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Abstract 18 

Organellar cytidine-to-uridine RNA editing driven by RNA-binding DYW-type pentatricopeptide repeat 19 

proteins is largely restricted to land plants. One of the rare exceptions is the heterolobosean protist 20 

Naegleria gruberi, which encodes ten DYW-type PPR proteins in its nuclear genome and features two C-21 

to-U RNA editing sites in its mitochondrial transcriptome. Bioinformatic analyses favored NgPPR45 and 22 

NgPPR51 as top candidates for mitochondrial import and targeting those two RNA editing sites. Here, we 23 

tested the cytidine deaminase functionality of their C-terminal DYW domains making use of the model 24 

moss Physcomitrium patens. We designed protein chimeras combining the RNA-binding region of moss 25 

editing factor PpPPR78 and different portions of the putative cytidine deaminase domain of the two N. 26 

gruberi DYW-type PPR proteins, respectively. Chimeras were introduced into a KO plant line of PpPPR78, 27 

aiming to restore RNA editing at its assigned sites. Indeed, cox1eU755SL was edited in up to 82 % of 28 

transcripts by the chimera of PpPPR78 and the E1-E2-DYW domain of N. gruberi NgPPR45. In contrast, 29 

neither chimeras with smaller portions of the catalytic C-terminal domain of NgPPR45 nor chimeras using 30 

NgPPR51 domains were functional  P. patens. We conclude that the C-terminal DYW domain of NgPPR45 31 

is a functional cytidine deaminase and that the match of its PPR array to the putative binding regions 32 

upstream of the two mitochondrial editing targets of Naegleria gruberi make this factor the prime 33 

candidate to edit the latter in the protist.  34 
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Introduction 35 

Genetic information can be changed on transcript level by RNA editing. Depending on the species, nuclear 36 

or organellar transcripts are edited by insertion, deletion or conversion of nucleotides (reviewed in Knoop, 37 

2011; Knoop, 2022). In Metazoa, A-to-I RNA editing of nuclear transcripts is the dominant type of RNA 38 

editing (Nishikura, 2010) and only few cases of C-to-U of RNA editing are known (Meier et al., 2005). In 39 

plants, mitochondrial and chloroplast transcripts are affected by pyrimidine RNA editing (C-U or U-C) which 40 

typically leads to the correction of conserved codon identities or reading frames (reviewed in Knoop, 2022; 41 

Small et al., 2020). No single case of C-to-U RNA editing is known in algae by now, leading to the 42 

assumption, that the mechanism evolved in the common ancestor of land plants as consequence of 43 

colonizing land (Fujii and Small, 2011). In all land plants, except the marchantiid liverworts (Rüdinger et al., 44 

2012), a few sites (moss Funaria hygrometrica, with two sites in the chloroplast and eight sites in the 45 

mitochondria, (Rüdinger et al., 2011b)) up to several thousands (Selaginella with 2700 sites in 46 

mitochondria (Hecht et al., 2011), and 3400 sites in the chloroplast (Oldenkott et al., 2014)) need to be 47 

edited to ensure translation of the correct protein sequence. In liverworts, mosses and seed plants only 48 

cytidines are converted into uridines in organellar transcripts (Dong et al., 2019; Rüdinger et al., 2012). In 49 

hornworts, some lycophytes and ferns classic C-to-U RNA editing is also accompanied by the reverse type 50 

of editing changing uridines to cytidines (Duff, 2006; Grewe et al., 2011; Gutmann et al., 2020; Knie et al., 51 

2016).  52 

C-to-U RNA editing in land plants is mediated by members of the large family of RNA binding 53 

pentatricopeptide repeat (PPR) proteins (Cheng et al., 2016; Gutmann et al., 2020; Ichinose et al., 2022). 54 

These alpha solenoid proteins consist of a PPR stretch with two to 30 circa 35 amino acid long PPR repeats 55 

(Knoop and Rüdinger, 2010; Lurin et al., 2004). Plant PPR proteins involved in RNA editing belong to the 56 

“PLS” subfamily. These proteins were only found to be encoded in species with RNA editing sites identified 57 

in their organellar transcriptomes (Gutmann et al., 2020; Rüdinger et al., 2008; Salone et al., 2007). Their 58 
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PPR arrays differ from those of “P-type” PPR proteins by exhibiting long (L, 35–36 aa) and short (S, 31–32 59 

aa) PPR variants alternating with the canonical P-type PPRs of 35 amino acids (Cheng et al., 2016; Lurin et 60 

al., 2004). P- and S-type PPRs recognize and bind specific nucleotides in an one-repeat-one-nucleotide 61 

manner following a PPR-RNA binding code, which was proposed in 2012 and refined in several follow-up 62 

publications (Figure 1, Barkan et al., 2012; Takenaka et al., 2013; Yan et al., 2019). The 5th and the last (L) 63 

amino acid of each P- and S-type repeat form hydrogen bonds with the assigned nucleotides which places 64 

the PPR protein to edit the cytidine four nucleotides downstream of the nucleotide corresponding to the 65 

last PPR repeat (Figure 1, Barkan et al., 2012). The PPR array is followed by TPR-like E1 and E2 helix-turn-66 

helix motifs and a DYW domain, named after its conserved C-terminal aspartate, tyrosine and tryptophan 67 

tripeptide (Cheng et al., 2016; Lurin et al., 2004).  68 

The DYW domain features the typical HxE(x)nCxxC deaminase signature (Iyer et al., 2011; Salone et al., 69 

2007) and was recently unequivocally assigned to exert the cytidine deaminase function (Hayes and 70 

Santibanez, 2020; Oldenkott et al., 2019; Takenaka et al., 2021). Single moss DYW-type PPR proteins were 71 

shown to edit provided targets, when transferred into the bacterium Escherichia coli (Oldenkott et al., 72 

2019), in vitro (Hayes and Santibanez, 2020) or even in the cytoplasm of human cells (Ichinose et al., 2022; 73 

Lesch et al., 2022; Takenaka et al., 2021). Single amino acid changes in the cytidine deaminase signature 74 

of the DYW domain of such editing factors led to complete loss of editing, also in planta (Boussardon et 75 

al., 2014; Ichinose and Sugita, 2018; Wagoner et al., 2015).  76 

Flowering plants encode some complete, but also many C-terminally truncated DYW-type PPR proteins 77 

lacking parts of the DYW domain (E+ subgroup), the complete DYW domain (E2 subgroup) or the complete 78 

E2 and DYW domain (E1 subgroup; Cheng et al., 2016). They need to recruit a DYW-domain in trans to 79 

obtain editing functionality (Andrés-Colás et al., 2017; Boussardon et al., 2012; Diaz et al., 2017; Gerke et 80 

al., 2020; Guillaumot et al., 2017; Wang et al., 2022). In angiosperms, additional factors like Multiple 81 

organellar RNA editing factors (MORFs), also called RNA-editing factor Interacting Protein (RIPs), organelle 82 
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RNA recognition motif-containing (ORRM) proteins, organellar zinc finger (OZ) proteins or P-type PPR 83 

proteins were also identified to participate in RNA editing of particular editing sites, building a complex 84 

editosome (Andrés-Colás et al., 2017; Bentolila et al., 2012; Gipson et al., 2022; Guillaumot et al., 2017; 85 

Sun et al., 2016; Sun et al., 2015; Takenaka et al., 2012, reviewed in Small et al., 2023).  86 

The model moss Physcomitrium patens encodes only ten complete DYW-type PPR proteins in its nuclear 87 

genome (O'Toole et al., 2008), which correlates well with only eleven editing sites identified in its 88 

mitochondrial transcriptome and two sites in its plastid transcriptome (Miyata and Sugita, 2004; Rüdinger 89 

et al., 2009). Nine of the ten DYW-type PPR proteins were assigned to one up to two editing sites in the 90 

chloroplast or mitochondrion, respectively (Ichinose et al., 2014; Schallenberg-Rüdinger et al., 2013a), 91 

while the tenth DYW type PPR protein was shown to act in group II intron splicing of cox1 instead (Ichinose 92 

et al., 2012). No RNA editing helper proteins were identified in P. patens so far (Uchiyama et al., 2018). 93 

With more genomic and transcriptomic sequence data becoming available, rare cases of DYW domains 94 

encoded in genomes of species outside of land plants were discovered (Gutmann et al., 2020; 95 

Schallenberg-Rüdinger et al., 2013b). Besides identification of single DYW domain sequences in genomes 96 

of fungi (Schallenberg-Rüdinger et al., 2013b), dinoflagellates (Mungpakdee et al., 2014) or algae 97 

(Gutmann et al., 2020; Schallenberg-Rüdinger et al., 2013b), DYW type protein families of 10 up to 20 98 

proteins were found to be encoded in the genomes of the slime mold Physarum (20, Schaap et al., 2015), 99 

the heterolobosean protists Acrasis (12, Fu et al., 2014) and Naegleria gruberi (10, Knoop and Rüdinger, 100 

2010). In parallel, C-to-U RNA editing sites were found in the mitochondrial transcripts of these species. In 101 

Physarum four C-to-U RNA editing sites in the mitochondrial transcriptome are accompanied by many 102 

other RNA editing events, including insertion of single Cs, Us and dinucleotides as well as deletions 103 

(Bundschuh et al., 2011; Gott et al., 2005). In the protists Acrasis and Naegleria two mitochondrial C-to-U 104 

RNA editing sites, cox1eU1120HY and cox3eU787RW in Naegleria and atp6eU722SL and cobeU409HY in 105 

Acrasis, were identified. Editing sites are labeled as proposed in Rüdinger et al. (2009) starting with the 106 
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gene name of the affected transcript, eU for editing from C to U, the position of the C to be edited in the 107 

coding sequence and the resulting change of the codon identity.  108 

As knockout studies with these heterolobosean protists are not feasible to date (Faktorová et al., 2020), 109 

we developed an alternative approach to test the functionality of the deaminase domains of the DYW-110 

type PPR proteins of Naegleria gruberi. We used the model moss Physcomitrium patens KO line of PpPPR78 111 

(Rüdinger et al., 2011b), which lacks editing of the two mitochondrial editing sites cox1eU755SL and 112 

rps14eU137SL. Chimeric protein constructs of PpPPR78 with parts of its C-terminal domain replaced by 113 

the counterparts of one of the two selected N. gruberi DYW-type PPR proteins NgPPR45 and NgPPR51 114 

were introduced in the KO line to test their ability to restore RNA editing. 115 

Results 116 

Selection of DYW-type PPR proteins from Naegleria gruberi for complementation studies 117 

The complete genome sequence of the heterolobosean protist Naegleria gruberi was published 2010 118 

(NCBI GenBank entry: NW_003163326.1) and subsequently ten DYW-type PPR proteins and one PLS 119 

protein lacking the C-terminal extensions were found to be encoded in the nuclear genome (Fritz-Laylin et 120 

al., 2010; Knoop and Rüdinger, 2010).  121 

The predicted encoded proteins vary in the number of PPR repeats and only one DYW-type PPR protein 122 

Ng51788 (NgPPR51) and the pure PLS protein (Ng45423) have signal peptides predicted for mitochondrial 123 

localization encoded N-terminally of their PPR arrays (Rüdinger et al., 2011a). For nine of the ten DYW-124 

type PPR proteins (except Ng32401), PPR protein models with predicted PPR repeats and respective amino 125 

acids five (5) and last (L) for target recognition were already available on the PPR plantenergy webpage 126 

((https://ppr.plantenergy.uwa.edu.au/ppr/). With the tool “Search for PPRs” available on the same 127 

webpage PPR repeats can be searched for in input sequences with slightly different parameters. Predicted 128 

models for most of the ten DYW type PPR proteins showed differences in comparison to the models 129 

available on the webpage, especially in terms of biased PPR  (Cheng et al., 2016). To give one example, 130 
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PPR repeat P-6 of Ng45424, Ng76708 and Ng69406 showed insertions in the region between the two alpha 131 

helixes of the PPR repeat and were only predicted as a PPR repeat using the “Search for PPR” option. We 132 

manually inspected the different predictions and decided for the more reliable model with the highest 133 

number of PPR repeats predicted but the avoidance of overlapping PPR repeats for each DYW-type PPR 134 

protein to be presented in Figure 1 (all predictions are found in Supplementary table 1 and protein 135 

sequences are presented in supplementary data 2). 136 

We aligned the PPR repeat region of each DYW-type PPR protein of N. gruberi to the sequence upstream 137 

of the editing targets cox1eU1120HY and cox3eU787RW, respectively, to identify the DYW-type PPR 138 

proteins, which are most likely to bind to the target RNAs. Interestingly, not the protein NgPPR51, which 139 

is predicted to be localized to the mitochondria, but the proteins Ng45424 and Ng32041 were identified 140 

to match the respective target sequence of cox1eU1120HY and cox3eU787RW best (Figure 1), respectively. 141 

Ng45424 showed six perfectly matching PPR-nucleotide pairs with the cis elements of cox1eU1120HY and 142 

five with target cox3eU787RW, respectively. Ng32041 showed seven matches with target cox3eU787RW, 143 

but also three mismatches in the C-terminal region of the PPR stretch, which was shown to be more 144 

relevant for recognizing the target than the N-terminal region in earlier studies (Oldenkott et al., 2020; 145 

Oldenkott et al., 2019; Takenaka et al., 2013). In our predicted gene model, however, the coding sequences 146 

of Ng45424 and Ng32041 lack an N-terminal organellar signal peptide. 147 

One single DYW-type PPR protein sequence is buildup of predicted genes Naegr45423 and Naegr45424 148 

To investigate, whether our current gene models are incomplete, we examined the upstream regions of 149 

both predicted genes Naegr45424 and Naegr32041 in the available scaffolds of the N. gruberi genome.  150 

We indeed found a sequence in the 5’ region of the predicted Naegr32041 gene that could be translated 151 

into 11 additional PPR repeats, linked to the predicted Ng32041 protein via a 29 aa long linker 152 

(Supplementary table 1). However, no clear signal peptide for mitochondrial localization was predicted 153 

with the WoLFPSORT tool (Supplementary table 4).  154 
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The predicted gene Naegr45424 was found to be located only 154 nucleotides downstream of Naegr45423. 155 

The latter is predicted to encode for the only pure PLS-type protein and includes an intron of 324 bp. As 156 

both predicted genes show numerous repetitive regions (Supplementary figure 1), we re-checked the gene 157 

makeup via PCR using primers with unique binding sites outside of the repetitive elements. Sequencing 158 

revealed that the coding regions are not separated by an intergenic region and the intron sequence in 159 

gene Naegr45423 could not be confirmed (Supplementary data 1, Figure 2). However, the amplicon 160 

confirming the connection of Naegr45423 and Naegr45424 was shorter than the calculated size of the 161 

combination of the two CDS. The size reduction can be explained by the highly repetitive character of the 162 

region between Naegr45423 and Naegr45424, which might have resulted in scaffolding/assembly 163 

mistakes in the initial genome annotation.  164 

An RT-PCR was performed to prove that Naegr45423 and Naegr45424 are linked by the repetitive region 165 

and transcribed jointly (Figure 2). The complete gene will be named NgPPR45 in the following. The N-166 

terminus of NgPPR45 contains a clear signal peptide for mitochondrial localization (predicted with 167 

WoLFPSORT and TargetP 2.0, Supplementary table 4). The combined PPR array of NgPPR45 encompasses 168 

19 PPR repeats and matches the target sequences of both editing sites in the mitochondrial transcripts of 169 

N. gruberi equally well as the PPR protein encoded by the original Naegr45424 gene model (Figure 2). 170 

Differences in the conservation of the C-terminal domains of NgPPR45 and NgPPR51 of Naegleria gruberi 171 

and the nine DYW type PPR editing factors of Physcomitrium patens 172 

NgPPR45 and NgPPR51 both contain E1, E2 and DYW domains with a conserved cytidine deaminase 173 

signature which, however, show particular amino acid differences in comparison to the protein sequences 174 

of the PPR editing factors of the moss Physcomitrium patens (Figure 3). The most prominent difference is 175 

the lack of conservation of the „SW“ within the PgxSWiEv motif in the so-called PG-Box, which was shown 176 

to be important for proper RNA editing function in flowering plants (Okuda et al., 2007; Takenaka et al., 177 
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2021) and just recently identified to participate in forming the cytidine binding pocket (Toma-Fukai et al., 178 

2022). 179 

The C-terminal DYW tripeptide is also modified in both PPR proteins. The change of the Y to an N in 180 

NgPPR51 might not have a strong impact, as several DYW proteins, for example PPR65, PPR98 and PPR91 181 

of P. patens ending with DFW (Figure 3) and OTP86 of Arabidopsis thaliana with DSW (Takenaka et al. 182 

2021), also show different amino acids in the second position of the tripeptide. The G instead of the D in 183 

NgPPR45 might have an influence on editing capacity, as most of the characterized DYW-type PPR proteins 184 

have a D at that position and an earlier mutational study with DYW1, a short DYW type PPR protein of 185 

Arabidopsis thaliana interacting with E+ protein CRR4 on chloroplast editing site ndhDeU2TM (Boussardon 186 

et al., 2012), already showed that a change of D into A reduced RNA editing capacity of that editing factor 187 

(Boussardon et al., 2014). 188 

Other differences from the plant consensus E1E2DYW are either found in the C-terminal domains of 189 

NgPPR45 or of NgPPR51, as both proteins only share 46% sequence identity within their E1E2DYW domain. 190 

Whereas NgPPR51 has the HSE motif within the zinc binding region HxE(x)nCxxC, which is highly conserved 191 

in most of the 400 plant C-U DYW-type PPR editing factors characterized so far (PREPACT Edifacts (Lenz et 192 

al., 2018)), NgPPR45 exhibits an HAE motif, which can predominately be found in the only recently 193 

identified putative reverse editing factors of hornworts and ferns (Gerke et al., 2020; Gutmann et al., 2020; 194 

Ichinose et al., 2022), but also in other bacterial, fungal or mammalian cytidine deaminases for example 195 

ADAR 1 and 2 (Iyer et al., 2011; Salone et al., 2007; Takenaka et al., 2021). In four other DYW type PPR 196 

proteins of Naegleria gruberi, the HAE motif can be identified as well, while five, including NgPPR51, show 197 

the dominant triplet HSE. Ng76525 exhibits an HCE instead of HxE, but displays several other mutations 198 

including the deletion of the PG box and loss of functionality is likely (Supplementary data 2). NgPPR51 in 199 

contrast to NgPPR45 also lacks conservation of the WGAL motif at the start of the E1 domain, also 200 

conserved in most, but not all plant type PPR editing factors.  201 
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Complementation studies in PpPPR78 KO plant line 202 

The characteristic differences of the DYW domains of the N. gruberi DYW type PPR proteins, the lack of 203 

information about the functionality of DYW domains outside of land plants and the question of functional 204 

compatibility of these domains with plant counterparts separated in evolution by 1.5 billion years brought 205 

us to the initial design of our experiments.  206 

We generated different chimeras of PpPPR78 of P. patens with C-terminal domains exchanged with those 207 

of the N. gruberi DYW-type PPR proteins NgPPR45 and NgPPR51. Three different fusion points were 208 

chosen based on the assumed functionality of the catalytic C-terminal domain (Figure 4). The first set of 209 

chimeras consisted of the PPR stretch of PpPPR78 and the complete C-terminal extensions (E1E2DYW) of 210 

NgPPR45 or NgPPR51, respectively. In the second set of chimeras, the PPR region and the E1 and E2 motifs 211 

of PpPPR78 were combined with the DYW domain of the two Naegleria proteins, respectively. The last set 212 

of chimeras was built of the PPR region, E1, E2 and the N-terminal part of the DYW domain of PpPPR78 213 

with the C-terminal part of the DYW domain of the two Naegleria proteins, respectively. This C-terminal 214 

part of the DYW domain was initially defined as core DYW domain (Cheng et al., 2016; Lurin et al., 2004) 215 

and some fusion proteins of different plant editing factors with exchanged „short“ DYW domain (DYW*) 216 

were proven to be functional (Ichinose and Sugita, 2018; Schallenberg-Rüdinger et al., 2017).  217 

The different chimeras were transformed into the KO PpPPR78 line using protoplast transformation and 218 

inserted into the P. patens intergenic (PIG) region via homologous recombination (Okuda et al., 2009; 219 

Oldenkott et al., 2020). For each construct a minimum of three stable lines were selected and expression 220 

of the transgene, as well as RNA editing ratios, were evaluated (Supplementary table 2).  221 

None of the plant lines expressing chimeras with the N-terminal part of PpPPR78 and the C-terminal part 222 

of NgPPR51 showed any editing at the two editing sites of PpPPR78. A different picture emerged for the 223 

chimeras with C-terminal domains of NgPPR45. The chimera harboring the complete E1E2DYW domain of 224 

NgPPR45 edited cox1eU755SL with 24% - 82 % efficiency (Figure 5), depending on the stable plant line 225 
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investigated. The second editing site assigned to PpPPR78, rps14eU137SL, however, was not edited in any 226 

of the plant lines. Chimeras of PpPPR78 and shorter parts of the C-terminal domain of NgPPR45 likewise 227 

did not show editing in any of the generated stable plant lines investigated. 228 

Equal expression levels of different complementation constructs do not lead to same editing levels 229 

Expression of chimeric proteins was driven by the strong actin promoter (XY). We investigated the 230 

expression levels of the different chimeras in stable complementation lines in comparison to the native 231 

expression of PpPPR78 in P. patens wild type Gransden, which is in general low (Schallenberg-Rüdinger et 232 

al., 2017), via quantitative real time PCR. In plants expressing PpPPR78-NgPPR45EDYW, the different 233 

editing efficiencies of cox1 correlated well with the corresponding expression of the fusion protein itself 234 

(Figure 5). The plant line with only 2.7fold  transgene expression compared to the wild type expression, 235 

exhibited 28 % editing of cox1eU755SL. With an increase of expression to up to 1000fold, the editing 236 

efficiency increased to 82 %, but did not reach >99 % like in the wild type Gransden.  237 

Other chimeras, which did not show any editing, were expressed to comparable ratios (Figure 5). In case 238 

of PpPPR78-NgPPR45DYW even a 1,000-fold higher expression than the PpPPR78 expression in the wild 239 

type did not lead to any editing of one of the targets. Thus, different expression levels between lines 240 

expressing the same construct do influence editing rates, but differing expression levels are not the driving 241 

force for diverging editing capacities of different constructs. 242 

Discussion 243 

With our here presented study, we confirm that the C-terminal domain of DYW-type PPR protein NgPPR45 244 

of the protist Naegleria gruberi has cytidine deaminase activity and is able to edit specific cytidines when 245 

fused to the upstream PPR array of PpPPR78 for RNA binding in planta.  246 
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Compatibility of the DYW domain of NgPPR45 of Naegleria gruberi with moss editing factor PpPPR78 247 

This is to some extent surprising, as meanwhile studies have shown that the interchangeability of domains 248 

between different DYW-type PPR proteins is limited (Ichinose & Sugita, 2018; Maeda et al., 2022; Yang et 249 

al., 2023#2). Even the exchange of C-terminal domains of different DYW-type PPR proteins of the same 250 

species did not always result in functional editing factors in planta. P. patens’ editing factor PPR56, for 251 

example, edits its main target nad4eU272SL with lower efficiencies (35 % instead of 95 %), when its DYW 252 

domain is replaced by the DYW domain of the chloroplast editing factor PpPPR45, but not at all when it ś 253 

replaced by one of the mosses other eight editing factors (Ichinose and Sugita, 2018, Figure 2).  254 

Ichinose and colleagues identified the conservation of residues 37–42 of the DYW* domain (in Figure 2 255 

positions 166-171) to be important for successful exchangeability, but it remained open, if the motif 256 

participates in the recognition of the -3 to -1 region upstream of assigned editing sites (Ichinose and Sugita, 257 

2018; Okuda et al., 2014), or if that region interacts with upstream regions of the PPR protein. Tin contrast, 258 

the fusion of the PPR region of PpPPR78 with different portions of the C-terminal domain of editing factor 259 

PpPPR79 of Physcomitrium patens was shown to result in functional editing factor chimeras (Schallenberg-260 

Rüdinger et al., 2017). This motivated us to use PpPPR78 in this study. In contrast to PpPPR78 and PpPPR79 261 

sharing the same amino acids in position 37-42 of the DYW domain, NgPPR45 and NgPPR51 present 262 

another motif than PpPPR78 or any other P. patens editing factor (Figure 2). This could possibly be one 263 

explanation for the lack of functionality of PpPPR78 being fused to the DYW domain or portions of the 264 

DYW domain of NgPPR45 or NgPPR51 only.  265 

The complete C-terminal domain (E1E2DYW domain) of PpPPR78, however, can be replaced by the one of 266 

NgPPR45 of Naegleria gruberi and led to editing of up to 82% of the cox1eU755SL site in P. patens. The E1 267 

and E2 motifs, sharing similarities to TPR repeats which mediate protein-protein interaction (Blatch and 268 

Lässle, 1999), might interact with the DYW domain of NgPPR45 and an exchange of the complete C-269 

terminal domain might therefore be successful in contrast to the DYW domain only. Differences of the E1, 270 
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E2 and DYW domain of NgPPR45 in comparison to the consensus of the plant E1, E2 and DYW domains 271 

might additionally hinder the interaction of the protists E1 and E2 domain with the plant DYW domain or 272 

vice versa.  273 

Restricted influence of editing factor expression levels on editing rates 274 

Natively DYW-type PPR proteins are only lowly expressed in land plants and the number of individual 275 

editing factors in mitochondria was found to be likewise low (Fuchs et al., 2020; Lurin et al., 2004). The 276 

more surprising is the high editing efficiency of most editing sites in planta (Bentolila et al., 2013; Small et 277 

al., 2023). Cox1eU755SL is also one of the sites, which is fully edited in planta in different tissues 278 

investigated (Rüdinger et al., 2009; Rüdinger et al., 2011b; Uchida et al., 2011), although PpPPR78 is only 279 

expressed to low levels under standard growth conditions (Figure 5, Schallenberg-Rüdinger et al., 2017).  280 

The second editing site assigned to PpPPR78, rps14eU137SL, is edited in 60-80% of transcripts in P. patens 281 

(Rüdinger et al., 2009; Rüdinger et al., 2011b). Intriguingly, overexpression of PpPPR78 in the KO PPR78 282 

background of P. patens could increase editing of rps14eU137SL to 100%. A chimera of PpPPR78 and 283 

PpPPR79 could likewise fully edit the cox1 site, but rps14eU137SL in only 26 % up to 63 % of transcripts 284 

(Schallenberg-Rüdinger et al., 2017). We postulated that the PPR protein RNA interaction is the limiting 285 

factor and not the abundance of the protein. The same holds true for our different PpPPR78-NgPPR45 and 286 

PpPPR78-NgPPR51 chimeras. Even expressions 1,000-fold higher than PpPPR78 in the wild type did not 287 

lead to RNA editing by the chimera with replaced DYW domain only. Highest expression of PpPPR78 with 288 

the E1E2DYW domain of PpPPR45 also did not lead to any editing of rps14eU137SL, revealing once more 289 

that this site is more difficult to be addressed than its counterpart in the cox1 transcript.  290 

The expression level of the PpPPR78-NgPPR45EDYW, however, influences the editing efficiency of 291 

cox1eU755SL. Five independent stable complementation lines show editing of 24% up to 82% and the 292 

editing investigated in each line correlates well with the PPR protein expression levels tested via 293 

quantitative RT-PCR (Figure 5).  294 
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Other studies also confirmed that once a PPR protein or PPR chimera can edit its assigned target, the 295 

expression of transcript and subsequently the amount of editing factors in the organelle affects the editing 296 

efficiencies at particular sites (Loiacono et al., 2022; Oldenkott et al., 2020). 297 

The DYW domain of NgPPR45 shares similarity with reverse editing enzymes, but still acts in C-to-U RNA 298 

editing  299 

DYW-type PPR proteins are mainly restricted to land plants and sporadic appearance of such proteins in 300 

species outside of the plant kingdom can most likely be explained by horizontal gene transfer (HGT, (Fu et 301 

al., 2014; Knoop and Rüdinger, 2010; Schallenberg-Rüdinger et al., 2013b). Given the divergent sequence 302 

conservation of the DYW-type PPR proteins of Naegleria gruberi and land plants, an HGT very early in plant 303 

evolution some 500 million years ago has most likely seeded the DYW-type PPR protein genes in a protist 304 

related to Naegleria (Knoop and Rüdinger, 2010). While the cytidine deaminase signature HxE(x)nCxxC is 305 

highly conserved in all DYW domains encoded in N. gruberi, other motifs which were also identified as key 306 

motifs for a fully functional DYW domain were found to be modified in NgPPR45 and NgPPR51 in 307 

comparison to the DYW-type PPR proteins of P. patens (Figure 2).  308 

Whereas the E1E2DYW domain of NgPPR51 indeed did not show cytidine deaminase activity when fused 309 

to the PPR array of PpPPR78, the E1E2DYW domain of NgPPR45 did.  310 

Interestingly, the C-terminal domain of NgPPR45 shows a relaxed conservation of certain motifs, which 311 

are also degenerated in C-terminal domains of the KPAxA PLS-type PPR proteins. This is a subtype of DYW-312 

type PPR proteins exclusively found in hornworts, ferns and lycophytes and suspected to catalyze the 313 

reverse RNA editing reaction from U-to-C, which only appears in the organelles of these land plant clades 314 

(Gerke et al., 2020; Gutmann et al., 2020).  315 

The SW of the PG box is degenerated, as well as the SHP motif, which is completely missing in many of the 316 

KPAxA PLS-type PPR proteins (Gerke et al., 2020; Gutmann et al., 2020; Takenaka et al., 2021). The C-317 

terminal DYW triplet is modified into a GYW and the HSExLA motif conserved in all so far characterized C-318 
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to-U editing factors in land plants (citation missing) is modified into a HAExLA, what is also dominantly 319 

found in the KPAxA PLS-type PPR proteins.  320 

That this C-terminal domain is now able to edit a cytidine into a uridine in planta is surprising, but might 321 

also point towards the hypothesis that in early land plant evolution, C-to-U and U-to-C RNA editing was 322 

present (Small et al., 2020), with initial RNA editing enzymes that operated in both directions (Knoop, 2022; 323 

Small et al., 2023).  324 

Recent phylogenetic concepts assume bryophytes (hornworts, mosses, liverworts) as one monophyletic 325 

group (Puttick et al., 2018; Su et al., 2021), what would consequently mean, that U-to-C RNA editing was 326 

gained together with C-to-U RNA editing in first land plants, possible linked to the conquest of land (Fujii 327 

et al., 2013).  328 

A recent study with synthetic KPAxA PLS-type PPR proteins successfully tested in the two heterologous 329 

systems of Escherichia coli and humans, also confirmed that these proteins can indeed act in both 330 

directions (Ichinose et al., 2022).  331 

Successful transfer of editing factors between different genetic systems 332 

With the proof of functionality of the E1E2DYW domain of NgPPR45 of Naegleria gruberi, we have shown 333 

that an evolutionary early transfer of a functional editing factor had been successful. This is a further 334 

example of the transferability of these editing factors, with huge families of up to several 1000 members 335 

in land plants (Banks et al., 2011; Gerke et al., 2020), but with only single exceptional cases in species of 336 

other kingdoms accompanied by only low numbers of editing sites identified in their mitochondrial 337 

transcriptomes (Bundschuh, 2015; Fu et al., 2014; Rüdinger et al., 2011b).  338 

In recent studies it was shown that DYW-type PPR proteins can be transferred into other genetic systems. 339 

Transferred moss editing factors PpPPR56 and PpPPR65 were shown to edit there delivered targets in the 340 

bacterium Escherichia coli, in human cell cytosol and in vitro (Oldenkott et al., 2019; Lesch et al., 2022; 341 

Hayes et al., 2020). Another moss editing factor PpPPR79 edits matching editing sites, when transferred 342 
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into flowering plant Arabidopsis thaliana (Oldenkott et al., 2020). Editing factors of Arabidopsis thaliana, 343 

however, were not functional in P. patens or E. coli yet (Maeda et al., 2022; Oldenkott et al., 2020). One 344 

reason for this could be the lack of additional helper proteins, which are needed for efficient RNA editing 345 

of many sites in flowering plants (Maeda et al., 2022). Indeed, a synthetic editing factor engineered on the 346 

basis of DYW-type PPR protein CLB19 of A. thaliana was shown to increase its activity in E. coli when co-347 

expressed with the seed plant specific RNA editing helper protein MORF9 (Gutmann et al., 2020; Royan et 348 

al., 2021). Other PPR protein chimeras with the PPR stretch of PpPPR56 combined with DYW domains of 349 

different Arabidopsis thaliana editing factors were also tested in bacteria and most of them were shown 350 

to be inactive (Maeda et al., 2022; Takenaka et al., 2021).  351 

We also tested PpPPR78 with the E1E2DYW domain of NgPPR45 in the E. coli system. Neither the co-352 

transcribed cox1eU755SL nor rps14eU137SL were edited by the chimera in the heterologous system. It 353 

remains to be seen, if bacterial factors hinder the editing activity of that protein in bacteria or if other 354 

unknown mediators are needed to support the editing in plant organelles.  355 

The reduced editing of cox1eU755SL and the lack of editing of rps14eU137SL by chimera PpPPR78-356 

NgPPR45EDYW could at the end also be a consequence of a reduced compatibility of the C-terminal 357 

domain of NgPPR45 with the upstream cis element of the rps14 site (Takenaka et al., 2022).  358 

NgPPR45 might be the best candidate to edit the two endogenous editing sites in Naegleria gruberi 359 

mitochondria 360 

As NgPPR45 shows a clear target signal for mitochondrial localization and fits best to cox1eU1120HY in the 361 

mitochondrial transcriptome of Naegleria gruberi in comparison to the other identified DYW-type PPR 362 

proteins in Naegleria, participation of this editing factor in editing of that site is likely. The PPR stretch of 363 

NgPPR45 also moderately fits to the second editing site cox3eU780RW with five matches and only one 364 

mismatch in the core region of recognition. Such mismatches were even found to be relevant for proper 365 

editing of targets like shown for P. patens PPR65. Upon removal of the mismatch by modifying the target 366 
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sequence, ccmFCeU103PS is edited less efficiently than the original target in the heterologous E. coli 367 

system (Oldenkott et al., 2019).  368 

Anyway, the final proof, that this protein edits one or even both editing sites in the mitochondrial 369 

transcriptome of Naegleria gruberi is still lacking. The high number of repetitive elements within the PPR 370 

stretch (Supplementary figure 1) hindered us to synthesize or amplify the complete protein gene for 371 

expression in an heterologous system (Lesch et al., 2022; Oldenkott et al., 2019) or at least to perform 372 

electromobility shift assays to test the binding to the appropriate targets (Kindgren et al., 2015; Matsuda 373 

et al., 2020; Schallenberg-Rüdinger et al., 2013a).  374 

Unknown functions of the other nine DYW-type PPR proteins in Naegleria gruberi 375 

The function of the other DYW-type PPR proteins encoded in the genome of the protist, however, remains 376 

puzzling. Protein models for genes Naegr76525, Naegr46207 and Naegr66503 consist of up to six PPR 377 

repeats and a degenerated C-terminal domain only. These genes might be pseudogenes or cryptic 378 

truncated PPR protein genes as also found sporadically in diverse species outside of land plants such as 379 

chlorophyte algae (Gutmann et al., 2020) or in the charophyte algae Nitella hyalina (Schallenberg-Rüdinger 380 

et al., 2013b). Naegr76708 shows a deletion of the E1 and E2 domain and an incomplete DYW domain and 381 

can be excluded as functional RNA editing factor as well. For NgPPR51, a function in mitochondria is likely 382 

due to the clear mitochondrial signal peptide of the protein, but no editing target matches the PPR array 383 

of that protein. If the protein has another function  in RNA processing via interaction with a particular 384 

intergenic RNA region like chloroplast DYW-type PPR protein CRR2 in A. thaliana (Hashimoto et al., 2003; 385 

Ruwe et al., 2018) or participating in splicing like PpPPR43 in P. patens (Ichinose et al., 2012) cannot be 386 

answered yet.  387 

For the other four DYW-type PPR proteins, a function in RNA editing cannot be ruled out to date. 388 

Naegr70351 has 14 PPR repeats which are likely not arranged in the PLS triplet manner, typically found in 389 

editing factors. DYW-type PPR proteins Naegr69406, Naegr76708 and Naegr32041, when the N-terminal 390 
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elongation is included, present long PPR binding regions with 25, 23 and 28 PPR repeats, respectively. 391 

These are PPR repeat regions longer than the stretch of most editing factors identified in land plants like 392 

Arabidopsis thaliana or Physcomitrium patens (editing factor overview available via the PREPACT search 393 

tool Edifacts (Lenz et al., 2018)). As only NgPPR51 and NgPPR45 possess a clear signal peptide for 394 

mitochondrial localization, one may speculate on a function in RNA editing of nuclear-cytosolic transcripts.  395 

In nature, no single case of a DYW-type PPR protein acting on a nuclear transcript is known so far, but it 396 

was shown recently that moss editing factor PpPPR56 upon expression in human cells not only edits its 397 

endogenous delivered target but also numerous off-targets in the cytosolic transcriptome (Lesch et al., 398 

2022). This proves the functionality of DYW-type editing factors in the cytosol in principle. 399 

Materials and Methods 400 

Amplification and sequence analysis of NgPPR45423 and NgPPR45424 401 

Nucleic acids were prepared from Naegleria gruberi strain NEG-M as described in Rüdinger et al. (2011a) and 402 

kindly provided by Dr. Lillian Fritz-Laylin (Fritz-Laylin et al., 2010). RNA was treated with DNase I (Thermofisher) 403 

to remove vestiges of DNA. First strand cDNA was synthesized using the NucleoSpin RNA kit (Macherey-Nagel) 404 

and oligodT18 primers. Different primers (Supplementary table 3) were used to amplify NgPPR45423 and 405 

NgPPR45424 on DNA and cDNA level with Phusion High-Fidelity DNA polymerase (Thermo Fisher Scientific). 406 

PCR products were gel-purified (BLIRT kit), sequenced (Macrogen Europe) and aligned with the Naegleria 407 

gruberi genome sequence (Fritz-Laylin et al., 2010), 2010, NCBI Genebank entry NW_003163326.1) using 408 

MEGA7 (Kumar et al., 2016) and manual adjustment (Supplementary data 1 and 3). 409 

Plant material and growth conditions 410 

Physcomitrium patens (Hedw.) Bruch & Schimp., Gransden (Rensing et al., 2020; Rensing et al., 2008) wild 411 

type and KO PpPPR78 Gransden (Rüdinger et al., 2011b) were cultivated following Oldenkott et al. (2020). 412 

Gametophores were cultivated on modified Knop medium plates (250 mg/L KH2PO4, 250 mg/L KCl, 250 413 

mg/L MgSO4x7H2O, 1000 mg/ Ca(NO3)2x4H2O, 12.5 mg/L FeSO4x7H2O, 0.22 mM CuSO4, 0.19 mM ZnSO4, 414 
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10 mM H3BO3, 0.1 mM Na2MoO4, 2 mM MnCl2, 0.23 mM CoCl2, and 0.17 mM KI, pH 5.8, 1% [w/v] agar; 415 

(Rüdinger et al., 2011b) at 21°C, with a 16-h-light (photosynthetic photon flux density of 65 mmol/m2/s, 416 

neon tubes, Osram HO 39W/865 Lumilux Cool Daylight)/8-h-dark cycle.  417 

Complementation of Physcomitrium patens ppr78 KO line 418 

Physcomitrium patens DNA was prepared using the CTAB preparation method (Doyle and Doyle, 1987). 419 

Respective primers were used to amplify parts of PpPPR78 and NgPPR45 or NgPPR51 coding sequences in 420 

initial PCRs to be fused subsequently in an overlap extension PCR (Higuchi et al., 1988), primers see 421 

supplementary table 2). Fusion PCR products were gel-purified and inserted into plasmid PIG_AN between 422 

the rice actin1 promoter and the nos terminator. The constructs are flanked by regions homologous to the 423 

P. patens intergenic (PIG) region (Okuda et al., 2009) to be inserted into the P. patens genome via 424 

homologous recombination (Schallenberg-Rüdinger et al., 2017). Constructs were introduced into KO 425 

PpPPR78 ecotype Gransden protoplasts using polyethylene glycol–mediated transformation (Hohe et al., 426 

2004) as described in Oldenkott et al. (2020). For selection, mutant lines were cultivated on Knop agar (1% 427 

w/v) with 30 μg/ml hygromycin B.  428 

For detection of stable integration of the gene construct, DNA was prepared using the quick extraction 429 

method described in Edwards et al. 1991. Genotyping PCRs using TaqNova DNA Polymerase (Blirt) or Q5 430 

High-Fidelity DNA Polymerase (New England Biolabs) were performed following Schallenberg-Rüdinger et 431 

al. (2017). Primers Act1Pfor and NosTrev2 were used to confirm the presence of the transgene. The correct 432 

orientation of the construct and the insertion into the PIG region was tested with primer combination 433 

PpPIG1gen_for and Act1Pfor (for primers see Supplementary table 3). Transgenic lines, which showed 434 

expected PCR products with both primer combinations were considered as stable lines.  435 
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RNA editing detection and transgene expression 436 

Three to five single gametophores of each stable plant line and control lines (KO PpPPR78, OE PpPPR78 437 

DYW domain truncated, OE PpPPR78, OE PpPPR78 fused with PpPPR79 (E1E2 and) DYW domain, published 438 

in Schallenberg-Rüdinger et al. (2017)) were transferred to fresh Knop plates for standardized growth 439 

under conditions as described above. After 42 days, equal amounts of plants were harvested for RNA 440 

extraction by using the NucleoSpin RNA kit (Macherey-Nagel), followed by DNase I treatment (Thermo 441 

Fisher Scientific).  442 

To detect RNA editing, cDNA was synthesized from DNase treated RNA by using random hexamer primer 443 

(Roth) and RevertAid reverse transcriptase (Thermo Fisher Scientific). Primer pair 11altfor/16rev and 444 

PPrps14for/PPrps14rev was used to amplify the target sequence containing editing positions cox1eU755SL 445 

and rps14eU137SL, respectively. PCR assays included cDNA corresponding to 4 ng of RNA, 0.2 μM of each 446 

primer, 0.2 mM dNTPs, 1 unit of Taq polymerase with 1x supplied PCR buffer in double-distilled water in 447 

total volume of 25 μl. Amplification went through 5 min of initiation followed by 35 cycles, each including 448 

30 sec degeneration at 96 °C, 30 sec annealing at 45 °C, 1 min elongation at 72 °C, and a 5 min finishing 449 

step at 72 °C. Purified PCR products were sequenced and RNA editing was detected by using BioEdit 7.0.5.3 450 

(Hall, 1997). The editing efficiency was quantified by the ratio of the thymidine peak height to the sum of 451 

thymidine and cytidine peak heights in the chromatogram position,  corresponding to the editing site. 452 

Quantitative real time PCR  453 

To quantify the expression of the inserted PPR chimera in the different generated plant lines, 62 ng of 454 

DNase treated RNA were used for cDNA synthesis per 20 µl assay with oligodT18 primers. The real-time 455 

PCR was performed using the SYBR green master mix (Invitrogen) with cDNA corresponding to 3.1 ng initial 456 

total RNA per 20 μl assay. cDNA was analyzed on a Bio-Rad CFX96 Real-Time system with the following 457 

program: 95°C for 10 min, 50 cycles of 95°C for 15 sec, 58°C for 20 sec and 72°C for 20 sec, finishing with 458 

the melt stage: 95°C for 30 sec, 48°C to 95°C with 0.5°C increase each 5 sec. Primer qpcr78-for-all1 and 459 
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qpcr78-rev-all1 were used to amplify PpPPR78 and PpPPR78 chimeras. Reference gene Ade PRT 460 

(Phypa_443007) was used for normalization as recommended by Bail et al. (2013). Triplicate 461 

measurements were performed for each of three biological replicates. Measurements were analyzed using 462 

the delta-delta-Ct method. Melting curves were analyzed to ensure product specificity. 463 
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Figures 474 

Figure 1. The ten DYW-type PPR proteins of Naegleria gruberi  475 

Coding sequences of the ten DYW-type PPR proteins encoded in the genome of Naegleria gruberi were 476 

subscribed based on Fritz-Laylin et al. (2010) and motifs and amino acids at binding positions 5th and Last 477 

(L) of each PPR repeat were identified using the PPR finder (https://ppr.plantenergy.uwa.edu.au, Cheng et 478 

al 2016). N-terminal sequences upstream of the PLS array, which were predicted as signal peptides for 479 

mitochondrial localization are colored in orange (Naegr51788), other sequences and spacer sequences 480 

within the PPR protein that were not recognized as PPR motifs or C-terminal E1/E2(green)/DYW(blue) 481 

domains are displayed in grey (size adjusted by sequence length). The DYW domain of Naegr76525 and 482 

Naegr76708 showing amino acid deletions are colored in light blue. 5th and L amino acids of each PLS 483 

repeat are shown and P and S motifs, which are important for binding, are shaded in grey. Binding fit of S 484 

and P motifs to the corresponding nucleotides upstream of the two mitochondrial editing sites (bold, 485 

underlined) of Naegleria gruberi, cox1eU1120HY and cox3eU780RW, are highlighted in green for a match, 486 

in yellow for the less favored match and in red for a mismatch, based on the PPR-RNA binding code: T/S + 487 

N/S: A>G, T/S + D:G>A, N + S: C>U, N + D: U>C, N + N: C/U (Barkan et al., 2012), respectively..  488 

  489 

https://ppr.plantenergy.uwa.edu.au/
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Figure 2. Combination of predicted genes Naegr45423 and Naegr45424 to the gene encoding editing 490 

factor NgPPR45. 491 

A. Different primer pairs (arrows) binding to unique parts of predicted genes Nagegr45423 and 492 

Naegr45424 were used to amplify the investigated genome region. Sanger sequencing could identify the 493 

predicted intron of Naegr45423 and the intergenic region to be part of the coding region. As a result, 494 

Naegr45423 and Naegr45424 belong to one reading frame (Supplementary data 1). Sequences within  495 

Naegr45423 and Naegr45424 are highly repetitive (shown in different shading), which might have caused 496 

difficulties within the initial assembly. The co-transcription of the two predicted genes was finally proven 497 

on transcript level. IGS=predicted intergenic region. B. Gel electrophoresis of PCR products confirming the 498 

proximity of predicted gene regions Naegr45423 and Naegr45424 on genomic DNA level (left) with primer 499 

pair 45423_1F and 45423_2R (D1) and 45423_2F and 45424_2R (D2), respectively and on cDNA level with 500 

primer pair 45423_1F and 45424_1R (C1). 501 

 502 

  503 
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Figure 3. Alignment of C-terminal E1, E2 and DYW domain of NgPPR45 and NgPPR51 of the protist 504 

Naegleria gruberi and the nine DYW-type PPR editing factors of the moss Physcomitrium patens.  505 

Light blue, blue and dark blue indicate amino acid conservation higher than 30%, 50% and 80%, 506 

respectively. Conserved motifs associated with the catalytic function of the DYW domain (PG box, zinc 507 

binding motifs, DYW motif) or the regulation of activity (gating domain consisting of α1 and ß3 and ß4, 508 

(Takenaka et al., 2021) are labeled. Start of the short DYW domain (DYW*) defined by Lurin et al. (2004) is 509 

indicated with an arrow, amino acids 37-42 of DYW* suggested to be important for domain compatibility 510 

(Ichinose and Sugita, 2018) are highlighted as well. The figure was prepared with Jarview 2.11.2.6.  511 

  512 
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Figure 4. Functional complementation of P. patens KO PpPPR78 plants using PpPPR78 chimeras with C-513 

termini of NgPPR45 or NgPPR51 of Naegleria gruberi.  514 

Chimeric constructs of PpPPR78 and NgPPR45 with three different fusion points were introduced into the 515 

ppr78 ko line. In wild type P. patens, PpPPR78 edits mitochondrial sites cox1eU755SL and rps14eU137SL, 516 

with >99% and 60-80% editing efficiency, respectively (shown on top, and >99% presented as 100%, as no 517 

C peak is recognizable in the Sanger sequencing chromatogram). Chimeras of PpPPR78 and NgPPR51 did 518 

not complement the ppr78 ko line and editing was not regained in any generated line (see chromatograms 519 

of selected lines in the blue box and Supplementary table 2 for the complete data set). (green box) 520 

Complementation was successful when the complete C-terminal domain of PpPPR78 including the E1, E2 521 

and DYW domain was replaced by the one of NgPPR45. This resulted in editing of 24% - 82% of 522 

cox1eU755SL (shown is the chromatogram of a line with moderate editing of 59%). The rps14eU137SL site 523 

was not edited in these complementation lines either. 524 

  525 
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Figure 5. Quantitative real time PCR analysis of complementation lines of P. patens KO PpPPR78.  526 

The expression of different PpPPR78 chimeras in each stable overexpression line was analyzed by 527 

quantitative RT-PCR in comparison to wildtypic PpPPR78 expression and other complementation lines of 528 

an earlier study (right side, (Schallenberg-Rüdinger et al., 2017). KO PpPPR78 was used as the negative 529 

control. The values are means of 3 biological replicates (error bars indicate SD). The regain of editing of 530 

site cox1eU755SL correlates with the expression levels of introduced PpPPR78-NgPPR45EDYW in the 531 

investigated complementation lines.  532 

  533 
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Supplementary information 534 

Supplementary figure 1. Annotated genome region of Naegr45423 and Naegr45424 contains highly 535 

repetitive regions. 536 

Repetitive regions (“Rep”) are indicated below in different colored bars. From the end of Naegr45423 CDS-537 

1 until mid of the Naegr45424 CDS, seven different repetitive regions were identified, which are also 538 

appearing within the putative intron region of Naegr45423 and the putative intergenic region (IGS). Figure 539 

prepared with Snapgene viewer V6.2.1. For details see Supplementary data 1.  540 

 541 

Supplementary table 1: Output of PPR Finder for the different PLS-type PPR proteins of Naegleria gruberi 542 

PPR models presented on the PPR plantenergy webpage subtool “PPR” 543 

(https://ppr.plantenergy.uwa.edu.au/ppr/) and predicted via search tool option “Search for PPR” 544 

(https://ppr.plantenergy.uwa.edu.au/fasta/) are displayed for each of the DYW-type PPR proteins from N. 545 

gruberi, if available. Detected PPR motifs and C-terminal extensions are listed with the region of the motif 546 

(start-end), length, score, type, amino acids associated with nucleotide recognition (2nd, 5th and last) and 547 

sequence of the motifs detected. End and start of motifs with gaps in between or with an overlap are 548 

highlighted in red (column “start-end”). Length number of motifs with unusual length are colored in red 549 

(column “length”).  550 

Supplementary table 2. Physcomitrium KO PPR78 complementation lines  551 

Constructs inserted into KO PPR78 are given with the transgenic line number (Line No) and editing 552 

efficiencies (Ed) for both editing sites cox1eU755SL and rps14eU137SL measured for three independent 553 

biological replicates (REP) for each line investigated. Average (Ave) and standard deviation (SD) is 554 

calculated. Expression levels in relation to WT expression of PPR78 are displayed as well.  555 

Supplementary table 3. Oligonucleotides 556 

Oligonucleotides used in this study. All oligonucleotides were synthesized by IDT (Integrated DNA 557 

technologies Europe, BVBA, Leuven, Belgium). 558 

https://ppr.plantenergy.uwa.edu.au/ppr/
https://ppr.plantenergy.uwa.edu.au/fasta/
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Supplementary table 4. Signal peptide prediction of assembled NgPPR45 and N-terminal extended 559 

Ng32041 560 

Results of the prediction of localization of NgPPR45 and N-terminal extended Ng32041 performed with 561 

TargetP 2.0 (https://services.healthtech.dtu.dk/service.php?TargetP-2.0) and WoLFPSORT 562 

(https://wolfpsort.hgc.jp/).  563 

Supplementary Data 564 

Supplementary data 1. Alignment of sequences to rearrange the annotation of the gene encoding for 565 

NgPPR45  566 

The genome region of Naegr45423 and Naegr45424 is aligned with Sanger sequenced PCR products 567 

based on DNA and cDNA amplification. 568 

Supplementary data 2. Alignment of the ten DYW-type PPR proteins of Naegleria gruberi  569 

Presented are the ten DYW-type PPR proteins of Naegleria gruberi aligned with the ten DYW-type PPR 570 

proteins of Physcomitrium patens for comparison. The rearranged NgPPR45 is presented as well as the 571 

N-terminally elongated Naegr32401. 572 

Supplementary data 3. Sanger sequencing file for NgPPR45 assembly and editing analysis of plants 573 

Collection of Sanger sequencing results of PCR products used for NgPPR45 assembly and Sanger 574 

sequencing results of PCR products to evaluate the editing of cox1eU755SL and rps14eU137SL in the 575 

different transgenic lines generated within this study.  576 

https://services.healthtech.dtu.dk/service.php?TargetP-2.0
https://wolfpsort.hgc.jp/
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