to 

silique dissection the respective plants were genotyped using three primer sets targeting the 

wild type (At4g20020F385; At4g20020R2613) and the morf1-2 (At4g20020F385; R160 R3)  

mutant allele as well as the introduced constructs (At4g20020F385; Tnos-SacR). 

3.2.8.2 RNA Editing Phenotype and Statistical Analysis 

To analyze the RNA editing phenotype of A. thaliana plants, single leaves were cut and total 

RNA was extracted. To eliminate DNA contaminations, a RQ1 DNAse and a TURBO
TM

 

DNAse digestion was performed. cDNA was synthesized with the M-MLV Reverse 

Transcriptase (H-) using RNA specific primers. The respective cDNAs were then amplified 

with the FIREPol
®

 DNA Polymerase and 500 ng were sent to Macrogen, Inc. for sequencing 

with 5 µl of a 5 µM transcript specific primer. Sequencing data, supplied as chromatogram of 

the respective sequences, was then analyzed with DNA Dynamo. Editing efficiencies at 

certain editing sites were then calculated by comparing the height of the cytidine and 

thymidine peak at this specific nucleotide position (Fig. 10). 

 

Figure 10 | Calculation of editing efficiencies. (A) Exemplary sequencing data of A. thaliana Columbia 0 wildtype (Col-0) 

and morf1-1 at the cox3-257 editing site, visualized by the DNA Dynamo software. The height and area of the selected peak 

is depicted below the chromatogram.  (B) Formula for calculating percentaged editing efficiencies by using the peak height of 

cytidine and thymidine. In this case (A) the wildtype plant converted 100 % of cytidines to uridines while the morf1-1 mutant 

only converted 17.65 %. 

For the A. thaliana Columbia wildtype and the morf1-1 line 9 individual plants were 

analyzed. Concerning the complementation studies 3 to 15 individual lines per construct were 

analyzed. The Kolmogorov-Smirnov Test was conducted to determine if the datasets were 

normally distributed. It compares the relative frequency distribution (Sn(x)) of a data set to the 

corresponding function under the assumption of normal distribution (F(x)) by calculating the 

respective differences (Δ). The null hypothesis was defined as H0:Sn(x)=F(x), the alternative 
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hypothesis as H1:Sn(x)≠F(x). The level of significance was set to 5 % (α=0.05). If the largest 

Δ (Δmax) was smaller compared to a critical value dependent on sample size and the level of 

significance the null hypothesis is accepted and normal distrubtion can be assumed. 

The Mann-Whitney-U-Test was used to identify significant differences between the wild type 

and the morf1-1 mutant line, as well as between the morf1-1 mutant line and each transformed 

MORF1 construct. Under the assumption that both distribution functions F1(x) and F2(x) are 

similar except for a potential displacement δ (F1(x)=F2(x- δ)) the null hypothesis was defined 

as H0:δ=0 and the alternative hypothesis was defined as H1:δ≠0. Rank sums of both samples 

can then be used to estimate if a relevant δ exists indicating a significant shift of distribution 

F1(x) and F2(x). Thus, each editing efficiency value of the compared datasets was assigned to 

a rank in increasing order. The rank sum of both samples (R1 and R2) was then used to 

calculate the corresponding U values. 

𝑼𝟏 = 𝒏𝟏𝒏𝟐 +
𝒏𝟏(𝒏𝟏−𝟏)

𝟐
− 𝑹𝟏               𝑼𝟐 = 𝒏𝟏𝒏𝟐 +

𝒏𝟐(𝒏𝟐−𝟏)

𝟐
− 𝑹𝟐 

Observed values of U were then compared to sample size dependant critical values 

corresponding to the level of significance of 5 % (α=0.05). If the respective critical value was 

higher than the smaller U value the null hypothesis is rejected and a significant difference of 

distribution F1(x) and F2(x) can be assumed. 

Critical values for both the Kolmogorov-Smirnov and the Mann-Whitney-U-Test were taken 

from Zaiontz C. (2018) Real Statistics Using Excel. www.real-statistics.com, last visited 19
th

 

August 2018. 
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4. Results  

The crystal structure of the MORF1 MORF domain implied several candidate amino acid 

residues crucial for MORF-MORF dimerization and/or tetramerization (Fig. 6). To further 

distinguish between biologically relevant interfaces and crystal packing contacts, structure 

based MORF1 mutants exchanging crucial residues in the dimerization and tetramerization 

interface were designed respectively. In this context C85 was chosen as part of the 

tetramerization interface (Fig. 6B) and F162 as well as L164 were chosen as part of the 

hydrophobic dimerization pocket (Fig. 6D). Overlapping PCRs were used to replace C85 by 

serine, avoiding disulfide bonds, as well as F162 and L164 by alanine or glutamate 

respectively. Exchanges to alanine represent a conservative approach by reducing the 

hydrophobic surface while exchanges to glutamate should severely distort the dimerization 

interface. 

4.1 Mutation of hydrophobic key residues reduces 

MORF-MORF affinity  

Coding sequences without the putative target peptide were cloned into pGBKT-MCS41 and 

pGADT-MCS41 plasmids for yeast two-hybrid and into the pET41-a-GFP plasmid for pull-

down assays. Concerning pET41-a-GFP a C-terminal truncated sequence was used to ensure 

solubility of the fusion protein. Both assays were employed with each structure based mutant 

and MORF1 as reference combined with each MORF located in mitochondria. All fusion-

constructs used for yeast two-hybrid assays were tested previously in regard to autoinduction 

(Appendix, Fig. 34).  SDS-gels of purified prey proteins as well as western blots ensuring 

amylose resin saturation with the respective bait protein used for pull-down assay can be 

found in the appendix (Appendix, Fig. 35&36).  

In the yeast two-hybrid assay all structure based mutants showed similar growth as the wild 

type on selection plates without 3AT when combined with MORF1. However, the MORF1 

wild type and the C85S mutants can grow on plates including up to 5 mM 3AT, while growth 

of all other mutants is already inhibited by low concentrations of 3AT indicating lower 

affinitiy to MORF1 (Fig. 11A). The corresponding pull-down assay mirrors this pattern. All 

four mutations targeting F162 or L164 reduce the affinity to MORF1 as signals corresponding 

to the respective fusion protein used as prey are weaker in comparison to the wild type and the 

C85S mutant (Fig. 11B) (Haag et al., 2017). 
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Figure 11 | Yeast two-hybrid and pulldown protein-protein interaction analyses with MORF1 and structure-based 

mutants. (A) Yeast colony growth of the MORF–MORF protein combinations fused to either the GAL4 activation (AD) or 

binding domain (BD) after 6 days on control medium lacking tryptophan and leucine (SD-TL) and selection medium lacking 

tryptophan, leucine, histidine and andenine (SD-TLHA) containing different concentrations of 3AT. (B) Pull-down of GFP 

tagged MORF161-241 and its respective mutants with MBP tagged MORF1 bound to amylose resin (AR) as a bait. Shown are 

the respective MORF-GFP GFP antibody chemiluminescence signals in the respective gel lanes. (Modified according to 

Haag et al., 2017, distributed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/legalcode.) 

In contrast to MORF1, MORF3 shows less affinity to all structure based mutants as growth 

was only observed on plates without 3AT. On selection medium without 3AT the C85S and 

L164E mutants did grow similar to the MORF1 wild type while F162A and L164A showed 

slower growth. F162E did not grow at all indicating complete loss of affinity to MORF3        

(Fig. 12A). A similar pattern applies for the pull-down assay. The C85S and L164A proteins 

show a similar affinity to MORF3 as the MORF1 wild type while F162A and L164E bind 

MORF3 only weakly. F162E mirrors its behavior in the yeast two-hybrid assay showing no 

interaction at all (Fig. 12B). 

MORF4-MORF1 affinity is already weak in case of the wild type indicated by no yeast 

growth on plates containing 3AT. Consequently, even less affinity was observed for C85S 

showing only small colonies, whereas no growth was detected for all other structure based 

mutants (Fig. 13A). In case of the pull-down assay no signal corresponding to the respective 

prey proteins was detected indicating that already the wild type MORF1 does not interact with 

MORF4 (Fig. 13B). 

https://creativecommons.org/licenses/by/4.0/legalcode
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Figure 12 | Yeast two-hybrid and pulldown protein-protein interaction analyses with MORF3 and structure-based 

mutants. (A) Yeast colony growth of the MORF–MORF protein combinations fused to either the GAL4 activation (AD) or 

binding domain (BD) after 6 days on control medium lacking tryptophan and leucine (SD-TL) and selection medium lacking 

tryptophan, leucine, histidine and andenine (SD-TLHA) containing different concentrations of 3AT. (B) Pull-down of GFP 

tagged MORF161-241 and its respective mutants with MBP tagged MORF1 bound to amylose resin (AR) as a bait. Shown are 

the respective MORF-GFP GFP antibody chemiluminescence signals in the respective gel lanes.  

 

Figure 13 | Yeast two-hybrid and pulldown protein-protein interaction analyses with MORF4 and structure-based 

mutants. (A) Yeast colony growth of the MORF–MORF protein combinations fused to either the GAL4 activation (AD) or 

binding domain (BD) after 6 days on control medium lacking tryptophan and leucine (SD-TL) and selection medium lacking 

tryptophan, leucine, histidine and andenine (SD-TLHA) containing different concentrations of 3AT. (B) Pull-down of GFP 

tagged MORF161-241 and its respective mutants with MBP tagged MORF1 bound to amylose resin (AR) as a bait. Shown are 

the respective MORF-GFP GFP antibody chemiluminescence signals in the respective gel lanes (Provided by Judith Sailer, 

2017). 
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Similar to MORF4, MORF5 also shows a relatively low affinity to the MORF1 wild type 

indicated by no growth on 3AT containing selection plates. However, the C85S and L164E 

mutants show comparable growth as the wild type suggesting comparable interaction strength 

as well. L164A only shows small single yeast colonies whereas both F162 mutants did not 

grow at all pointing to interference of the MORF1-MORF5 interface by these mutations    

(Fig. 14A). Concerning the pull-down assay, the effects of the structure based mutations are 

more severe. Only the MORF5-C85S combination shows a GFP signal, which is rather weak 

in comparison to the signal corresponding to the MORF1 wild type lane (Fig. 14B). 

 

Figure 14 | Yeast two-hybrid and pulldown protein-protein interaction analyses with MORF5 and structure-based 

mutants. (A) Yeast colony growth of the MORF–MORF protein combinations fused to either the GAL4 activation (AD) or 

binding domain (BD) after 6 days on control medium lacking tryptophan and leucine (SD-TL) and selection medium lacking 

tryptophan, leucine, histidine and andenine (SD-TLHA) containing different concentrations of 3AT. (B) Pull-down of GFP 

tagged MORF161-241 and its respective mutants with MBP tagged MORF1 bound to amylose resin (AR) as a bait. Shown are 

the respective MORF-GFP GFP antibody chemiluminescence signals in the respective gel lanes (Provided by Judith Sailer, 

2017) 

The yeast two-hybrid assay regarding MORF6 exhibits a similar growth pattern as MORF5. 

On selection medium without 3AT only the C85S mutant grew comparable to the wild type. 

F162A did not grow at all, while all other mutants showed reduced growth. With the addition 

of 3AT no growth was detected at all (Fig. 15A). The pull-down assay confirms the 

interaction intensity of C85S with MORF6 being as strong as the wild types. However, the 

only other mutant showing any signal of pulled down protein is L164A. On the contrary 

F162E and L164E did not confirm the findings of the yeast assay as no GFP-signal was 

detected (Fig. 15B). 
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Figure 15 | Yeast two-hybrid and pulldown protein-protein interaction analyses with MORF6 and structure-based 

mutants. (A) Yeast colony growth of the MORF–MORF protein combinations fused to either the GAL4 activation (AD) or 

binding domain (BD) after 6 days on control medium lacking tryptophan and leucine (SD-TL) and selection medium lacking 

tryptophan, leucine, histidine and andenine (SD-TLHA) containing different concentrations of 3AT. (B) Pull-down of GFP 

tagged MORF161-241 and its respective mutants with MBP tagged MORF1 bound to amylose resin (AR) as a bait. Shown are 

the respective MORF-GFP GFP antibody chemiluminescence signals in the respective gel lanes.  

 

Figure 16 | Yeast two-hybrid and pulldown protein-protein interaction analyses with MORF7 and structure-based 

mutants. (A) Yeast colony growth of the MORF–MORF protein combinations fused to either the GAL4 activation (AD) or 

binding domain (BD) after 6 days on control medium lacking tryptophan and leucine (SD-TL) and selection medium lacking 

tryptophan, leucine, histidine and andenine (SD-TLHA) containing different concentrations of 3AT. (B) Pull-down of GFP 

tagged MORF161-241 and its respective mutants with MBP tagged MORF1 bound to amylose resin (AR) as a bait. Shown are 

the respective MORF-GFP GFP antibody chemiluminescence signals in the respective gel lanes. 



4. Results 

 

41 

In contrast to all other mitochondrial MORFs, MORF7 neither interacts with MORF1 in yeast 

(Fig. 16A) nor in the pull-down analysis (Fig. 16B). Surprisingly some structure based 

mutations induced interaction between MORF1 and MORF7. The L164A exchange showed 

yeast growth on selection medium with up to 7.5 mM 3AT (Fig. 16A), whereas GFP-fusion  

signals were observed for C85S, F162E, L164A and L164E in the pull-down assay           

(Fig. 16B). 

All MORF1 mutants as well as the wild type were able to grow on selection medium with up 

to 7.5 mM 3AT when combined with MORF8. Colonies based on the L164E mutant were 

smaller and isolated on plates with 2.5 and 7.5 mM 3AT. F162 could not be tested as no 

positive transformants were observed (Fig. 17A). The only mutated proteins detected in the 

pull-down assay were C85S and F162A. Both signals are weaker than the signal belonging to 

the MORF1 wild type control (Fig. 17B).  

Overall, residues F162 and L164 seem to be more important than C85 for interaction of 

MORF1 with other MORF proteins as well as for its homodimerization. Though, their 

specific influence on the interaction depends on the composition of the respective dimer. 

 

Figure 17 | Yeast two-hybrid and pulldown protein-protein interaction analyses with MORF6 and structure-based 

mutants. (A) Yeast colony growth of the MORF–MORF protein combinations fused to either the GAL4 activation (AD) or 

binding domain (BD) after 6 days on control medium lacking tryptophan and leucine (SD-TL) and selection medium lacking 

tryptophan, leucine, histidine and andenine (SD-TLHA) containing different concentrations of 3AT.  (B) Pull-down of GFP 

tagged MORF161-241 and its respective mutants with MBP tagged MORF1 bound to amylose resin (AR) as a bait. Shown are 

the respective MORF-GFP GFP antibody chemiluminescence signals in the respective gel lanes.  
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4.2 Mutations within the MORF domain abolish 

MORF-PPR interaction in yeast 

In regard to the studies of Yan et al. in 2017, showing MORF9 to bind PPR stretches with 

residues close to the MORF dimerization interface, the impact of structure based mutations on 

MORF-PPR binding were investigated. Thus, the same constructs used for MORF-MORF 

binding studies were applied in combination with selected mitochondrial editing factors 

(MEF) of the PPR protein family. 

The proteins MEF1, MEF19, MEF21 and MEF29 were chosen as interaction partners for 

MORF1, because of previous interaction studies and shared RNA editing sites with MORF1 

indicating that they might work in conjunction (Takenaka et al., 2010, 2012). MEF8 and 

MEF8S were chosen as representatives of relatively small, DYW containing PPR proteins, 

most likely lacking sufficient amount of PPR repeats necessary for providing binding site 

specificity (Diaz et al., 2017; Verbitskiy et al., 2012). As MORF proteins are suspected to be 

linkers for recruiting additional parts of the editing complex, also including the catalytic 

moiety, these MEFs are suitable candidates as interaction partners. Autoinduction of  the MEF 

proteins fused to the GAL4 binding domain was checked prior to the yeast interaction studies 

(Appendix, Fig. 34).  

All “long” MEF proteins show relatively weak affinity to the MORF1 wildtype as no growth 

was observed on selection medium with the addition of 3AT (Fig. 18A, D, E, F). MEF21 even 

shows difficulties to grow on selection medium without 3AT (Fig. 18E). In contrast MEF8S 

grows on plates with up to 5 mM 3AT (Fig. 18C) and MEF8 even grows on plates containing 

7.5 mM 3AT (Fig. 18B) indicating stronger affinity to MORF1 in comparison to other MEF 

proteins. Surprisingly all structure based mutations lead to annihilation of all MORF1-MEF 

interactions as no growth was observed at all (Fig. 18A-F). Since the C85S exchange is 

targeting a completely different part of the MORF domain compared to the exchanges in the 

hydrophobic pocket, potentially also relevant for MORF-PPR interaction, this finding comes 

rather unexpected (Yan et al., 2017).  
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Figure 18 | Yeast two-hybrid protein-protein interaction analyses with structure-based mutants and several PPR 

proteins. (A) Yeast colony growth of the MORF–MORF protein combinations fused to either the GAL4 activation (AD) or 

binding domain (BD) after 6 days on control medium lacking tryptophan and leucine (SD-TL) and selection medium lacking 

tryptophan, leucine, histidine and andenine (SD-TLHA) containing different concentrations of 3AT. (B) Yeast colony growth 

of the MEF8-MORF protein combinations after 6 days on control medium (SD-TL) and selection medium (SD-TLHA) 

containing different concentrations of 3AT. (C) Yeast colony growth of the MEF8S-MORF protein combinations after 6 days 

on control medium (SD-TL) and selection medium (SD-TLHA) containing different concentrations of 3AT. (D) Yeast colony 

growth of the MEF19-MORF protein combinations after 6 days on control medium (SD-TL) and selection medium (SD-

TLHA) containing different concentrations of 3AT. (E) Yeast colony growth of the MEF21-MORF protein combinations 

after 6 days on control medium (SD-TL) and selection medium (SD-TLHA) containing different concentrations of 3AT. (F) 

Yeast colony growth of the MEF29-MORF protein combinations after 6 days on control medium (SD-TL) and selection 

medium (SD-TLHA) containing different concentrations of 3AT. 
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4.3 Functional analysis of structure based MORF1 

mutants in planta 

Yeast two-hybrid and pull-down assays for MORF dimerization and MORF-PPR interactions 

revealed a distinct interaction pattern for each structure based mutant. Therefore, the 

physiological function of the respective mutated MORF1 proteins was assayed in planta by 

complementation attempts in MORF1 mutant lines. Both the EMS mutant line morf1-1 and 

the T-DNA insertion line morf1-2 (Fig. 9) were transformed with constructs similar to the 

ones used for the interaction assays except that the putative target sequences were not cut off. 

In case of morf1-1 the  pAHG-MCS41 plasmid was used while morf1-2 was transformed with 

pMP-GWB102. The two vectors overexpress the inserted genes under control of the 35S 

promoter in planta while carrying two different plant selection markers.  

4.3.1 The phenotype of the EMS line morf1-1 is not complemented 

entirely by L164 derived MORF1 mutants 

The EMS mutant line morf1-1 exhibits a severe macro phenotype with smaller rosette leaves 

after 28 days (Fig. 19A) and no length growth or inflorescence formation after 49 days of 

incubation (Fig. 19B) when compared to the Col-0 wild type. Although this phenotype was 

not described in the initial publication (Takenaka et al., 2012). These defects are 

complemented by overexpression of wild type MORF1 (Fig. 19A&B) suggesting that the 

morf1-1 mutation is indeed responsible for the delay of growth.  

After 28 days, transformants with a construct including the C85S or the F162A mutation 

show a similar growth pattern as the Col-0 wild type and the line complemented with 

MORF1. Although plants including F162E and L164A constructs do not grow as fast as Col-0 

and plants complemented with MORF1, they grow faster in comparison to morf1-1 indicating 

partial rescue of the phenotype. In direct comparison, L164A plants show smaller rosette 

leaves than F162E plants. Plants harboring the L164E construct do not show a change in 

growth when compared to morf1-1 plants, suggesting disturbance of the MORF function by 

this particular mutation (Fig. 19A). 

For the most part the respective phenotypes 49 days after seeding mirror the ones observed 

after 28 days. Plants with the C85S construct show similar inflorescence formation as the Col-

0 wild type and the MORF1 complementation. In contrast to the wild type like rosette 

formation, F162A plants showed less inflorescence growth after 49 days.  
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Figure 19 | Macrophenotype of the morf1-1 mutant line and its transformants with structure based mutant constructs 

under control of the CaMV 35S promoter in comparison with the Col-0 wild type grown on soil. (A) Growth after 28 

days photographed from above. (B) Growth after 49 days photographed on the side.  
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The same pattern of delayed but visible length growth applies to F162E and L164E plants 

suggesting a partial rescue of the morf1-1 phenotype. Besides morf1-1 plants, only 

descendants harboring the L164A construct  did not show any inflorescence after 49 days of 

growth (Fig. 19B). 

Subsequently the RNA editing phenotype of 3 to 14 individual transformants of each 

construct and 9 plants of the Col-0 and the morf1-1 line was examined. The RNA editing sites 

164, 193, 194 and 566 of the cytochrome c biogenesis B (ccmB) transcript, the site 257 of the 

cytochrome c oxidase 3 (cox3) transcript and the site 64 of the ribosomal protein L5 (rpl5) 

transcript were chosen as they exhibit distinct editing defects in the morf1-1 mutant line 

(Takenaka et al., 2012). Editing efficiencies at these sites were analyzed by sequencing of 

RT-PCR products. The Kolmogorov-Smirnov test was used to determine if a normal 

distribution can be assumed (Appendix, Table 1-48). As three datasets were not normally 

distributed (Appendix, Table 7,21,27), the Mann-Whitney-U rank sum test was employed to 

distinguish significant RNA editing changes (Appendix, Table 49-90). Prior to evaluation of 

signifcant RNA editing changes due to the MORF1 derived constructs (Appendix, Table 55-

90), significance of the morf1-1 editing defects was demonstrated (Appendix, Table 49-54). 

As a significant increase of RNA editing efficiency is not equivalent to restoring MORF1 

function for RNA editing per se, a critical value was introduced as second criterion. The 

critical value was defined as an average of the Col-0 and morf1-1 editing efficiency medians 

at the respective sites. Significant RNA editing changes are marked with an asterisk while the 

critical value is represented by a dashed line in orange (Fig. 20A-F). Only significantly 

increased RNA editing efficiencies also exceeding a critical value were considered as 

successful complementation. 

The editing site at nucleotide position 164 of the ccmB transcript is roughly edited in 100 % of 

the transcripts of Col-0 preparations. In the morf1-1 mutant line this is reduced to 0 %. All 

constructs except L164A, inserted into the morf1-1 line led to a significant increase in RNA 

editing efficiency. However, the editing efficiency median of the L164E lines is far lower 

than the critical value of 49.14 % (Fig. 20A). 

Position 193 of the ccmB transcript is edited up to 94.37 % with a median of 88.65 % in wild 

type plants. Plants with the morf1-1 mutation show only partially impaired editing with 

conversionrates ranging between 9.50 % and 52.09 %.  
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Figure 20 | RNA editing phenotype of the morf1-1 mutant line and its transformants with structure based mutant 

constructs in comparison with the Col-0 wild type. RNA editing efficiency percentages of the respective lines are shown 

as box plots in red. An average of the Col-0 and the morf1-1 editing efficiency medians for each site is shown as dashed line 

in orange. Combinations showing a significant difference between Col-0 and morf1-1 as well as morf1-1 and the structure 

based mutant lines are marked with an asterisk (A) RNA editing phenotype of the ccmB transcript at nucleotide position 164 

(B) RNA editing phenotype of the ccmB transcript at nucleotide position 193 (C) RNA editing phenotype of the ccmB 

transcript at nucleotide position 194 (D)  RNA editing phenotype of the ccmB transcript at nucleotide position 566 (E) RNA 

editing phenotype of the cox3 transcript at nucleotide position 257 (F) RNA editing phenotype of the rpl5 transcript at 

nucleotide position 64. 
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All transformed structure based mutant constructs increased the editing efficiency 

significantly indicating successful complementation. Yet the median of plants transformed 

with the L164A construct did fall short of the critical value (61,22 %) by only 0.02 %       

(Fig. 20B). 

The editing site ccmB-194 acts comparable to ccmB-193 with an editing median at 98.04 % in 

Col-0 and 49.92 % in morf1-1 plants. Likewise all morf1-1 transformants exhibited significant 

increase in RNA editing efficiency while both L164 based mutant constructs failed to increase 

beyond the critical value of 73.98 %. (Fig. 20C). 

At position 566 between 81.46 % and 99.30 % of the ccmB transcripts are edited in Col-0 

wild type plants. In morf1-1 plants only 11.90 % to 57.76 % of the transcripts are edited with 

a median of 19.18 %. Except for plants transformed with MORF1-L164E all other constructs 

transformed into the morf1-1 line increased editing at the ccmB-566 site significantly and 

exceed the critical value of 58.33 % (Fig. 20D). 

Concerning the cox3 transcript morf1-1 plants show reduced editing at position 257 with 

19.29 % as median compared to 100 % in the wild type. All constructs transformed into  

morf1-1 besides L164E were able to complement this editing defect with efficiencies up to 

wild type level also passing the critical value of 59.65 % (Fig. 20E). 

Position 64 of the rpl5 transcript is only edited up to 62.55 % with the median at 56.78 % in 

Col-0 wild type plants. In morf1-1 plants editing efficiencies between 2.72 % and 14.77 % 

with a median of 7.05 % were observed. As in case of the cox3-257 editing site, all 

transformants harboring any construct except L164E exhibited significantly increased editing 

efficiencies. Furthermore, the critical value is also passed by all corresponding medians 

indicating successful complementation (Fig. 20F). 

In a nutshell, both the wild type MORF1 and mutants based on C85 and F162 were able to 

complement the morf1-1 RNA editing phenotype at all selected sites. Depending on the site, 

L164 based mutants did not show a significant increase in cytidine to uridine conversion 

and/or did not reach the critical value suggesting no successful complementation. 

4.3.2 Embryolethality of morf1-2 cannot be rescued by L164E 

derived MORF1 mutants  

Since the morf1-2 mutant line shows homozygous embroylethality (Fig. 21B), heterozygous 

morf1-2 mutant plants were transformed. After successful selection on MS plates containing 
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hygromycin, respective plants were transferred to soil. For each candidate plant, three 

genotyping PCRs were performed and run on an agarose gel, expecting a product of         

1321 base pairs (bp) for the wild type, a product of 521 bp for the morf1-2 allele and a 

product of 876 bp for the introduced construct. Only plants harboring the C85S, L164A and 

L164E constructs did show products for all three genotyping PCRs indicating successful 

introduction of the respective constructs while also keeping the morf1-2 mutant allele (Fig. 

21A). All successfully transformed plants using the MORF1 wild type and the F162 derived 

mutants did not show a signal for the morf1-2 allele. Consequently, these plants were 

excluded from further analysis. 

 

Figure 21 | Complementation of the morf1-2 embryolethal phenotype. (A) Genotyping of morf1-2 plants transformed 

with the respective MORF1 mutant constructs. Shown are PCR products corresponding to the Col-0 wild type MORF1 allele 

(WT), the morf1-2 mutant allele (morf1-2) and the introduced MORF1 construct (pMPGWB-MORF1) in the respective lanes 

separated on a 1% agarose gel. (B) Dissections of siliques corresponding to Col-0 wild type, the morf1-2 mutant line and 

morf1-2 transformed with the respective MORF1 construct. Unviable seeds are marked with an arrow. (C) Amount of viable 

and unviable seeds observed in dissected siliques of the respective lines. 

The plant containing the C85S construct as well as two plants containing the L164A construct 

did show wild type like siliques (Fig. 21B) with 2.9 % and 2.27 % unviable seeds respectively 

(Fig. 21C). In contrast, the plant harboring the L164E constructs exhibits siliques containing 

not properly developed seeds in great numbers (Fig. 21B). In total 23.99 % unviable seeds 

were counted, roughly matching the amount observed in morf1-2 plants (Fig. 21C). Therefore, 
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it can be assumed that the embryolethal phenotype of morf1-2 plants can be rescued by both  

the C85S and the L164A but not by the L164E containing MORF1 construct. 
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5. Discussion 

Although MORF proteins have been acknowledged as integral parts of editosomes in 

flowering plants (Bentolila et al., 2012; Glass et al., 2015; Sun et al., 2013; Takenaka et al., 

2012) their actual function and mode of action is still not fully understood. Several in vitro 

and in vivo studies pointed towards dimeric or potentially multimeric MORF complexes that 

might act as linkers between PPR proteins targeting specific editing sites and other co-factors 

necessary for the RNA editing reaction (Glass et al., 2015; Takenaka et al., 2012). On the 

contrary, co-crystallization of MORF9 with an artificial PLS type PPR domain suggested that 

multiple MORF monomers interact with a PPR domain to alter its conformation and RNA 

affinity (Yan et al., 2017). The reported MORF1 and MORF9 structures confirmed a dimeric 

or even multimeric conformation and paved the way for more detailed analysis of MORF 

multimerization and their biological function (Haag et al., 2017). 

5.1 MORF domain structure and multimerization 

The MORF domain formed a tetrameric assembly in two crystal lattices. As previous studies 

were not suited to discriminate between dimerization and multimerzation, structure based 

mutants were applied to distinguish between biological relevant and artificial interfaces.  

Both in vitro and in vivo interaction studies support the hypothesis of a domain swap as 

explanation for the tetrameric assembly (Fig. 6A). The exchange of C85 did not affect 

MORF1-MORF1 affinity in yeast two-hybrid and pull-down experiments, while exchanges 

targeting the hydrophobic pocket did reduce the interaction ability (Fig. 11A&B). Previous 

yeast two-hybrid studies support this in multiple ways. The C-terminal part of the MORF1 

MORF box covering residue 156 to 241 did dimerize while shorter C-terminal fragments 

starting at residue 178 did not (Zehrmann et al., 2015). Thus, it can be concluded that the 

residues 156 to 178 are sufficient for dimerization, including β-sheet 5, the most crucial part 

of the hydrophobic dimerization interface (Fig. 7C). Furthermore, N-terminal fragments 

comprised of residues 61 to 155 were not able to interact with MORF1 (Zehrmann et al., 

2015). If β-sheet 2 would be able to contact a remote MORF1 domain as observed in the  

tetrameric assembly (Fig. 6A), N-terminal interactions would have been observed in the 

respective yeast two-hybrid assays. Combined it can be concluded that β-sheet 5, consisting 

of residues 160 to 165, is mandatory for MORF1 homodimerization. According to the 

dimerization of MORF1 a similar highly symmetric hydrophobic interface can be assumed for 

other MORF homodimers. 
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Regarding heteromeric interactions definitive conclusions are more difficult. Some of the 

interaction patterns previously described (Zehrmann et al., 2015) can be interpreted with the 

existing MORF1 structure and subsequent interaction assays. Although detailed evaluation 

remains speculative. As some residues involved in dimerization are variable within the         

A. thaliana MORF protein family, heterodimerization most likely results in assymetric 

interfaces complicating interpretation. In contrast to MORF1-MORF1 homodimerization, 

heterodimierzation with MORF3 was reported to require a larger C-terminal fragment 

comprising residues 123 to 241 (Zehrmann et al., 2015). The most striking difference between 

MORF1 and MORF3 concerning the C-terminal interface part is an exchange from F162 in 

MORF1 to W166 in MORF3 (Fig. 7C). The bulkier tryptophan also carrying a charge may 

lead to sterical hindrance or repulsion weakening the dimerization interface. Thus, it seems 

likely that T138 and Y139 in MORF1 are necessary to stabilize the interaction with MORF3 

especially since L165 in MORF3 provides a larger hydrophobic surface, possibly improving 

the respective connections (Fig. 7C&9E). Weaker interactions due to β-sheet 5 are also 

supported by interaction analysis of structure based MORF1 mutants as exchange of 

phenylalanine at position 162 to glutamate prevents interaction with MORF3 (Fig. 12) 

completely while MORF1 still dimerizes (Fig. 11). Reduction of the hydrophobic surface by 

exchanging L164 to alanine does not impair MORF1-MORF3 dimerization which may be 

explained due to the extended dimensions of W166 in MORF3 (Fig. 10C&12). 

MORF4 already shows only weak interaction in yeast two-hybrid and no interaction in pull-

down assays with wild type MORF1 (Fig. 13). This can be explained by two crucial residues 

within the putative interface. Both Q155 (V161 in MORF1) and Y156 (F162 in MORF1) 

contain charges decreasing the possibility for hydrophobic interactions (Fig. 7C). All structure 

based MORF1 mutants do not exhibit any affinity to MORF4 in both interaction assays, 

potentially due to the already weak binding in case of the wild type (Fig. 13). 

Although the interaction patterns of MORF5 and MORF6 are consistent due to their identical 

putative interface residues it is hard to explain. Nearly all crucial residues are similar to 

MORF1 suggesting comparable affinity. The only differences are proline at position 86 / 89 

(V80 in MORF1) and arginine at position 142 / 145 (T138 in MORF1) respectively (Fig. 7C). 

As both V80 and T138 are considered minor interactors at the hydrophobic interfaces border, 

interactions matching the MORF1-MORF1 could be assumed. However, both MORF5 and 

MORF6 act comparable to MORF3. In the yeast two-hybrid assay the interaction with 

MORF1 wild type is already reduced (Fig. 14A&15A) while both exchanges of F162 in 
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MORF1 prevent or at least impair interaction with MORF5 and MORF6 (Fig. 14&15). 

MORF5 also does not interact with MORF1 L164A/E in pull-down experiments (Fig. 14B), 

whereas MORF6 weakly binds MORF1 L164A (Fig. 15B). Thus, P86/89 and R142/145 may 

have substantial impact by weakening the hydrophobic interface.  

MORF7 is already an exception concerning the affinity to wild type MORF1 and all other 

MORF proteins except MORF3 as no interactions were previously observed  (Zehrmann et 

al., 2015). K125 (V161 in MORF1), both bulkier and carrying a charge, most likely prevents 

a potential MORF7-MORF1 connection. In addition S46 (V80 in MORF1), V48 (F82 in 

MORF1) and Y102 (T138 in MORF1) may also impair this interaction further (Fig. 7C). 

Interestingly, all MORF1 mutants tested for interaction with MORF7 showed interaction in 

either the yeast two-hybrid or the pull-down assay (Fig. 16). Although lacking biological 

relevance, this implicates that reduction of the hydrophobic surface and/or introduction of 

hydrophobic residues within MORF1 potentially induces a connection to MORF7. 

Concerning the interaction between MORF8 and MORF1, the yeast two-hybrid and the pull-

down assay displayed contradictory results. While all MORF1 mutants showed comparable 

interaction abilities to the wild type in yeast two-hybrid experiments, only the C85S and 

F162A mutants were pulled down by MORF8 (Fig. 17). According to this, interpretation 

based on structural comparison with MORF1 is rather difficult. As the yeast two-hybrid 

approach is generally prone to show false positive interactions, the pull-down assay can be 

considered more relevant. Furthermore, its outcome fits better to the putative MORF8-

MORF1 interaction interface. The relative weak binding to MORF1 indicated by reduction or 

complete loss of affinity for each mutation inside the hydrophobic interface (Fig. 17) may be 

explained by R168 (V161 in MORF1) both being bulkier and introducing polarity (Fig. 7C).  

Taken together, all structure based interaction studies suggest that MORF proteins form 

homo- and heterodimers via a hydrophobic interaction surface even though tetramerization or 

multimerization cannot be ruled out. Although additional structures of other MORF 

homodimers, as for example provided recently by Yang et al., 2018, and ideally also 

heterodimers are necessary to further elucidate the molecular basis for MORF di- and 

potentially multimerization. 

 



5. Discussion 

 

54 

5.2 MORF-MORF interactions are crucial for RNA 

editing 

Complementation trials of the morf1-1 mutant line back up this pattern and further point to 

one crucial residue inside the hydrophobic interaction surface (Fig. 19&20). MORF1 

constructs harboring exchanges of C85 did show successful complementation in both 

macroscopic phenotype (Fig. 19) and  RNA editing efficiencies at all reviewed sites (Fig. 20).  

Constructs based on exchanges of F162 to alanine or glutamate both enhanced the growth of 

morf1-1 plants even though it did not reach wild type level (Fig. 19). In contrast, editing 

efficiencies at all probed sites did show significant increase as well as reaching the critical 

value (Fig. 20). Thus, either insufficiently restored RNA editing efficiency at unmonitored 

sites or not considered effects other than RNA editing may still lead to the growth defects. 

Alternatively, the slightly lower editing efficiencies compared to the Col-0 wild type, which 

were judged as succesfull complementation, may also affect the plant growth.  

In case of constructs based on the substitution of L164 the defect varies depending on the 

respective replacements. While both the exchange to alanine and glutamate were only 

partially able to complement growth defects in morf1-1 plants (Fig. 19), the RNA editing 

phenotypes in the complemented lines are more diverse (Fig. 20). MORF1 L164A was able to 

complement all investigated editing sites except for ccmB-164 indicating that this editing site 

might be responsible for the morf1-1 growth defect (Fig. 20A). The sites ccmB-193 and 

ccmB-194 are hard to evaluate as both show significant cytidine to uridine conversion rates 

but did not quite reach the critical value (Fig. 20B&C). However, it is unlikely that these sites 

are main causes for morf1-1 growth defect phenotypes, since more than half of these sites are 

already edited in morf1-1 mutant plants. Taken together the defect at ccmB-164 can be 

assumed as more relevant concerning the morf1-1 growth defect whereas it can also be 

assumed that the editosome responsible for this site is composed differently. If L164 is 

exchanged to glutamate the morf1-1 growth defect prevails (Fig. 19) and the RNA editing 

defects at the ccmB-164, ccmB-566, cox3-257 and rpl5-64 sites are not rescued                  

(Fig. 20A, D, E, F). Although the RNA editing efficiency at ccmB-164 was increased 

significantly, the amount of cytidine to uridine conversions did not reach the critical value. 

Similar to the L164A exchange, ccmB-193 and ccmB-194 showed a significant increase in 

RNA editing while the number of cytidine to uridine conversions did not quite reach the 

critical value, hampering a precise conclusion (Fig. 20B&C). These inconsistent editing 
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patterns in each complemented line can be explained by different MORF-MORF complexes 

being part of one particular editosome at one editing site. Thus, a single mutation in the 

interaction surface might impair forming of editosomes at one site while others are not 

affected due to other MORF interaction partners. 

Due to the fact that the morf1-1 mutant line is based on only one amino acid exchange 

(P165S), it is rather difficult to draw definitive conclusions. As there is still a partly 

functional, endogenous MORF1 protein present in these plants, its abilitiy to affect the    

morf1-1 complementation studies needs to be taken into account (Takenaka et al., 2012). For 

instance  MORF1-1 still shows interaction with the most relevant representative of the MORF 

protein family (Zehrmann et al., 2015), and also several PLS-class PPR proteins (Bayer-

Császár et al., 2017). Thus, it might be sufficient to bridge interactions between an otherwise 

not functional MORF1 structure based mutant. Accordingly the analysis of the morf1-2        

T-DNA insertion line, without any functional MORF1 protein, is crucial for further 

elucidating how exactly MORF1 contributes to RNA editosomes. 

Initial morf1-2 complementation trials support these findings. Both C85S and L164A based 

constructs, complementing at least most RNA editing sites affected in morf1-1        (Fig. 20), 

also rescued the morf1-2 embryolethal phenotype (Fig. 21B&C) while L164E based costructs 

did not (Fig. 20, Fig. 21B&C). However, since only up to two individuals were examined 

additional rounds of selection are necessary to confirm this complementation pattern and to 

investigate the RNA editing phenotype of rescued, homozygous morf1-2 mutant plants 

subsequently. 

Overall, these findings strongly suggest that MORF proteins dimerize via the described 

hydrophobic interface and that dimerization is necessary for their RNA editing function. 

Furthermore, in consistency with the proposed interface, L164 represents a crucial residue 

necessary for both efficient dimerization and RNA editing. Nevertheless, higher order 

multimerization as observed in the MORF1 crystal structure cannot be ruled out completely.  

5.3 MORF protein function in RNA editosomes 

As described earlier MORF proteins were suggested to act as linkers recruiting other 

editosome co-factors potentially also harboring the catalytic moiety (Takenaka et al., 2012). 

Previously, several studies indeed showed MORF-MORF and MORF-PPR interactions 

supporting this hypothesis (Bayer-Császár et al., 2017; Bentolila et al., 2012; Takenaka et al., 

2012; Zehrmann et al., 2015). Presuming that MORF-PPR interactions are essential for 
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respective plant editosomes, at least complementing MORF mutant constructs should be able 

to still bind PPR proteins. Surprisingly, no mutant constructs investiged in this thesis were 

able to bind any tested PPR protein in yeast (Fig. 18). Considering that some of these 

constructs are able to complement the morf1-1 phenotype (Fig. 19&20) and the morf1-2 

phenotype (Fig. 21B&C) either direct MORF1-PPR connection is not as relevant or a dimer 

with endogenous MORF proteins might be able to connect to the PPR protein successfully 

restoring editing at the respective site. 

Recently, a crystallization study of MORF9 proposed another working model for MORF 

proteins by demonstrating binding of a MORF monomer to PPR stretches improving their 

affinity to RNA by conformational change (Yan et al., 2017). As the interface of the reported 

MORF9-PPR structure overlaps with the interface necessary for MORF dimerization these 

findings are contradictory. Although the similarity of MORF1 to the subtilisin PA domain 

(Appendix, Fig. 33), also working by inducing a conformational change, harmonizes with the 

hypothesis of Yan et al. other evidence is pointing towards biological relevance of the 

reported MORF-MORF interface. Since the examined PPR stretches were artificial, the 

reported interface and conformational change might be artificial as well. Especially missing 

C-terminal extentions such as the E domain, proposed as main interaction surface for MORF 

recruitment (Bayer-Császár et al., 2017; Hayes et al., 2013; Okuda et al., 2007), may distort 

the interaction in comparison to native PPR proteins. Moreover, structure based mutant 

constructs complementing the morf1-1 phenotype (Fig. 19&20) and the morf1-2 phenotype 

(Fig. 21B&C) did not show any PPR binding capabilities (Fig. 18) highlighting that direct 

interaction between MORF1 and a PPR protein is not essential. A crystal structure of MORF2 

also revealed MORF homodimerization similar as for MORF1 (Yang et al., 2018). Even 

though the authors also proposed switching towards a monomeric form when building up the 

editosome. This hypothesis is at least debatable as it was already described that MORF 

proteins act as dimer, enhancing the binding of one another to certain PPR proteins (Glass et 

al., 2015). Another possible explanation for the contradictory findings of monomeric and 

dimeric MORF structures might be a second less likely interface described for MORF1 

(Appendix, Fig. 30). This interface may provide the surface for MORF-MORF ineraction by 

residues 184-188 while not interfering with PPR binding described by Yan et al. in 2017. 

Though, MORF1 fragments only consisting of residues 178 to 241 were not sufficient to 

ensure dimerization challenging this assumption (Zehrmann et al., 2015). 
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In a nutshell the mode of action of MORF proteins within plant editosomes is still not fully 

understood yet, although several independent studies suggest that dimerization such as 

described for MORF1 is biologically relevant (Glass et al., 2015; Haag et al., 2017; Yang et 

al., 2018). The results of this thesis strongly suggest that dimerization is necessary for the 

functionality of MORF proteins. Future studies based on the reported structures are necessary 

to further clarify how MORFs contribute to the RNA editing process. This includes both 

additional and more detailed interaction studies, preferably in planta e.g. using luciferase 

assays and complementation assays using MORF knockout lines.  
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Figure 22 | Plasmid map of pAHG-MCS41. pAHG-MCS41 contains pVS1 StaA, pVS1 RepA, bom, ori, kanR, CaMV 

poly(A) signal, LB T-DNA repeat, blpR, CaMV 35S promoter (enhanced), CAP binding site, lac promoter, lac operator, NOS 

terminator, 8xHis, CaMV 35S promoter, RB T-DNA repeat 

 

Figure 23 | Plasmid map of pENTR-MCS41. pENTR-MCS41 contains rrnB T1 terminator, rrnB T2 terminator, attL1, 

ccdB, attL2, kanR, ori. 



9. Appendix 

 

76 

 

Figure 24 | Plasmid map of pET41-a-GFP. pET41-a-GFP contains T7 terminator, 8xHis, GFP, enterokinase site, S-Tag, 

thrombin site, 6xHis, GST, RBS, lac operator, T7 promoter, lacI promoter, lacI, rop, bom, ori, kanR, f1 ori. 

   

 

Figure 25 | Plasmid map of pETM11. pETM11 contains T7 terminator, 6xHis, Kozak sequence, TEV site, 6xHis, lac 

operator, T7 promoter, lacI promoter, lacI, rop, bom, ori, kanR, f1 ori. 
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Figure 26 | Plasmid map of pGADT-MCS41. pGADT-MCS41 contains ADH1 promoter, SV40 NLS, GAL4 activation 

domain, T7 promoter, Kozak sequence, HA tag, ADH1 terminator, LEU2, LEU2 promoter, lac operator, lac promoter, CAP 

binding site, loxP, loxP, ori, ampR, ampR promoter, 2µ ori. 

 

 

Figure 27 | Plasmid map of pGBKT-MCS41. pGBKT-MCS41 contains ADH1 promoter, GAL4 DNA binding domain, T7 

promoter, Myc, T7 terminator, ADH1 terminator, lac operator, lac promoter, ori, HSV TK poly(A) signal, neoR/kanR, ampR 

promoter, 2µ ori, TRP1 promoter, TRP1, f1 ori. 
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Figure 28 | Plasmid map of pMAL-TEV-MCS41. pMAL-TEV-MCS41 contains lacIq promoter, lacI, tac promoter, lac 

operator, MBP, TEV site, 8xHis, rrnB T1 terminator, rrnB T2 terminator, ampR promoter, ampR, M13 ori, ori, bom, rop. 

 

Figure 29 | Plasmid map of pMP-GWB102. pMP-GWB102 contains RB T-DNA repeat, CaMV 35S promoter, attR1, lac 

UV5 promoter, cmR, ccdB, attR2, lac operator, lac promoter, CAP binding site, CaMV poly(A) signal, hygR, CaMV 35S 

promoter (enhanced), LB T-DNA repeat, smR, ori, bom, oriV, pVS1 RepA, pVS1 StaA. 
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Figure 30 | Structural basis for putative higher order multimerization. A central MORF179–190 molecule (marine blue) 

forms a tight symmetrical dimer via a hydrophobic interaction surface with a second MORF179–190 molecule (orange). A third 

MORF179–190 molecule (red) may interact via the C-terminal β-sheet 7. (Modified according to Haag et al., 2017, distributed 

under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/legalcode.) 

 

 

 

 

Figure 31 | Flexibility of the central tetrameric interface in two crystal lattices. P1 (marine) and P21 (grey) crystal 

structures of tetrameric MORF179-190 superimposed. Inset – Close up view illustrates the intrinsic flexibility of the central 

interface. Disulfide bridges are shown as sticks. Carbon – as for the respective molecule ; sulfur – yellow. (Modified 

according to Haag et al., 2017, distributed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/legalcode.) 

https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode
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Figure 32 | Structure of the MORF986–186 MORF domain and its dimerization in relation to MORF1. (A) Overview of 

the MORF986–186 structure. A central MORF986–186 molecule (teal) forms a tight nearly symmetrical head-to-head dimer via a 

hydrophobic interaction surface with a second MORF986–186 molecule (yellow). (B) Close-up view of the main hydrophobic 

protein–protein interface of MORF986–186 shown in (A). (C&D) Comparison of the hydrophobic dimerization interfaces of 

MORF179–190 and MORF986–186. The selection of interacting residues is limited to positional or sequence identities shared by 

MORF1 and MORF9. Interacting residues are shown as sticks and colored by atom type. Carbon – as for the respective 

molecule; nitrogen – blue; oxygen – red; sulfur – yellow. Water oxygens are shown as green spheres. Dashed lines between 

atoms represent hydrogen bonds. Rotation symbols indicate views relative to Figure 2A. (Modified according to Haag et al., 

2017, distributed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/legalcode.) 

 

 

https://creativecommons.org/licenses/by/4.0/legalcode
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Figure 33 | The MORF domain resembles a subtilisin PA domain. Left – human pro-protein convertase subtilisin/kexin 

type 9 (gray) with its protease associated (PA) domain (green), (PDB ID: 2W2N). Center panel – Close-up view of a 

superimposition of MORF179–190 (marine blue) and the PA domain (green). Right panel – side-view of the superimposition 

(center panel) illustrating the configuration of β-sheet 1 of the PA domain. Colors as in center panel. (Modified according to 

Haag et al., 2017, distributed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/legalcode.) 

 

 

 

Figure 34 | Yeast two-hybrid autoinduction controls. Yeast colony growth of the MORF and PPR proteins fused to either 

the GAL4 activation (AD) or binding domain (BD) after 6 days on control medium lacking tryptophan and leucine (SD-TL) 

and selection medium lacking tryptophan, leucine, histidine and andenine (SD-TLHA) containing different concentrations of 

3AT. 

  

https://creativecommons.org/licenses/by/4.0/legalcode


9. Appendix 

 

82 

 

Figure 35 | Purification of prey fusion-proteins used for pull-down assays by His and GST tag. Shown are SDS-Gel 

coomassie stainings of all six proteins used as prey for pull down assays. B – total cell exract before induction; A total cell 

extract after induction;       M – marker; P – pellet; S – supernatant; W – last washing step; E1-E4 – elutions 1 to 4. (A) 

Purification of GST-6xHis-MORF1
61-241

-GFP-8xHis (B) Purification of GST-6xHis-MORF1
61-241,C85S

-GFP-8xHis (C) 

Purification of GST-6xHis-MORF1
61-241,F162A

-GFP-8xHis (D) Purification of GST-6xHis-MORF1
61-241,F162E

-GFP-8xHis (E) 

Purification of GST-6xHis-MORF1
61-241,L164A

-GFP-8xHis (F) Purification of GST-6xHis-MORF1
61-241,L164E

-GFP-8xHis 
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Figure 36 | Amylose resin saturation with MBP-tagged bait proteins. Shown are the respective MBP and  MBP-MORF 

MBP antibody chemiluminescence signals in the respective gel lanes of the respective  pull-down experiments. (A) Pull-

down with MBP-MORF1
61-stop

 (B) Pull-down with MBP-MORF3
46-stop

 (C) Pull-down with MBP-MORF4
61-stop

 (D) Pull-

down with MBP-MORF5
58-stop

 (E) Pull-down with MBP-MORF6
61-stop

 (F) Pull-down with MBP-MORF7
18-stop

 (G) Pull-

down with MBP-MORF8
57-stop

 



9. Appendix 

 

84 

Table 1 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-164 site in Col-0 plants. Shown are the 

RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), standardized values for each editing 

percentage using the mean and standard deviation (Z-Score), the distribution function values assuming the original dataset 

was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing percentage (Δ), the critical Δ for the 

respective sample number. 

Kolmogorov-Smirnov Test 

Col-0 ; ccmB-164 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

94.48575 1 1 0.111111111 -2.17109 0.014962096 -0.09615 

95.7458 1 2 0.222222222 -1.35979 0.086947976 -0.13527 

98.01871 1 3 0.333333333 0.103658 0.541279576 0.207946 

98.19401 1 4 0.444444444 0.216529 0.585712235 0.141268 

98.28386 1 5 0.555555556 0.274377 0.608102391 0.052547 

98.56086 1 6 0.666666667 0.452725 0.674626525 0.00796 

98.8794 1 7 0.777777778 0.657826 0.744675033 -0.0331 

99.27441 1 8 0.888888889 0.912155 0.819156485 -0.06973 

99.27667 1 9 1 0.913614 0.819540256 -0.18046 

       

Mean 97.85772   Δmax=0.207946 

StDev 1.553121   Δ9,0.05=0.43001 
 

Table 2 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-193 site in Col-0 plants. Shown are the 

RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), standardized values for each editing 

percentage using the mean and standard deviation (Z-Score), the distribution function values assuming the original dataset 

was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing percentage (Δ), the critical Δ for the 

respective sample number. 

Kolmogorov-Smirnov Test 

Col-0 ; ccmB-193 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=|F(x)-Sn(x)| 

83.91316 1 1 0.111111111 -1.74029 0.040904325 -0.07021 

86.82498 1 2 0.222222222 -0.8169 0.206992183 -0.01523 

88.27773 1 3 0.333333333 -0.35621 0.360840301 0.027507 

88.42975 1 4 0.444444444 -0.308 0.379039558 -0.0654 

88.65248 1 5 0.555555556 -0.23737 0.40618376 -0.14937 

88.67925 1 6 0.666666667 -0.22889 0.409478797 -0.25719 

91.59175 1 7 0.777777778 0.694716 0.756383473 -0.02139 

93.87496 1 8 0.888888889 1.418759 0.922015362 0.033126 

94.3651 1 9 1 1.57419 0.942278261 -0.05772 

       

Mean 89.40102   
 

 Δmax=0.25719 

StDev 3.153419   Δ9,0.05=0.43001 
  



9. Appendix 

 

85 

Table 3 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-194 site in Col-0 plants. Shown are the 

RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), standardized values for each editing 

percentage using the mean and standard deviation (Z-Score), the distribution function values assuming the original dataset 

was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing percentage (Δ), the critical Δ for the 

respective sample number. 

Kolmogorov-Smirnov Test 

Col-0 ; ccmB-194 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

90.14932 1 1 0.111111111 -2.25195 0.01216266 -0.09895 

93.2546 1 2 0.222222222 -1.18781 0.117454382 -0.10477 

96.18078 1 3 0.333333333 -0.18504 0.426598156 0.093265 

97.45223 1 4 0.444444444 0.25067 0.598965513 0.154521 

98.04435 1 5 0.555555556 0.453585 0.674936193 0.119381 

98.1391 1 6 0.666666667 0.486054 0.686535456 0.019869 

98.97734 1 7 0.777777778 0.773308 0.780330077 0.002552 

99.07969 1 8 0.888888889 0.808382 0.790564761 -0.09832 

99.20931 1 9 1 0.852802 0.803115552 -0.19688 

       

Mean 96.72075   
 

 Δmax=0.154521 

StDev 2.918103   Δ9,0.05=0.43001 
 

Table 4 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-566 site in Col-0 plants. Shown are the 

RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), standardized values for each editing 

percentage using the mean and standard deviation (Z-Score), the distribution function values assuming the original dataset 

was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing percentage (Δ), the critical Δ for the 

respective sample number. 

Kolmogorov-Smirnov Test 

Col-0 ; ccmB-566 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

81.45797 1 1 0.125 -2.05388 0.019993579 -0.10501 

87.70204 1 2 0.25 -1.0316 0.151130378 -0.09887 

91.43631 1 3 0.375 -0.42022 0.337163023 -0.03784 

96.96436 1 4 0.5 0.484839 0.686104801 0.186105 

97.98131 1 5 0.625 0.651334 0.74258463 0.117585 

98.44703 1 6 0.75 0.727583 0.766565577 0.016566 

98.73998 1 7 0.875 0.775544 0.780990919 -0.09401 

99.2949 1 8 1 0.866396 0.806863597 -0.19314 

       

Mean 94.00299   
 

 Δmax=0.186105 

StDev 6.107955   Δ8,0.05=0.45427 
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Table 5 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the cox3-257 site in Col-0 plants. Shown are the 

RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), standardized values for each editing 

percentage using the mean and standard deviation (Z-Score), the distribution function values assuming the original dataset 

was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing percentage (Δ), the critical Δ for the 

respective sample number. 

Kolmogorov-Smirnov Test 

Col-0 ; cox3-257 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

93.2183 1 1 0.111111111 -1.66413 0.048043139 -0.06307 

93.46602 1 2 0.222222222 -1.57654 0.057450871 -0.16477 

95.35856 1 3 0.333333333 -0.90734 0.182113616 -0.15122 

99.27832 1 4 0.444444444 0.47868 0.683917 0.239473 

100 5 9 1 0.733866 0.768484711 -0.23152 

       

Mean 97.92458   Δmax=0.239473 

StDev 2.82807   Δ9,0.05=0.43001 
 

Table 6 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the rpl5-64 site in Col-0 plants. Shown are the RNA 

editing percentages of individual plants, the relative frequency distribution (Sn(X)), standardized values for each editing 

percentage using the mean and standard deviation (Z-Score), the distribution function values assuming the original dataset 

was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing percentage (Δ), the critical Δ for the 

respective sample number. 

Kolmogorov-Smirnov Test 

Col-0 ; rpl5-64 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

49.55306 1 1 0.111111111 -1.6021 0.054566883 -0.05654 

50.74697 1 2 0.222222222 -1.31705 0.093910556 -0.12831 

53.30637 1 3 0.333333333 -0.70599 0.240096094 -0.09324 

55.75221 1 4 0.444444444 -0.12205 0.451430368 0.006986 

56.78112 1 5 0.555555556 0.123605 0.549185961 -0.00637 

57.19544 1 6 0.666666667 0.222522 0.588046297 -0.07862 

59.49754 1 7 0.777777778 0.772151 0.779987355 0.00221 

60.99257 1 8 0.888888889 1.12909 0.87057017 -0.01832 

62.54538 1 9 1 1.499825 0.933170095 -0.06683 

       

Mean 56.26341   Δmax=0.12831 

StDev 4.188471   Δ9,0.05=0.43001 
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Table 7 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-164 site in morf1-1 plants. Shown are the 

RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), standardized values for each editing 

percentage using the mean and standard deviation (Z-Score), the distribution function values assuming the original dataset 

was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing percentage (Δ), the critical Δ for the 

respective sample number. 

Kolmogorov-Smirnov Test 

morf1-1 ; ccmB-164 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

0 7 7 0.777778 -0.52248 0.300667 -0.47711 

0.545777 1 8 0.888889 1.380974 0.916357 0.027468 

0.802522 1 9 1 2.2764 0.988589 -0.01141 

       

Mean 0.149811   Δmax=0.47711 

StDev 0.28673   Δ9,0.05=0.43001 
 

Table 8 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-193 site in morf1-1 plants. Shown are the 

RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), standardized values for each editing 

percentage using the mean and standard deviation (Z-Score), the distribution function values assuming the original dataset 

was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing percentage (Δ), the critical Δ for the 

respective sample number. 

Kolmogorov-Smirnov Test 

morf1-1 ; ccmB-193 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

9.502328 1 1 0.111111 -2.06103 0.01965 -0.09146 

26.0893 1 2 0.222222 -0.65132 0.257419 0.035197 

27.33711 1 3 0.333333 -0.54527 0.292783 -0.04055 

32.59114 1 4 0.444444 -0.09874 0.460674 0.016229 

33.79526 1 5 0.555556 0.0036 0.501436 -0.05412 

33.87723 1 6 0.666667 0.010567 0.504215 -0.16245 

44.02739 1 7 0.777778 0.873218 0.808728 0.03095 

44.46284 1 8 0.888889 0.910227 0.818649 -0.07024 

52.09354 1 9 1 1.558752 0.940472 -0.05953 

       

Mean 33.75291   Δmax=0.16245 

StDev 11.76623   Δ9,0.05=0.43001 
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Table 9 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-194 site in morf1-1 plants. Shown are the 

RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), standardized values for each editing 

percentage using the mean and standard deviation (Z-Score), the distribution function values assuming the original dataset 

was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing percentage (Δ), the critical Δ for the 

respective sample number. 

Kolmogorov-Smirnov Test 

morf1-1 ; ccmB-194 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

26.10592 1 1 0.111111 -1.32288 0.092938 -0.01817 

27.9924 1 2 0.222222 -1.1757 0.119856 -0.10237 

31.04553 1 3 0.333333 -0.93752 0.174247 -0.15909 

32.02206 1 4 0.444444 -0.86133 0.194527 -0.24992 

49.92317 1 5 0.555556 0.535215 0.703749 0.148194 

50.63398 1 6 0.666667 0.590669 0.722629 0.055962 

51.36146 1 7 0.777778 0.647423 0.741321 -0.03646 

58.49395 1 8 0.888889 1.203861 0.885678 -0.00321 

59.98603 1 9 1 1.320265 0.906627 -0.09337 

       

Mean 43.06272   
 

 Δmax=0.24992 

StDev 12.81812   Δ9,0.05=0.43001 
 

Table 10 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-566 site in morf1-1 plants. Shown are the 

RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), standardized values for each editing 

percentage using the mean and standard deviation (Z-Score), the distribution function values assuming the original dataset 

was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing percentage (Δ), the critical Δ for the 

respective sample number. 

Kolmogorov-Smirnov Test 

morf1-1 ; ccmB-566 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

11.89451 1 1 0.125 -1.03949 0.149289 0.024289 

13.21934 1 2 0.25 -0.96174 0.168089 -0.08191 

13.87307 1 3 0.375 -0.92338 0.177904 -0.1971 

16.57879 1 4 0.5 -0.7646 0.222254 -0.27775 

19.17733 1 5 0.625 -0.61212 0.27023 -0.35477 

39.99478 1 6 0.75 0.609487 0.728899 -0.0211 

46.55045 1 7 0.875 0.994185 0.839934 -0.03507 

47.425 1 8 1 1.045506 0.852105 -0.14789 

57.76294 1 9 1.125 1.652155 0.950748 -0.17425 

       

Mean 29.60847   
 

 Δmax=0.35477 

StDev 17.04106   Δ9,0.05=0.43001 
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Table 11 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the cox3-257 site in morf1-1 plants. Shown are the 

RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), standardized values for each editing 

percentage using the mean and standard deviation (Z-Score), the distribution function values assuming the original dataset 

was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing percentage (Δ), the critical Δ for the 

respective sample number. 

Kolmogorov-Smirnov Test 

morf1-1 ; cox3-257 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

16.18335 1 1 0.111111 -1.21478 0.112224 0.001113 

16.98935 1 2 0.222222 -0.97974 0.163606 -0.05862 

18.15931 1 3 0.333333 -0.63857 0.261551 -0.07178 

18.4084 1 4 0.444444 -0.56593 0.285719 -0.15873 

19.29134 1 5 0.555556 -0.30846 0.378867 -0.17669 

19.77052 1 6 0.666667 -0.16872 0.433007 -0.23366 

22.53521 1 7 0.777778 0.637492 0.738098 -0.03968 

25.30009 1 8 0.888889 1.443763 0.925597 0.036708 

26.50442 1 9 1 1.79496 0.96367 -0.03633 

       

Mean 20.34911   Δmax=0.23366 

StDev 3.42922   Δ9,0.05=0.43001 
 

Table 12 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the rpl5-64 site in morf1-1 plants. Shown are the 

RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), standardized values for each editing 

percentage using the mean and standard deviation (Z-Score), the distribution function values assuming the original dataset 

was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing percentage (Δ), the critical Δ for the 

respective sample number. 

Kolmogorov-Smirnov Test 

morf1-1 ; rpl5-64 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

2.718224 1 1 0.111111 -1.27934 0.100389 -0.01072 

3.364269 1 2 0.222222 -1.12604 0.130074 -0.09215 

4.835199 1 3 0.333333 -0.77701 0.218578 -0.11476 

4.961031 1 4 0.444444 -0.74715 0.227487 -0.21696 

7.048114 1 5 0.555556 -0.25191 0.400556 -0.155 

10.82852 1 6 0.666667 0.645134 0.74058 0.073913 

11.61795 1 7 0.777778 0.832456 0.797424 0.019647 

12.84002 1 8 0.888889 1.122439 0.869162 -0.01973 

14.77426 1 9 1 1.581409 0.943108 -0.05689 

       

Mean 8.109731   
 

 Δmax=0.21696 

StDev 4.214296   Δ9,0.05=0.43001 
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Table 13 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-164 site in morf1-1 plants transformed 

with MORF1. Shown are the RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), 

standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution function 

values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing 

percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

MORF1 ; ccmB-164 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

38.41494 1 1 0.333333 -1.35066 0.088402 -0.24493 

80.87808 1 2 0.666667 0.312311 0.622598 -0.04407 

99.41715 1 3 1 1.038351 0.850447 -0.14955 

       

Mean 72.90339   
 

 Δmax=0.24493 

StDev 25.53448   Δ3,0.05=0.7076 
 

Table 14 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-193 site in morf1-1 plants transformed 

with MORF1. Shown are the RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), 

standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution function 

values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing 

percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

MORF1 ; ccmB-193 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

81.72414 1 1 0.333333 -1.41421 0.07865 -0.25468 

100 2 3 1 0.707107 0.76025 -0.23975 

       

Mean 93.90805   
 

 Δmax=0.25468 

StDev 8.615324   Δ3,0.05=0.7076 
 

Table 15 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-194 site in morf1-1 plants transformed 

with MORF1. Shown are the RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), 

standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution function 

values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing 

percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

MORF1 ; ccmB-194 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

82.50781 1 1 0.333333 -1.41421 0.07865 -0.25468 

100 2 3 1 0.707107 0.76025 -0.23975 

       

Mean 94.16927   
 

 Δmax=0.25468 

StDev 8.245898   Δ3,0.05=0.7076 
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Table 16 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-566 site in morf1-1 plants transformed 

with MORF1. Shown are the RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), 

standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution function 

values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing 

percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

MORF1 ; ccmB-566 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

44.04942 1 1 0.333333 -1.2101 0.11312 -0.22021 

70.71539 1 2 0.666667 -0.02878 0.488521 -0.17815 

99.33005 1 3 1 1.238879 0.892305 -0.1077 

       

Mean 71.36495   
 

 Δmax=0.22021 

StDev 22.5729   Δ3,0.05=0.7076 
 

Table 17 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the cox3-257 site in morf1-1 plants transformed 

with MORF1. Shown are the RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), 

standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution function 

values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing 

percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

MORF1 ; cox3-257 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

100 3 3 1 - - - 

       

Mean 100   
 

 - 

StDev 0   Δ3,0.05=0.7076 
 

Table 18 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the rpl5-64 site in morf1-1 plants transformed 

with MORF1. Shown are the RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), 

standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution function 

values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing 

percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

MORF1 ; rpl5-64 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

51.74925 1 1 0.333333 -1.35069 0.088398 -0.24494 

69.26528 1 2 0.666667 0.312398 0.622631 -0.04404 

76.91057 1 3 1 1.038291 0.850433 -0.14957 

       

Mean 65.97503   
 

 Δmax=0.24494 

StDev 10.53225   Δ3,0.05=0.7076 
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Table 19 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-164 site in morf1-1 plants transformed 

with MORF1 C85S. Shown are the RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), 

standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution function 

values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing 

percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

C85S ; ccmB-164 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

25.16556 1 1 0.1 -2.19883 0.013945 -0.08605 

49.34211 1 2 0.2 -0.63062 0.264145 0.064145 

52.86624 1 3 0.3 -0.40203 0.343833 0.043833 

53.43284 1 4 0.4 -0.36527 0.357454 -0.04255 

59.12409 1 5 0.5 0.003889 0.501552 0.001552 

60.05874 1 6 0.6 0.064515 0.52572 -0.07428 

60.89744 1 7 0.7 0.118917 0.54733 -0.15267 

71.60121 1 8 0.8 0.813217 0.791953 -0.00805 

71.98953 1 9 0.9 0.838405 0.799098 -0.1009 

86.16352 1 10 1 1.7578 0.960609 -0.03939 

       

Mean 59.06413   
 

 Δmax=0.15267 

StDev 15.41665   Δ10,0.05=0.40925 

 

Table 20 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-193 site in morf1-1 plants transformed 

with MORF1 C85S. Shown are the RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), 

standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution function 

values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing 

percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

C85S ; ccmB-193 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

52.40084 1 1 0.090909 -1.20588 0.113932 0.023023 

52.73109 1 2 0.181818 -1.18181 0.118641 -0.06318 

55.18732 1 3 0.272727 -1.0028 0.157978 -0.11475 

62.54459 1 4 0.363636 -0.46662 0.320386 -0.04325 

63.86555 1 5 0.454545 -0.37035 0.35556 -0.09899 

65.23605 1 6 0.545455 -0.27047 0.393399 -0.15206 

68.04408 1 7 0.636364 -0.06583 0.473757 -0.16261 

74.32432 1 8 0.727273 0.391865 0.652421 -0.07485 

78.97991 1 9 0.818182 0.731155 0.767658 -0.05052 

89.42918 1 10 0.909091 1.492677 0.932239 0.023148 

95.6778 1 11 1 1.948065 0.974296 -0.0257 

       

Mean 68.94734   
 

 Δmax=0.16261 

StDev 13.72154   Δ11,0.05=0.39122 
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Table 21 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-194 site in morf1-1 plants transformed 

with MORF1 C85S. Shown are the RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), 

standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution function 

values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing 

percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

C85S ; ccmB-194 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

61.2 1 1 0.090909 -0.2072 0.417926 0.327017 

63.286 1 2 0.181818 -0.18018 0.428506 0.246688 

64.11483 1 3 0.272727 -0.16944 0.432725 0.159997 

66.48575 1 4 0.363636 -0.13873 0.444832 0.081196 

72.23301 1 5 0.454545 -0.06428 0.474375 0.019829 

73.40426 1 6 0.545455 -0.0491 0.480418 -0.06504 

76.44444 1 7 0.636364 -0.00972 0.496122 -0.14024 

88.95833 1 8 0.727273 0.152387 0.560559 -0.16671 

91.69742 1 9 0.818182 0.187869 0.574511 -0.24367 

93.87755 1 10 0.909091 0.216111 0.58555 -0.32354 

97.44186 1 11 1 0.262284 0.603449 -0.39655 

       

Mean 77.19486   Δmax=0.39655 

StDev 12.8331   Δ11,0.05=0.39122 
 

Table 22 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-566 site in morf1-1 plants transformed 

with MORF1 C85S. Shown are the RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), 

standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution function 

values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing 

percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

C85S ; ccmB-566 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

20 1 1 0.090909 -2.25502 0.012066 -0.07884 

34.98168 1 2 0.181818 -1.702 0.044377 -0.13744 

72.34043 1 3 0.272727 -0.32298 0.373355 0.100628 

76.94567 1 4 0.363636 -0.15299 0.439204 0.075568 

91.97995 1 5 0.454545 0.401973 0.656148 0.201602 

95.74468 1 6 0.545455 0.54094 0.705726 0.160271 

100 5 11 1 0.698017 0.757417 -0.24258 

       

Mean 81.09022   
 

 Δmax=0.24258 

StDev 27.09073   Δ11,0.05=0.39122 
 

  



9. Appendix 

 

94 

Table 23 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the cox3-257 site in morf1-1 plants transformed 

with MORF1 C85S. Shown are the RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), 

standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution function 

values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing 

percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

C85S ; cox3-257 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

63.46154 1 1 0.125 -1.84186 0.032748 -0.09225 

67.56757 1 2 0.25 -1.55709 0.059724 -0.19028 

91.90476 1 3 0.375 0.130747 0.552012 0.177012 

97.22222 1 4 0.5 0.499525 0.691295 0.191295 

100 4 8 1 0.69217 0.755585 -0.24442 

       

Mean 90.01951   Δmax=0.24442 

StDev 14.41913   Δ8,0.05=0.45427 
 

Table 24 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the rpl5-64 site in morf1-1 plants transformed 

with MORF1 C85S. Shown are the RNA editing percentages of individual plants, the relative frequency distribution (Sn(X)), 

standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution function 

values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each editing 

percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

C85S ; rpl5-64 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

6.699346 1 1 0.083333 -1.7367 0.04122 -0.04211 

8.203125 1 2 0.166667 -1.65949 0.048509 -0.11816 

8.293839 1 3 0.25 -1.65483 0.04898 -0.20102 

42.73128 1 4 0.333333 0.113522 0.545192 0.211858 

47.41235 1 5 0.416667 0.353894 0.638291 0.221624 

48.00759 1 6 0.5 0.384459 0.649681 0.149681 

49.15515 1 7 0.583333 0.443385 0.671257 0.087923 

50.76046 1 8 0.666667 0.525817 0.700492 0.033826 

51.17845 1 9 0.75 0.547281 0.707907 -0.04209 

55.05226 1 10 0.833333 0.7462 0.772227 -0.06111 

58.89145 1 11 0.916667 0.943341 0.827247 -0.08942 

59.86079 1 12 1 0.993116 0.839673 -0.16033 

       

Mean 40.52051   
 

 Δmax=0.221624 

StDev 19.47434   Δ12,0.05=0.37543 
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Table 25 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-164 site in morf1-1 plants transformed 

with MORF1 F162A. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

F162A ; ccmB-164 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

90.97744 1 1 0.1 -2.5806 0.004931 -0.09507 

95.2381 1 2 0.2 -1.01759 0.154438 -0.04556 

97.27891 1 3 0.3 -0.26892 0.393997 0.093997 

99.09091 1 4 0.4 0.395813 0.653878 0.253878 

99.09366 1 5 0.5 0.39682 0.65425 0.15425 

99.35484 1 6 0.6 0.492635 0.688865 0.088865 

99.68051 1 7 0.7 0.612107 0.729767 0.029767 

99.69419 1 8 0.8 0.617125 0.731424 -0.06858 

99.71098 1 9 0.9 0.623286 0.733452 -0.16655 

100 1 10 1 0.729311 0.767094 -0.23291 

       

Mean 98.01195   
 

 Δmax=0.253878 

StDev 2.725923   Δ10,0.05=0.40925 
 

Table 26 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-193 site in morf1-1 plants transformed 

with MORF1 F162A. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

F162A ; ccmB-193 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

32.56228 1 1 0.090909 -2.91217 0.001795 -0.08911 

75.74171 1 2 0.181818 -0.44014 0.329917 0.148099 

78.55918 1 3 0.272727 -0.27884 0.390184 0.117456 

85.41973 1 4 0.363636 0.113927 0.545352 0.181716 

85.52632 1 5 0.454545 0.120029 0.54777 0.093224 

88.51133 1 6 0.545455 0.290921 0.614444 0.06899 

89.07956 1 7 0.636364 0.323453 0.626824 -0.00954 

92.72152 1 8 0.727273 0.531955 0.702621 -0.02465 

94.57014 1 9 0.818182 0.637789 0.738194 -0.07999 

95.03546 1 10 0.909091 0.664429 0.746792 -0.1623 

100 1 11 1 0.948649 0.8286 -0.1714 

       

Mean 83.42975   
 

 Δmax=0.181716 

StDev 17.46721   Δ11,0.05=0.39122 
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Table 27 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-194 site in morf1-1 plants transformed 

with MORF1 F162A. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

F162A ; ccmB-194 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

43.27354 1 1 0.090909 -0.51534 0.303159 0.21225 

80.07449 1 2 0.181818 -0.10317 0.458915 0.277097 

90.24943 1 3 0.272727 0.010793 0.504306 0.231578 

93.03571 1 4 0.363636 0.041999 0.51675 0.153114 

93.14421 1 5 0.454545 0.043214 0.517235 0.062689 

93.9834 1 6 0.545455 0.052613 0.52098 -0.02447 

94.95114 1 7 0.636364 0.063452 0.525297 -0.11107 

97.37828 1 8 0.727273 0.090636 0.536109 -0.19116 

97.53321 1 9 0.818182 0.092371 0.536798 -0.28138 

98.52008 1 10 0.909091 0.103424 0.541187 -0.3679 

100 1 11 1 0.119999 0.547758 -0.45224 

       

Mean 89.28577   
 

 Δmax=0.45224 

StDev 15.43194   Δ11,0.05=0.39122 
 

Table 28 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-566 site in morf1-1 plants transformed 

with MORF1 F162A. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

F162A ; ccmB-566 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

71.15789 1 1 0.071429 -2.82452 0.002368 -0.06906 

83.00153 1 2 0.142857 -1.44352 0.074436 -0.06842 

86.68831 1 3 0.214286 -1.01364 0.155378 -0.05891 

94.49275 1 4 0.285714 -0.10363 0.458733 0.173019 

100 10 14 1 0.53853 0.704895 -0.29511 

       

Mean 95.38146   
 

 Δmax=0.29511 

StDev 8.576186   Δ14,0.05=0.3489 
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Table 29 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the cox3-257 site in morf1-1 plants transformed 

with MORF1 F162A. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

F162A ; cox3-257 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

90.90909 1 1 0.125 -2.17933 0.014654 -0.11035 

95.06726 1 2 0.25 -0.85045 0.197537 -0.05246 

96.50655 1 3 0.375 -0.39048 0.348091 -0.02691 

99.34426 1 4 0.5 0.516403 0.697213 0.197213 

100 4 8 1 0.725965 0.76607 -0.23393 

       

Mean 97.7284   
 

 Δmax=0.23393 

StDev 3.129082   Δ14,0.05=0.45427 
 

Table 30 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the rpl5-64 site in morf1-1 plants transformed 

with MORF1 F162A. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

F162A ; rpl5-64 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

43.49376 1 1 0.083333 -1.12144 0.131049 0.047716 

43.80165 1 2 0.166667 -1.09199 0.13742 -0.02925 

46.40884 1 3 0.25 -0.84254 0.199743 -0.05026 

50.73069 1 4 0.333333 -0.42904 0.333947 0.000614 

51.64114 1 5 0.416667 -0.34193 0.366202 -0.05046 

53.45622 1 6 0.5 -0.16827 0.433186 -0.06681 

53.7234 1 7 0.583333 -0.14271 0.443261 -0.14007 

55.31401 1 8 0.666667 0.009478 0.503781 -0.16289 

58.2996 1 9 0.75 0.295129 0.616052 -0.13395 

59.57447 1 10 0.833333 0.417105 0.661699 -0.17163 

61.63265 1 11 0.916667 0.614025 0.730401 -0.18627 

84.50292 1 12 1 2.802177 0.997462 -0.00254 

       

Mean 55.21495   
 

 Δmax=0.18627 

StDev 10.45187   Δ12,0.05=0.37543 
 

  



9. Appendix 

 

98 

Table 31 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-164 site in morf1-1 plants transformed 

with MORF1 F162E. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

F162E ; ccmB-164 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

21.76166 1 1 0.090909 -1.22397 0.110482 0.019573 

35.48387 1 2 0.181818 -0.7127 0.238015 0.056197 

39.18919 1 3 0.272727 -0.57465 0.282765 0.010038 

39.3617 1 4 0.363636 -0.56822 0.284943 -0.07869 

40.8046 1 5 0.454545 -0.51446 0.303465 -0.15108 

41.01124 1 6 0.545455 -0.50676 0.306161 -0.23929 

41.39344 1 7 0.636364 -0.49252 0.311176 -0.32519 

50.499 1 8 0.727273 -0.15326 0.439096 -0.28818 

92.52747 1 9 0.818182 1.412649 0.92112 0.102939 

99.00662 1 10 0.909091 1.654051 0.950941 0.041851 

99.6988 1 11 1 1.67984 0.953506 -0.04649 

       

Mean 54.61251   
 

 Δmax=0.32519 

StDev 26.83963   Δ10,0.05=0.39122 
 

Table 32 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-193 site in morf1-1 plants transformed 

with MORF1 F162E. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

F162E ; ccmB-193 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

42.93381 1 1 0.076923 -2.47316 0.006696 -0.07023 

56.9161 1 2 0.153846 -1.22326 0.110617 -0.04323 

63.70597 1 3 0.230769 -0.6163 0.26885 0.038081 

68.17326 1 4 0.307692 -0.21696 0.414122 0.106429 

68.76877 1 5 0.384615 -0.16372 0.434975 0.05036 

71.64592 1 6 0.461538 0.093473 0.537236 0.075698 

73.16017 1 7 0.538462 0.228835 0.590501 0.05204 

74.19355 1 8 0.615385 0.321211 0.625975 0.01059 

75.48263 1 9 0.692308 0.436444 0.668743 -0.02357 

76.49007 1 10 0.769231 0.526501 0.70073 -0.0685 

76.60312 1 11 0.846154 0.536607 0.70423 -0.14192 

77.96258 1 12 0.923077 0.658132 0.744773 -0.1783 

91.76755 1 13 1 1.892187 0.970767 -0.02923 

       

Mean 70.60027   
 

 Δmax=0.1783 

StDev 11.18668   Δ13,0.05=0.36143 
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Table 33 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-194 site in morf1-1 plants transformed 

with MORF1 F162E. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

F162E ; ccmB-194 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

51.69903 1 1 0.076923 -2.14413 0.016011 -0.06091 

59.77654 1 2 0.153846 -1.52792 0.063266 -0.09058 

69.61771 1 3 0.230769 -0.77717 0.218529 -0.01224 

72.95455 1 4 0.307692 -0.52262 0.300621 -0.00707 

74.62963 1 5 0.384615 -0.39483 0.346485 -0.03813 

77.89969 1 6 0.461538 -0.14537 0.442211 -0.01933 

83.70497 1 7 0.538462 0.297499 0.616957 0.078496 

87.07038 1 8 0.615385 0.554235 0.710291 0.094906 

87.4502 1 9 0.692308 0.58321 0.720124 0.027816 

90.02268 1 10 0.769231 0.779456 0.782144 0.012914 

92.27273 1 11 0.846154 0.951105 0.829224 -0.01693 

94.12916 1 12 0.923077 1.092726 0.862743 -0.06033 

96.2406 1 13 1 1.2538 0.895043 -0.10496 

       

Mean 79.80522   
 

 Δmax=0.10496 

StDev 13.10845   Δ13,0.05=0.36143 
 

Table 34 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-566 site in morf1-1 plants transformed 

with MORF1 F162E. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

F162E ; ccmB-566 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

44.11765 1 1 0.076923 -2.44908 0.007161 -0.06976 

69.20904 1 2 0.153846 -0.96459 0.167374 0.013528 

71.15789 1 3 0.230769 -0.84929 0.197859 -0.03291 

74.79675 1 4 0.307692 -0.63401 0.263038 -0.04465 

76.94268 1 5 0.384615 -0.50705 0.306061 -0.07855 

81.75439 1 6 0.461538 -0.22237 0.412012 -0.04953 

93.69085 1 7 0.538462 0.483826 0.685745 0.147284 

100 6 13 1 0.857095 0.804304 -0.1957 

       

Mean 85.51302   
 

 Δmax=0.29511 

StDev 16.90242   Δ13,0.05=0. 36143 
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Table 35 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the cox3-257 site in morf1-1 plants transformed 

with MORF1 F162E. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

F162E ; cox3-257 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

77.62128 1 1 0.111111 -1.9419 0.026074 -0.08504 

82.1256 1 2 0.222222 -1.39372 0.081701 -0.14052 

88.06941 1 3 0.333333 -0.67035 0.251317 -0.08202 

96.71533 1 4 0.444444 0.381867 0.64872 0.204276 

97.66667 1 5 0.555556 0.497647 0.690633 0.135078 

100 4 9 1 0.781616 0.78278 -0.21722 

       

Mean 93.57759   
 

 Δmax=0.204276 

StDev 8.216833   Δ9,0.05=0.43001 
 

Table 36 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the rpl5-64 site in morf1-1 plants transformed 

with MORF1 F162E. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

F162E ; rpl5-64 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

43.49376 1 1 0.083333 -1.12144 0.131049 0.047716 

43.80165 1 2 0.166667 -1.09199 0.13742 -0.02925 

46.40884 1 3 0.25 -0.84254 0.199743 -0.05026 

50.73069 1 4 0.333333 -0.42904 0.333947 0.000614 

51.64114 1 5 0.416667 -0.34193 0.366202 -0.05046 

53.45622 1 6 0.5 -0.16827 0.433186 -0.06681 

53.7234 1 7 0.583333 -0.14271 0.443261 -0.14007 

55.31401 1 8 0.666667 0.009478 0.503781 -0.16289 

58.2996 1 9 0.75 0.295129 0.616052 -0.13395 

59.57447 1 10 0.833333 0.417105 0.661699 -0.17163 

61.63265 1 11 0.916667 0.614025 0.730401 -0.18627 

84.50292 1 12 1 2.802177 0.997462 -0.00254 

       

Mean 55.21495   
 

 Δmax=0.18627 

StDev 10.45187   Δ12,0.05=0.37543 
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Table 37 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-164 site in morf1-1 plants transformed 

with MORF1 L164A. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

L164A ; ccmB-164 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

0 3 3 0.333333 -1.23887 0.107696 -0.22564 

2.114804 1 4 0.444444 -1.03526 0.150273 -0.29417 

6.371191 1 5 0.555556 -0.62547 0.265832 -0.28972 

10.38462 1 6 0.666667 -0.23907 0.405527 -0.26114 

20 1 7 0.777778 0.686681 0.753858 -0.02392 

20.58047 1 8 0.888889 0.742567 0.771128 -0.11776 

30.62284 1 9 1 1.709422 0.956314 -0.04369 

       

Mean 12.8677   
 

 Δmax=0.29417 

StDev 10.38663   Δ9,0.05=0.43001 
 

Table 38 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-193 site in morf1-1 plants transformed 

with MORF1 L164A. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

L164A ; ccmB-193 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

38.40304 1 1 0.111111 -2.12675 0.016721 -0.09439 

52.87129 1 2 0.222222 -0.82763 0.203939 -0.01828 

60.55626 1 3 0.333333 -0.13759 0.445281 0.111948 

61.10381 1 4 0.444444 -0.08843 0.464769 0.020324 

61.20332 1 5 0.555556 -0.07949 0.468321 -0.08724 

64.1246 1 6 0.666667 0.182812 0.572527 -0.09414 

66.83417 1 7 0.777778 0.426106 0.664985 -0.11279 

75.48476 1 8 0.888889 1.20285 0.885483 -0.00341 

78.21637 1 9 1 1.448124 0.926209 -0.07379 

       

Mean 62.08862   
 

 Δmax=0.11279 

StDev 11.137   Δ9,0.05=0.43001 
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Table 39 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-194 site in morf1-1 plants transformed 

with MORF1 L164A. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

L164A ; ccmB-194 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

54.0305 1 1 0.111111 -0.21019 0.416759 0.305648 

60.68548 1 2 0.222222 -0.11291 0.455051 0.232829 

62.86509 1 3 0.333333 -0.08105 0.467702 0.134368 

65.94533 1 4 0.444444 -0.03602 0.485632 0.041188 

67.60563 1 5 0.555556 -0.01175 0.495312 -0.06024 

67.6129 1 6 0.666667 -0.01165 0.495354 -0.17131 

73.42074 1 7 0.777778 0.073252 0.529197 -0.24858 

77.44479 1 8 0.888889 0.132075 0.552537 -0.33635 

86.07595 1 9 1 0.258244 0.601891 -0.39811 

       

Mean 68.4096   
 

 Δmax=0.39811 

StDev 8.965129   Δ9,0.05=0.43001 
 

Table 40 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-566 site in morf1-1 plants transformed 

with MORF1 L164A. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

L164A ; ccmB-566 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

60.24259 1 1 0.125 -0.66905 0.251731 0.126731 

61.01083 1 2 0.25 -0.64239 0.260309 0.010309 

64.26799 1 3 0.375 -0.52936 0.298277 -0.07672 

64.39306 1 4 0.5 -0.52502 0.299784 -0.20022 

72.39884 1 5 0.625 -0.2472 0.402375 -0.22262 

72.59332 1 6 0.75 -0.24045 0.404989 -0.34501 

75.6129 1 7 0.875 -0.13567 0.446042 -0.42896 

100 2 9 1.125 0.710621 0.76134 -0.36366 

       

Mean 79.52238   
 

 Δmax=0.42896 

StDev 28.81653   Δ9,0.05=0.43001 
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Table 41 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the cox3-257 site in morf1-1 plants transformed 

with MORF1 L164A. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

L164A ; cox3-257 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

14.71698 1 1 0.111111 -2.08532 0.01852 -0.09259 

56.17647 1 2 0.222222 -0.68816 0.245676 0.023454 

71.96765 1 3 0.333333 -0.15601 0.438014 0.104681 

96.63462 1 4 0.444444 0.675254 0.750243 0.305798 

97.48549 1 5 0.555556 0.703928 0.759261 0.203706 

99.19786 1 6 0.666667 0.761633 0.776861 0.110194 

100 2 8 0.888889 0.788665 0.784846 -0.10404 

       

Mean 76.59701   
 

 Δmax=0.305798 

StDev 29.67418   Δ8,0.05=0.45427 
 

Table 42 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the rpl5-64 site in morf1-1 plants transformed 

with MORF1 L164A. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

L164A ; rpl5-64 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

0 1 1 0.111111 -2.63863 0.004162 -0.10695 

26.39485 1 2 0.222222 -0.34908 0.363513 0.141291 

29.38272 1 3 0.333333 -0.08991 0.464179 0.130846 

33.08271 1 4 0.444444 0.231035 0.591356 0.146912 

34.14013 1 5 0.555556 0.322758 0.626561 0.071005 

34.87544 1 6 0.666667 0.386541 0.650452 -0.01621 

36.20072 1 7 0.777778 0.501498 0.69199 -0.08579 

38.98104 1 8 0.888889 0.74267 0.771159 -0.11773 

40.7155 1 9 1 0.893121 0.814104 -0.1859 

       

Mean 30.41923   
 

 Δmax=0.146912 

StDev 11.52842   Δ9,0.05=0.43001 
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Table 43 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-164 site in morf1-1 plants transformed 

with MORF1 L164E. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

L164E ; ccmB-164 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

2.620968 1 1 0.166667 -1.54892 0.0607 -0.10597 

5.415162 1 2 0.333333 -1.2401 0.107469 -0.22586 

21.38158 1 3 0.5 0.524542 0.700049 0.200049 

21.66378 1 4 0.666667 0.555731 0.710803 0.044136 

23.48178 1 5 0.833333 0.756661 0.775374 -0.05796 

25.25 1 6 1 0.952088 0.829474 -0.17053 

       

Mean 16.63554   
 

 Δmax=0.22586 

StDev 9.047957   Δ6,0.05=0.51926 
 

Table 44 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-193 site in morf1-1 plants transformed 

with MORF1 L164E. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

L164E ; ccmB-193 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

46.86907 1 1 0.166667 -1.83077 0.033568 -0.1331 

63.37449 1 2 0.333333 -0.16687 0.433738 0.100405 

63.88385 1 3 0.5 -0.11552 0.454018 -0.04598 

64.79592 1 4 0.666667 -0.02357 0.490597 -0.17607 

71.63636 1 5 0.833333 0.666009 0.747297 -0.08604 

79.61877 1 6 1 1.47071 0.929315 -0.07068 

       

Mean 65.02974   
 

 Δmax=0.17607 

StDev 9.919717   Δ6,0.05=0.51926 
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Table 45 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-194 site in morf1-1 plants transformed 

with MORF1 L164E. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

L164E ; ccmB-194 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

58.67238 1 1 0.166667 -0.19276 0.423574 0.256907 

69.15888 1 2 0.333333 -0.04848 0.480666 0.147333 

71.68317 1 3 0.5 -0.01375 0.494514 -0.00549 

74.43609 1 4 0.666667 0.024125 0.509624 -0.15704 

78.90088 1 5 0.833333 0.085554 0.534089 -0.29924 

83.24421 1 6 1 0.145311 0.557767 -0.44223 

       

Mean 72.6826   
 

 Δmax=0.44223 

StDev 7.77808   Δ6,0.05=0.51926 
 

Table 46 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the ccmB-566 site in morf1-1 plants transformed 

with MORF1 L164E. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

L164E ; ccmB-566 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

0 1 1 0.166667 -2.00761 0.022343 -0.14432 

36.94268 1 2 0.333333 -0.10139 0.45962 0.126287 

37.33583 1 3 0.5 -0.0811 0.46768 -0.03232 

43.64641 1 4 0.666667 0.244518 0.596585 -0.07008 

57.55814 1 5 0.833333 0.962354 0.832064 -0.00127 

57.9627 1 6 1 0.983229 0.837253 -0.16275 

       

Mean 38.90763   
 

 Δmax=0.16275 

StDev 19.38009   Δ6,0.05=0.51926 
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Table 47 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the cox3-257 site in morf1-1 plants transformed 

with MORF1 L164E. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

L164E ; cox3-257 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

14.87889 1 1 0.166667 -1.19224 0.116584 -0.05008 

17.21311 1 2 0.333333 -0.99605 0.159612 -0.17372 

20.43796 1 3 0.5 -0.72502 0.234221 -0.26578 

35.97734 1 4 0.666667 0.581017 0.719385 0.052719 

42.44694 1 5 0.833333 1.124766 0.869656 0.036322 

43.43164 1 6 1 1.207526 0.886385 -0.11361 

       

Mean 29.06431   
 

 Δmax=0.26578 

StDev 11.89815   Δ6,0.05=0.51926 
 

Table 48 | Kolmogorov-Smirnov test for  RNA editing efficiencies at the rpl5-64 site in morf1-1 plants transformed 

with MORF1 L164E. Shown are the RNA editing percentages of individual plants, the relative frequency distribution 

(Sn(X)), standardized values for each editing percentage using the mean and standard deviation (Z-Score), the distribution 

function values assuming the original dataset was normally distributed (F(x)), the difference of F(x) and Sn(X) for each 

editing percentage (Δ), the critical Δ for the respective sample number. 

Kolmogorov-Smirnov Test 

L164E ; rpl5-64 

Editing [%] Freq Cum Sn(x) Z Score F(x) Δ=F(x)-Sn(x) 

0 2 2 0.333333 -1.47618 0.069948 -0.26339 

5.448718 1 3 0.5 -0.56253 0.286877 -0.21312 

9.090909 1 4 0.666667 0.048195 0.519219 -0.14745 

11.69492 1 5 0.833333 0.484837 0.686104 -0.14723 

17.78291 1 6 1 1.505678 0.933925 -0.06607 

       

Mean 8.80349   
 

 Δmax=0.26339 

StDev 5.963705   Δ6,0.05=0.51926 
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Table 49 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-164 site in Col-0 and morf1-1 

plants. Shown are the editing efficiencies of the respective Col-0 and morf1-1 plants, the corresponding ranks, the rank sum, 

U values calculated with the rank sum and the sample counts, the critical U value for the chosen level of significance. 

Mann-Whitney-U Test 

Col-0 : morf1-1 ; ccmB-164 

 Editing [%] 

 
Ranks 

    n Col-0 morf1-1 
 

Col-0 morf1-1 
  

Col-0 morf1-1 

1 99.27441 0 
 

17 1 
 

Count 9 9 

2 98.56086 0 
 

15 1 
 

Rank sum 126 24 

3 98.28386 0 
 

14 1 
 

U 0 102 

4 98.8794 0 
 

16 1 
    5 98.19401 0 

 
13 1 

 
α 0.05 

 6 95.7458 0.545777 
 

11 8 
 

Tails 2 
 7 99.27667 0 

 
18 1 

 
Umin 0 

 8 94.48575 0.802522 
 

10 9 
 

Ucrit 17 
 9 98.01871 0 

 
12 1 

 
Sig yes 

  Median 
 

∑ 
     98.28386 0 

 
126 24 

     

Table 50 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-193 site in Col-0 and morf1-1 

plants. Shown are the editing efficiencies of the respective Col-0 and morf1-1 plants, the corresponding ranks, the rank sum, 

U values calculated with the rank sum and the sample counts, the critical U value for the chosen level of significance. 

Mann-Whitney-U Test 

Col-0 : morf1-1 ; ccmB-193 

 Editing [%] 

 
Ranks 

    n Col-0 morf1-1 
 

Col-0 morf1-1 
  

Col-0 morf1-1 

1 88.42975 52.09354 
 

13 9 
 

Count 9 9 

2 86.82498 33.79526 
 

11 5 
 

Rank sum 126 45 

3 88.67925 44.46284 
 

15 8 
 

U 0 81 

4 83.91316 26.0893 
 

10 2 
    5 91.59175 33.87723 

 
16 6 

 
α 0.05 

 6 94.3651 27.33711 
 

18 3 
 

Tails 2 
 7 93.87496 32.59114 

 
17 4 

 
Umin 0 

 8 88.27773 44.02739 
 

12 7 
 

Ucrit 17 
 9 88.65248 9.502328 

 
14 1 

 
Sig yes 

  Median 
 

∑ 
     88.65248 33.79526 

 
126 45 
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Table 51 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-194 site in Col-0 and morf1-1 

plants. Shown are the editing efficiencies of the respective Col-0 and morf1-1 plants, the corresponding ranks, the rank sum, 

U values calculated with the rank sum and the sample counts, the critical U value for the chosen level of significance. 

Mann-Whitney-U Test 

Col-0 : morf1-1 ; ccmB-194 

 Editing [%] 

 
Ranks 

    n Col-0 morf1-1 
 

Col-0 morf1-1 
  

Col-0 morf1-1 

1 93.2546 59.98603 
 

11 9 
 

Count 9 9 

2 98.04435 51.36146 
 

14 7 
 

Rank sum 126 45 

3 98.1391 58.49395 
 

15 8 
 

U 0 81 

4 96.18078 27.9924 
 

12 2 
    5 98.97734 49.92317 

 
16 5 

 
α 0.05 

 6 99.20931 32.02206 
 

18 4 
 

Tails 2 
 7 99.07969 26.10592 

 
17 1 

 
Umin 0 

 8 90.14932 50.63398 
 

10 6 
 

Ucrit 17 
 9 97.45223 31.04553 

 
13 3 

 
Sig yes 

  Median 
 

∑ 
     98.04435 49.92317 

 
126 45 

     

Table 52 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-566 site in Col-0 and morf1-1 

plants. Shown are the editing efficiencies of the respective Col-0 and morf1-1 plants, the corresponding ranks, the rank sum, 

U values calculated with the rank sum and the sample counts, the critical U value for the chosen level of significance. 

Mann-Whitney-U Test 

Col-0 : morf1-1 ; ccmB-566 

 Editing [%] 

 
Ranks 

    n Col-0 morf1-1 
 

Col-0 morf1-1 
  

Col-0 morf1-1 

1 81.45797 19.17733 
 

10 5 
 

Count 8 9 

2 87.70204 39.99478 
 

11 6 
 

Rank sum 108 45 

3 99.2949 11.89451 
 

17 1 
 

U 0 72 

4 98.44703 13.21934 
 

15 2 
    5 98.73998 47.425 

 
16 8 

 
α 0.05 

 6 97.98131 46.55045 
 

14 7 
 

Tails 2 
 7 91.43631 13.87307 

 
12 3 

 
Umin 0 

 8 96.96436 16.57879 
 

13 4 
 

Ucrit 15 
 9 

 
57.76294 

  
9 

 
Sig yes 

  Median 
 

∑ 
     97.47284 19.17733 

 
108 45 
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Table 53 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the cox3-257 site in Col-0 and morf1-1 

plants. Shown are the editing efficiencies of the respective Col-0 and morf1-1 plants, the corresponding ranks, the rank sum, 

U values calculated with the rank sum and the sample counts, the critical U value for the chosen level of significance. 

Mann-Whitney-U Test 

Col-0 : morf1-1 ; cox3-257 

 Editing [%] 

 
Ranks 

    n Col-0 morf1-1 
 

Col-0 morf1-1 
  

Col-0 morf1-1 

1 100 19.29134 
 

14 5 
 

Count 9 9 

2 100 16.98935 
 

14 2 
 

Rank sum 116 45 

3 99.27832 26.50442 
 

13 9 
 

U 10 81 

4 100 18.15931 
 

14 3 
    5 100 25.30009 

 
14 8 

 
α 0.05 

 6 93.2183 19.77052 
 

10 6 
 

Tails 2 
 7 93.46602 18.4084 

 
11 4 

 
Umin  10 

 8 95.35856 22.53521 
 

12 7 
 

Ucrit 17 
 9 100 16.18335 

 
14 1 

 
Sig yes 

  Median 
 

∑ 
     100 19.29134 

 
116 45 

     

Table 54 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the rpl5-64 site in Col-0 and morf1-1 plants. 
Shown are the editing efficiencies of the respective Col-0 and morf1-1 plants, the corresponding ranks, the rank sum, U 

values calculated with the rank sum and the sample counts, the critical U value for the chosen level of significance. 

Mann-Whitney-U Test 

Col-0 : morf1-1 ; rpl5-64 

 Editing [%] 

 
Ranks 

    n Col-0 morf1-1 
 

Col-0 morf1-1 
  

Col-0 morf1-1 

1 50.74697 7.048114 
 

11 5 
 

Count 9 9 

2 62.54538 3.364269 
 

18 2 
 

Rank sum 126 45 

3 56.78112 10.82852 
 

14 6 
 

U 0 81 

4 60.99257 11.61795 
 

17 7 
    5 59.49754 12.84002 

 
16 8 

 
α 0.05 

 6 49.55306 4.835199 
 

10 3 
 

Tails 2 
 7 57.19544 4.961031 

 
15 4 

 
Umin 0 

 8 55.75221 14.77426 
 

13 9 
 

Ucrit 17 
 9 53.30637 2.718224 

 
12 1 

 
Sig yes 

  Median 
 

∑ 
     56.78112 7.048114 

 
126 45 
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Table 55 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-164 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1. Shown are the editing efficiencies of the respective Col-0 and morf1-1 plants, 

the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U value for 

the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : MORF1 ; ccmB-164 

 Editing [%] 

 
Ranks 

    n morf1-1 MORF1 
 

morf1-1 MORF1 
  

morf1-1 MORF1 

1 0 99.41715 
 

1 12 
 

Count 9 3 

2 0 80.87808 
 

1 11 
 

Rank sum 24 33 

3 0 38.41494 
 

1 10 
 

U 48 0 

4 0 
  

1 
     5 0 

  
1 

  
α 0.05 

 6 0.545777 
  

8 
  

Tails 2 
 7 0 

  
1 

  
Umin 0 

 8 0.802522 
  

9 
  

Ucrit 4 
 9 0 

  
1 

  
Sig yes 

  Median 
 

∑ 
     0 80.87808 

 
24 33 

     

Table 56 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-164 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 C85S. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : C85S ; ccmB-164 

 Editing [%] 

 
Ranks 

    n morf1-1 C85S 
 

morf1-1 C85S 
  

morf1-1 C85S 

1 0 60.05874 
 

1 15 
 

Count 9 10 

2 0 49.34211 
 

1 11 
 

Rank sum 24 144 

3 0 60.89744 
 

1 16 
 

U 111 1 

4 0 86.16352 
 

1 18 
    5 0 53.43284 

 
1 13 

 
α 0.05 

 6 0.545777 71.60121 
 

8 17 
 

Tails 2 
 7 0 25.16556 

 
1 10 

 
Umin 1 

 8 0.802522 59.12409 
 

9 14 
 

Ucrit 20 
 9 0 52.86624 

 
1 12 

 
Sig yes 

 10 
 

71.98953 
  

18 
     Median 

 
∑ 

     0 59.59141 
 

24 144 
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Table 57 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-164 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 F162A. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : F162A ; ccmB-164 

 Editing [%] 

 
Ranks 

    n morf1-1 F162A 
 

morf1-1 F162A 
  

morf1-1 F162A 

1 0 99.68051 
 

1 16 
 

Count 9 10 

2 0 100 
 

1 19 
 

Rank sum 24 145 

3 0 99.71098 
 

1 18 
 

U 111 0 

4 0 99.09091 
 

1 13 
    5 0 95.2381 

 
1 11 

 
α 0.05 

 6 0.545777 99.09366 
 

8 14 
 

Tails 2 
 7 0 90.97744 

 
1 10 

 
Umin 0 

 8 0.802522 99.35484 
 

9 15 
 

Ucrit 20 
 9 0 99.69419 

 
1 17 

 
Sig yes 

 10 
 

97.27891 
 

1 12 
     Median 

 
∑ 

     0 99.22425 
 

24 145 
     

Table 58 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-164 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 F162E. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : F162E ; ccmB-164 

 Editing [%] 

 
Ranks 

    n morf1-1 F162E 
 

morf1-1 F162E 
  

morf1-1 F162E 

1 0 41.01124 
 

1 15 
 

Count 9 11 

2 0 99.00662 
 

1 19 
 

Rank sum 24 165 

3 0 41.39344 
 

1 16 
 

U 120 0 

4 0 99.6988 
 

1 20 
    5 0 39.3617 

 
1 13 

 
α 0.05 

 6 0.545777 21.76166 
 

8 10 
 

Tails 2 
 7 0 40.8046 

 
1 14 

 
Umin 0 

 8 0.802522 92.52747 
 

9 18 
 

Ucrit 23 
 9 0 39.18919 

 
1 12 

 
Sig yes 

 10 
 

35.48387 
  

11 
    11 

 
50.499 

  
17 

     Median 
 

∑ 
     0 41.01124 

 
24 165 
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Table 59 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-164 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 L164A. Shown are the editing efficiencies of the respective Col-0 and   

morf1-1 plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the 

critical U value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : L164A ; ccmB-164 

 Editing [%] 

 
Ranks 

    n morf1-1 L164A 
 

morf1-1 L164A 
  

morf1-1 L164A 

1 0 2.114804 
 

1 13 
 

Count 9 9 

2 0 6.371191 
 

1 14 
 

Rank sum 30 96 

3 0 10.38462 
 

1 15 
 

U 96 30 

4 0 20.58047 
 

1 17 
    5 0 0 

 
1 1 

 
α 0.05 

 6 0.545777 0 
 

11 1 
 

Tails 2 
 7 0 20 

 
1 16 

 
Umin 30 

 8 0.802522 0 
 

12 1 
 

Ucrit 17 
 9 0 30.62284 

 
1 18 

 
Sig no 

  Median 
 

∑ 
     0 6.371191 

 
30 96 

     

Table 60 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-164 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 L164E. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : L164E ; ccmB-164 

 Editing [%] 

 
Ranks 

    n morf1-1 L164E 
 

morf1-1 L164E 
  

morf1-1 L164E 

1 0 5.415162 
 

1 11 
 

Count 9 6 

2 0 23.48178 
 

1 14 
 

Rank sum 24 75 

3 0 21.38158 
 

1 12 
 

U 75 0 

4 0 2.620968 
 

1 10 
    5 0 25.25 

 
1 15 

 
α 0.05 

 6 0.545777 21.66378 
 

8 13 
 

Tails 2 
 7 0 

  
1 

  
Umin 0 

 8 0.802522 
  

9 
  

Ucrit 10 
 9 0 

  
1 

  
Sig yes 

  Median 
 

∑ 
     0 21.52268 

 
24 75 
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Table 61 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-193 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1. Shown are the editing efficiencies of the respective Col-0 and morf1-1 plants, 

the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U value for 

the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : MORF1 ; ccmB-193 

 Editing [%] 

 
Ranks 

    n morf1-1 MORF1 
 

morf1-1 MORF1 
  

morf1-1 MORF1 

1 52.09354 100 
 

9 11 
 

Count 9 3 

2 33.79526 81.72414 
 

5 10 
 

Rank sum 45 32 

3 44.46284 100 
 

8 11 
 

U 27 1 

4 26.0893 
  

2 
     5 33.87723 

  
6 

  
α 0.05 

 6 27.33711 
  

3 
  

Tails 2 
 7 32.59114 

  
4 

  
Umin 1 

 8 44.02739 
  

7 
  

Ucrit 4 
 9 9.502328 

  
1 

  
Sig yes 

  Median 
 

∑ 
     33.79526 100 

 
45 32 

     

Table 62 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-193 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 C85S. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : C85S ; ccmB-193 

 Editing [%] 

 
Ranks 

    n morf1-1 C85S 
 

morf1-1 C85S 
  

morf1-1 C85S 

1 52.09354 62.54459 
 

9 13 
 

Count 9 11 

2 33.79526 65.23605 
 

5 15 
 

Rank sum 45 165 

3 44.46284 89.42918 
 

8 19 
 

U 99 0 

4 26.0893 74.32432 
 

2 17 
    5 33.87723 52.40084 

 
6 10 

 
α 0.05 

 6 27.33711 95.6778 
 

3 20 
 

Tails 2 
 7 32.59114 52.73109 

 
4 11 

 
Umin 0 

 8 44.02739 68.04408 
 

7 16 
 

Ucrit 23 
 9 9.502328 55.18732 

 
1 12 

 
Sig yes 

 10 
 

63.86555 
  

14 
    11 

 
78.97991 

  
18 

     Median 
 

∑ 
     33.79526 64.5508 

 
45 165 
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Table 63 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-193 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 F162A. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : F162A ; ccmB-193 

 Editing [%] 

 
Ranks 

    n morf1-1 F162A 
 

morf1-1 F162A 
  

morf1-1 F162A 

1 52.09354 95.03546 
 

10 19 
 

Count 9 11 

2 33.79526 32.56228 
 

6 4 
 

Rank sum 51 159 

3 44.46284 100 
 

9 20 
 

U 93 6 

4 26.0893 94.57014 
 

2 18 
    5 33.87723 92.72152 

 
7 17 

 
α 0.05 

 6 27.33711 75.74171 
 

3 11 
 

Tails 2 
 7 32.59114 78.55918 

 
5 12 

 
Umin 6 

 8 44.02739 89.07956 
 

8 16 
 

Ucrit 23 
 9 9.502328 88.51133 

 
1 15 

 
Sig yes 

 10 
 

85.52632 
  

14 
    11 

 
85.41973 

  
13 

     Median 
 

∑ 
     33.79526 88.79545 

 
51 159 

     

Table 64 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-193 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 F162E. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : F162E ; ccmB-193 

 Editing [%]  Ranks     

n morf1-1 F162E 
 

morf1-1 F162E 
  

morf1-1 F162E 

1 52.09354 76.49007 
 

10 19 
 

Count 9 13 

2 33.79526 91.76755 
 

5 22 
 

Rank sum 48 205 

3 44.46284 76.60312 
 

9 20 
 

U 114 3 

4 26.0893 77.96258 
 

2 21 
    5 33.87723 73.16017 

 
6 16 

 
α 0.05 

 6 27.33711 63.70597 
 

3 12 
 

Tails 2 
 7 32.59114 68.17326 

 
4 13 

 
Umin 3 

 8 44.02739 75.48263 
 

8 18 
 

Ucrit 28 
 9 9.502328 71.64592 

 
1 15 

 
Sig yes 

 10 
 

74.19355 
  

17 
    11 

 
56.9161 

  
11 

    12 
 

68.76877 
  

14 
    13 

 
42.93381 

  
7 

     Median 
 

∑ 
     33.79526 73.16017 

 
48 205 
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Table 65 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-193 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 L164A. Shown are the editing efficiencies of the respective Col-0 and   

morf1-1 plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the 

critical U value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : L164A ; ccmB-193 

 Editing [%] 

 
Ranks 

    n morf1-1 L164A 
 

morf1-1 L164A 
  

morf1-1 L164A 

1 52.09354 38.40304 
 

10 7 
 

Count 9 9 

2 33.79526 52.87129 
 

5 11 
 

Rank sum 48 123 

3 44.46284 61.20332 
 

9 14 
 

U 78 3 

4 26.0893 78.21637 
 

2 18 
    5 33.87723 66.83417 

 
6 16 

 
α 0.05 

 6 27.33711 60.55626 
 

3 12 
 

Tails 2 
 7 32.59114 64.1246 

 
4 15 

 
Umin 3 

 8 44.02739 61.10381 
 

8 13 
 

Ucrit 17 
 9 9.502328 75.48476 

 
1 17 

 
Sig yes 

  Median 
 

∑ 
     33.79526 61.20332 

 
48 123 

     

Table 66 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-193 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 L164E. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : L164E ; ccmB-193 

 Editing [%] 

 
Ranks 

    n morf1-1 L164E 
 

morf1-1 L164E 
  

morf1-1 L164E 

1 52.09354 46.86907 
 

10 9 
 

Count 9 6 

2 33.79526 63.37449 
 

5 11 
 

Rank sum 46 74 

3 44.46284 63.88385 
 

8 12 
 

U 53 1 

4 26.0893 64.79592 
 

2 13 
    5 33.87723 71.63636 

 
6 14 

 
α 0.05 

 6 27.33711 79.61877 
 

3 15 
 

Tails 2 
 7 32.59114 

  
4 

  
Umin 1 

 8 44.02739 
  

7 
  

Ucrit 10 
 9 9.502328 

  
1 

  
Sig yes 

  Median 
 

∑ 
     33.79526 64.33988 

 
46 74 
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Table 67 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-194 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1. Shown are the editing efficiencies of the respective Col-0 and morf1-1 plants, 

the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U value for 

the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : MORF1 ; ccmB-194 

 Editing [%] 

 
Ranks 

    n morf1-1 MORF1 
 

morf1-1 MORF1 
  

morf1-1 MORF1 

1 59.98603 100 
 

9 11 
 

Count 9 3 

2 51.36146 82.50781 
 

7 10 
 

Rank sum 45 32 

3 58.49395 100 
 

8 11 
 

U 27 1 

4 27.9924 
  

2 
     5 49.92317 

  
5 

  
α 0.05 

 6 32.02206 
  

4 
  

Tails 2 
 7 26.10592 

  
1 

  
Umin 1 

 8 50.63398 
  

6 
  

Ucrit 4 
 9 31.04553 

  
3 

  
Sig yes 

  Median 
 

∑ 
     49.92317 100 

 
45 32 

     

Table 68 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-194 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 C85S. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : C85S ; ccmB-194 

 Editing [%] 

 
Ranks 

    n morf1-1 C85S 
 

morf1-1 C85S 
  

morf1-1 C85S 

1 59.98603 66.48575 
 

9 13 
 

Count 9 11 

2 51.36146 72.23301 
 

7 14 
 

Rank sum 45 165 

3 58.49395 93.87755 
 

8 19 
 

U 99 0 

4 27.9924 88.95833 
 

2 17 
    5 49.92317 64.11483 

 
5 12 

 
α 0.05 

 6 32.02206 97.44186 
 

4 20 
 

Tails 2 
 7 26.10592 61.2 

 
1 10 

 
Umin 0 

 8 50.63398 76.44444 
 

6 16 
 

Ucrit 23 
 9 31.04553 63.286 

 
3 11 

 
Sig yes 

 10 
 

73.40426 
  

15 
    11 

 
91.69742 

  
18 

     Median 
 

∑ 
     49.92317 72.81863 

 
45 165 
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Table 69 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-194 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 F162A. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : F162A ; ccmB-194 

 Editing [%] 

 
Ranks 

    n morf1-1 F162A 
 

morf1-1 F162A 
  

morf1-1 F162A 

1 59.98603 97.53321 
 

10 18 
 

Count 9 11 

2 51.36146 43.27354 
 

8 5 
 

Rank sum 50 160 

3 58.49395 100 
 

9 20 
 

U 94 5 

4 27.9924 98.52008 
 

2 19 
    5 49.92317 97.37828 

 
6 17 

 
α 0.05 

 6 32.02206 80.07449 
 

4 11 
 

Tails 2 
 7 26.10592 90.24943 

 
1 12 

 
Umin 5 

 8 50.63398 93.03571 
 

7 13 
 

Ucrit 23 
 9 31.04553 93.9834 

 
3 15 

 
Sig yes 

 10 
 

93.14421 
  

14 
    11 

 
94.95114 

  
16 

     Median 
 

∑ 
     49.92317 93.56381 

 
50 160 

     

Table 70 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-194 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 F162E. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : F162E ; ccmB-194 

 Editing [%] 

 
Ranks 

    n morf1-1 F162E 
 

morf1-1 F162E 
  

morf1-1 F162E 

1 59.98603 87.4502 
 

11 18 
 

Count 9 13 

2 51.36146 96.2406 
 

7 22 
 

Rank sum 48 205 

3 58.49395 87.07038 
 

9 17 
 

U 114 3 

4 27.9924 94.12916 
 

2 21 
    5 49.92317 83.70497 

 
5 16 

 
α 0.05 

 6 32.02206 74.62963 
 

4 14 
 

Tails 2 
 7 26.10592 69.61771 

 
1 12 

 
Umin 3 

 8 50.63398 92.27273 
 

6 20 
 

Ucrit 28 
 9 31.04553 77.89969 

 
3 15 

 
Sig yes 

 10 
 

90.02268 
  

19 
    11 

 
59.77654 

  
10 

    12 
 

72.95455 
  

13 
    13 

 
51.69903 

  
8 

     Median 
 

∑ 
     49.92317 83.70497 

 
48 205 
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Table 71 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-194 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 L164A. Shown are the editing efficiencies of the respective Col-0 and   

morf1-1 plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the 

critical U value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : L164A ; ccmB-194 

 Editing [%] 

 
Ranks 

    n morf1-1 L164A 
 

morf1-1 L164A 
  

morf1-1 L164A 

1 59.98603 54.0305 
 

10 8 
 

Count 9 9 

2 51.36146 60.68548 
 

7 11 
 

Rank sum 47 124 

3 58.49395 67.60563 
 

9 14 
 

U 79 2 

4 27.9924 86.07595 
 

2 18 
    5 49.92317 65.94533 

 
5 13 

 
α 0.05 

 6 32.02206 67.6129 
 

4 15 
 

Tails 2 
 7 26.10592 73.42074 

 
1 16 

 
Umin 2 

 8 50.63398 62.86509 
 

6 12 
 

Ucrit 17 
 9 31.04553 77.44479 

 
3 17 

 
Sig yes 

  Median 
 

∑ 
     49.92317 67.60563 

 
47 124 

     

Table 72 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-194 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 L164E. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : L164E ; ccmB-194 

 Editing [%] 

 
Ranks 

    n morf1-1 L164E 
 

morf1-1 L164E 
  

morf1-1 L164E 

1 59.98603 58.67238 
 

10 9 
 

Count 9 6 

2 51.36146 71.68317 
 

7 12 
 

Rank sum 46 74 

3 58.49395 74.43609 
 

8 13 
 

U 53 1 

4 27.9924 69.15888 
 

2 11 
    5 49.92317 78.90088 

 
5 14 

 
α 0.05 

 6 32.02206 83.24421 
 

4 15 
 

Tails 2 
 7 26.10592 

  
1 

  
Umin 1 

 8 50.63398 
  

6 
  

Ucrit 10 
 9 31.04553 

  
3 

  
Sig yes 

  Median 
 

∑ 
     49.92317 73.05963 

 
46 74 
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Table 73 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-566 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1. Shown are the editing efficiencies of the respective Col-0 and morf1-1 plants, 

the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U value for 

the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : MORF1 ; ccmB-566 

 Editing [%] 

 
Ranks 

    n morf1-1 MORF1 
 

morf1-1 MORF1 
  

morf1-1 MORF1 

1 19.17733 99.33005 
 

5 12 
 

Count 9 3 

2 39.99478 70.71539 
 

6 11 
 

Rank sum 48 30 

3 11.89451 44.04942 
 

1 7 
 

U 24 3 

4 13.21934 
  

2 
     5 47.425 

  
9 

  
α 0.05 

 6 46.55045 
  

8 
  

Tails 2 
 7 13.87307 

  
3 

  
Umin 3 

 8 16.57879 
  

4 
  

Ucrit 4 
 9 57.76294 

  
10 

  
Sig yes 

  Median 
 

∑ 
     19.17733 70.71539 

 
48 30 

     

Table 74 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-566 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 C85S. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : C85S ; ccmB-566 

 Editing [%] 

 
Ranks 

    n morf1-1 C85S 
 

morf1-1 C85S 
  

morf1-1 C85S 

1 19.17733 100 
 

5 16 
 

Count 9 11 

2 39.99478 72.34043 
 

8 12 
 

Rank sum 53 147 

3 11.89451 100 
 

1 16 
 

U 91 18 

4 13.21934 100 
 

2 16 
    5 47.425 100 

 
10 16 

 
α 0.05 

 6 46.55045 95.74468 
 

9 15 
 

Tails 2 
 7 13.87307 91.97995 

 
3 14 

 
Umin 18 

 8 16.57879 20 
 

4 6 
 

Ucrit 23 
 9 57.76294 76.94567 

 
11 13 

 
Sig yes 

 10 
 

100 
  

16 
    11 

 
34.98168 

  
7 

     Median 
 

∑ 
     19.17733 97.87234 

 
53 147 
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Table 75 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-566 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 F162A. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : F162A ; ccmB-566 

 Editing [%] 

 
Ranks 

    n morf1-1 F162A 
 

morf1-1 F162A 
  

morf1-1 F162A 

1 19.17733 100 
 

5 14 
 

Count 9 14 

2 39.99478 100 
 

6 14 
 

Rank sum 45 186 

3 11.89451 83.00153 
 

1 11 
 

U 126 45 

4 13.21934 100 
 

2 14 
    5 47.425 86.68831 

 
8 12 

 
α 0.05 

 6 46.55045 100 
 

7 14 
 

Tails 2 
 7 13.87307 100 

 
3 14 

 
Umin 45 

 8 16.57879 94.49275 
 

4 13 
 

Ucrit 31 
 9 57.76294 100 

 
9 14 

 
Sig yes 

 10 
 

100 
  

14 
    11 

 
100 

  
14 

    12 
 

100 
  

14 
    13 

 
71.15789 

  
10 

    14 
 

100 
  

14 
     Median 

 
∑ 

     19.17733 100 
 

45 186 
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Table 76 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-566 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 F162E. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : F162E ; ccmB-566 

 Editing [%] 

 
Ranks 

    n morf1-1 F162E 
 

morf1-1 F162E 
  

morf1-1 F162E 

1 19.17733 44.11765 
 

5 7 
 

Count 9 13 

2 39.99478 93.69085 
 

6 16 
 

Rank sum 48 190 

3 11.89451 76.94268 
 

1 14 
 

U 114 18 

4 13.21934 81.75439 
 

2 15 
    5 47.425 74.79675 

 
9 13 

 
α 0.05 

 6 46.55045 100 
 

8 17 
 

Tails 2 
 7 13.87307 69.20904 

 
3 11 

 
Umin 18 

 8 16.57879 100 
 

4 17 
 

Ucrit 28 
 9 57.76294 100 

 
10 17 

 
Sig yes 

 10 
 

100 
  

17 
    11 

 
100 

  
17 

    12 
 

71.15789 
  

12 
    13 

 
100 

  
17 

     Median 
 

∑ 
     19.17733 93.69085 

 
48 190 
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Table 77 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-566 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 L164A. Shown are the editing efficiencies of the respective Col-0 and   

morf1-1 plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the 

critical U value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : L164A ; ccmB-566 

 Editing [%] 

 
Ranks 

    n morf1-1 L164A 
 

morf1-1 L164A 
  

morf1-1 L164A 

1 19.17733 64.39306 
 

5 13 
 

Count 9 9 

2 39.99478 60.24259 
 

6 10 
 

Rank sum 45 125 

3 11.89451 61.01083 
 

1 11 
 

U 81 1 

4 13.21934 75.6129 
 

2 16 
    5 47.425 64.26799 

 
8 12 

 
α 0.05 

 6 46.55045 100 
 

7 17 
 

Tails 2 
 7 13.87307 72.59332 

 
3 15 

 
Umin 1 

 8 16.57879 72.39884 
 

4 14 
 

Ucrit 17 
 9 57.76294 100 

 
9 17 

 
Sig yes 

  Median 
 

∑ 
     19.17733 72.39884 

 
45 125 

     

Table 78 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the ccmB-566 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 L164E. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : L164E ; ccmB-566 

 Editing [%] 

 
Ranks 

    n morf1-1 L164E 
 

morf1-1 L164E 
  

morf1-1 L164E 

1 19.17733 57.9627 
 

6 15 
 

Count 9 6 

2 39.99478 57.55814 
 

9 13 
 

Rank sum 66 54 

3 11.89451 0 
 

2 1 
 

U 33 21 

4 13.21934 37.33583 
 

3 8 
    5 47.425 36.94268 

 
12 7 

 
α 0.05 

 6 46.55045 43.64641 
 

11 10 
 

Tails 2 
 7 13.87307 

  
4 

  
Umin 21 

 8 16.57879 
  

5 
  

Ucrit 10 
 9 57.76294 

  
14 

  
Sig no 

  Median 
 

∑ 
     19.17733 40.49112 

 
66 54 
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Table 79 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the cox3-257 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1. Shown are the editing efficiencies of the respective Col-0 and morf1-1 plants, 

the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U value for 

the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : MORF1 ; cox3-257 

 Editing [%] 

 
Ranks 

    n morf1-1 MORF1 
 

morf1-1 MORF1 
  

morf1-1 MORF1 

1 19.29134 100 
 

5 10 
 

Count 9 3 

2 16.98935 100 
 

2 10 
 

Rank sum 45 30 

3 26.50442 100 
 

9 10 
 

U 27 3 

4 18.15931 
  

3 
     5 25.30009 

  
8 

  
α 0.05 

 6 19.77052 
  

6 
  

Tails 2 
 7 18.4084 

  
4 

  
Umin 3 

 8 22.53521 
  

7 
  

Ucrit 4 
 9 16.18335 

  
1 

  
Sig yes 

  Median 
 

∑ 
     19.29134 100 

 
45 30 

     

Table 80 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the cox3-257 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 C85S. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : C85S ; cox3-257 

 Editing [%] 

 
Ranks 

    n morf1-1 C85S 
 

morf1-1 C85S 
  

morf1-1 C85S 

1 19.29134 100 
 

5 14 
 

Count 9 8 

2 16.98935 100 
 

2 14 
 

Rank sum 45 102 

3 26.50442 100 
 

9 14 
 

U 72 6 

4 18.15931 100 
 

3 14 
    5 25.30009 63.46154 

 
8 10 

 
α 0.05 

 6 19.77052 67.56757 
 

6 11 
 

Tails 2 
 7 18.4084 97.22222 

 
4 13 

 
Umin 6 

 8 22.53521 91.90476 
 

7 12 
 

Ucrit 15 
 9 16.18335 

  
1 

  
Sig yes 

  Median 
 

∑ 
     19.29134 98.61111 

 
45 102 
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Table 81 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the cox3-257 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 F162A. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : F162A ; cox3-257 

 Editing [%] 

 
Ranks 

    n morf1-1 F162A 
 

morf1-1 F162A 
  

morf1-1 F162A 

1 19.29134 100 
 

5 14 
 

Count 9 8 

2 16.98935 90.90909 
 

2 10 
 

Rank sum 45 102 

3 26.50442 100 
 

9 14 
 

U 72 6 

4 18.15931 100 
 

3 14 
    5 25.30009 99.34426 

 
8 13 

 
α 0.05 

 6 19.77052 100 
 

6 14 
 

Tails 2 
 7 18.4084 96.50655 

 
4 12 

 
Umin 6 

 8 22.53521 95.06726 
 

7 11 
 

U-Crit 15 
 9 16.18335 

  
1 

  
Sig yes 

  Median 
 

∑ 
     19.29134 99.67213 

 
45 102 

     

Table 82 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the cox3-257 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 F162E. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : F162E ; cox3-257 

 Editing [%] 

 
Ranks 

    n morf1-1 F162E 
 

morf1-1 F162E 
  

morf1-1 F162E 

1 19.29134 100 
 

5 15 
 

Count 9 9 

2 16.98935 88.06941 
 

2 12 
 

Rank sum 45 120 

3 26.50442 77.62128 
 

9 10 
 

U 81 6 

4 18.15931 100 
 

3 15 
    5 25.30009 100 

 
8 15 

 
α 0.05 

 6 19.77052 82.1256 
 

6 11 
 

Tails 2 
 7 18.4084 96.71533 

 
4 13 

 
Umin 6 

 8 22.53521 97.66667 
 

7 14 
 

Ucrit 17 
 9 16.18335 100 

 
1 15 

 
Sig yes 

  Median 
 

∑ 
     19.29134 97.66667 

 
45 120 
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Table 83 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the cox3-257 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 L164A. Shown are the editing efficiencies of the respective Col-0 and   

morf1-1 plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the 

critical U value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : L164A ; cox3-257 

 Editing [%] 

 
Ranks 

    n morf1-1 L164A 
 

morf1-1 L164A 
  

morf1-1 L164A 

1 19.29134 96.63462 
 

6 13 
 

Count 9 8 

2 16.98935 56.17647 
 

3 11 
 

Rank sum 54 98 

3 26.50442 14.71698 
 

10 1 
 

U 63 10 

4 18.15931 99.19786 
 

4 15 
    5 25.30009 71.96765 

 
9 12 

 
α 0.05 

 6 19.77052 97.48549 
 

7 14 
 

Tails 2 
 7 18.4084 100 

 
5 16 

 
Umin 10 

 8 22.53521 100 
 

8 16 
 

Ucrit 15 
 9 16.18335 

  
2 

  
Sig yes 

  Median 
 

∑ 
     19.29134 97.06005 

 
54 98 

     

Table 84 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the cox3-257 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 L164E. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : L164E ; cox3-257 

 Editing [%] 

 
Ranks 

    n morf1-1 L164E 
 

morf1-1 L164E 
  

morf1-1 L164E 

1 19.29134 20.43796 
 

7 9 
 

Count 9 6 

2 16.98935 17.21311 
 

3 4 
 

Rank sum 64 56 

3 26.50442 14.87889 
 

12 1 
 

U 35 19 

4 18.15931 43.43164 
 

5 15 
    5 25.30009 42.44694 

 
11 14 

 
α 0.05 

 6 19.77052 35.97734 
 

8 13 
 

Tails 2 
 7 18.4084 

  
6 

  
Umin 19 

 8 22.53521 
  

10 
  

Ucrit 10 
 9 16.18335 

  
2 

  
Sig no 

  Median 
 

∑ 
     19.29134 28.20765 

 
64 56 
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Table 85 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the rpl5-64 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1. Shown are the editing efficiencies of the respective Col-0 and morf1-1 plants, 

the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U value for 

the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : MORF1 ; rpl5-64 

 Editing [%] 

 
Ranks 

    n morf1-1 MORF1 
 

morf1-1 MORF1 
  

morf1-1 MORF1 

1 7.048114 69.26528 
 

5 11 
 

Count 9 3 

2 3.364269 76.91057 
 

2 12 
 

Rank sum 45 33 

3 10.82852 51.74925 
 

6 10 
 

U 27 0 

4 11.61795 
  

7 
     5 12.84002 

  
8 

  
α 0.05 

 6 4.835199 
  

3 
  

Tails 2 
 7 4.961031 

  
4 

  
Umin 0 

 8 14.77426 
  

9 
  

Ucrit 4 
 9 2.718224 

  
1 

  
Sig yes 

  Median 
 

∑ 
     7.048114 69.26528 

 
45 33 

     

Table 86 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the rpl5-64 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 C85S. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : C85S ; rpl5-64 

 Editing [%] 

 
Ranks 

    n morf1-1 C85S 
 

morf1-1 C85S 
  

morf1-1 C85S 

1 7.048114 49.15515 
 

6 16 
 

Count 9 12 

2 3.364269 48.00759 
 

2 15 
 

Rank sum 58 173 

3 10.82852 51.17845 
 

9 18 
 

U 95 13 

4 11.61795 42.73128 
 

10 13 
    5 12.84002 55.05226 

 
11 19 

 
α 0.05 

 6 4.835199 59.86079 
 

3 21 
 

Tails 2 
 7 4.961031 50.76046 

 
4 17 

 
Umin 13 

 8 14.77426 58.89145 
 

12 20 
 

Ucrit 26 
 9 2.718224 8.293839 

 
1 8 

 
Sig yes 

 10 
 

8.203125 
  

7 
    11 

 
6.699346 

  
5 

    12 
 

47.41235 
  

14 
     Median 

 
∑ 

     7.048114 49.9578 
 

58 173 
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Table 87 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the rpl5-64 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 F162A. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : F162A ; rpl5-64 

 Editing [%] 

 
Ranks 

    n morf1-1 F162A 
 

morf1-1 F162A 
  

morf1-1 F162A 

1 7.048114 46.40884 
 

5 12 
 

Count 9 12 

2 3.364269 50.73069 
 

2 13 
 

Rank sum 45 186 

3 10.82852 58.2996 
 

6 18 
 

U 108 0 

4 11.61795 43.80165 
 

7 11 
    5 12.84002 55.31401 

 
8 17 

 
α 0.05 

 6 4.835199 53.7234 
 

3 16 
 

Tails 2 
 7 4.961031 59.57447 

 
4 19 

 
Umin 0 

 8 14.77426 53.45622 
 

9 15 
 

Ucrit 26 
 9 2.718224 61.63265 

 
1 20 

 
Sig yes 

 10 
 

84.50292 
  

21 
    11 

 
51.64114 

  
14 

    12 
 

43.49376 
  

10 
     Median 

 
∑ 

     7.048114 53.58981 
 

45 186 
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Table 88 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the rpl5-64 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 F162E. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : F162E ; rpl5-64 

 Editing [%] 

 
Ranks 

    n morf1-1 F162E 
 

morf1-1 F162E 
  

morf1-1 F162E 

1 7.048114 51.37615 
 

5 22 
 

Count 9 14 

2 3.364269 43.53933 
 

2 17 
 

Rank sum 45 231 

3 10.82852 37.96992 
 

6 14 
 

U 126 0 

4 11.61795 44.46043 
 

7 19 
    5 12.84002 39.30818 

 
8 15 

 
α 0.05 

 6 4.835199 55.64304 
 

3 23 
 

Tails 2 
 7 4.961031 33.68644 

 
4 11 

 
Umin 0 

 8 14.77426 44.08015 
 

9 18 
 

Ucrit 31 
 9 2.718224 29.55182 

 
1 10 

 
Sig yes 

 10 
 

47.41533 
  

21 
    11 

 
36.18619 

  
13 

    12 
 

42.09651 
  

16 
    13 

 
35.37519 

  
12 

    14 
 

45.51724 
  

20 
     Median  ∑     

 7.048114 42.81792 
 

45 231 
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Table 89 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the rpl5-64 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 L164A. Shown are the editing efficiencies of the respective Col-0 and   

morf1-1 plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the 

critical U value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : L164A ; rpl5-64 

 Editing [%] 

 
Ranks 

    n morf1-1 L164A 
 

morf1-1 L164A 
  

morf1-1 L164A 

1 7.048114 40.7155 
 

6 18 
 

Count 9 9 

2 3.364269 26.39485 
 

3 11 
 

Rank sum 54 117 

3 10.82852 33.08271 
 

7 13 
 

U 72 9 

4 11.61795 34.87544 
 

8 15 
    5 12.84002 29.38272 

 
9 12 

 
α 0.05 

 6 4.835199 38.98104 
 

4 17 
 

Tails 2 
 7 4.961031 0 

 
5 1 

 
Umin 9 

 8 14.77426 34.14013 
 

10 14 
 

Ucrit 17 
 9 2.718224 36.20072 

 
2 16 

 
Sig yes 

  Median 
 

∑ 
     7.048114 34.14013 

 
54 117 

     

Table 90 | Mann-Whitney-U rank sum test for  RNA editing efficiencies at the rpl5-64 site in morf1-1 plants and 

morf1-1 plants complemented with MORF1 L164E. Shown are the editing efficiencies of the respective Col-0 and morf1-1 

plants, the corresponding ranks, the rank sum, U values calculated with the rank sum and the sample counts, the critical U 

value for the chosen level of significance. 

Mann-Whitney-U Test 

morf1-1 : L164E ; rpl5-64 

 Editing [%] 

 
Ranks 

    n morf1-1 L164E 
 

morf1-1 L164E 
  

morf1-1 L164E 

1 7.048114 17.78291 
 

8 15 
 

Count 9 6 

2 3.364269 11.69492 
 

4 12 
 

Rank sum 74 45 

3 10.82852 9.090909 
 

10 9 
 

U 25 30 

4 11.61795 5.448718 
 

11 7 
    5 12.84002 0 

 
13 1 

 
α 0.05 

 6 4.835199 0 
 

5 1 
 

Tails 2 
 7 4.961031 

  
6 

  
Umin 25 

 8 14.77426 
  

14 
  

Ucrit 10 
 9 2.718224 

  
3 

  
Sig no 

  Median 
 

∑ 
     7.048114 7.269814 

 
74 45 
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