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SUMMARY 24 

Chloroplast gene expression is controlled by numerous nuclear-encoded RNA-binding proteins. 25 

Among them, pentatricopeptide repeat (PPR) proteins are known to be key players of 26 

posttranscriptional regulation in chloroplasts. However, the functions of many PPR proteins remain 27 

unknown. In this study, we characterized the function of a chloroplast-localized P-class PPR protein 28 

PpPPR_21 in Physcomitrella patens. Knockout (KO) mutants of PpPPR_21 exhibited reduced 29 

protonemata growth and lower photosynthetic activity. Immunoblot analysis and blue-native gel 30 

analysis showed a remarkable reduction of the photosystem II (PSII) reaction center protein and poor 31 

formation of the PSII super-complexes in the KO mutants. To assess whether PpPPR_21 is involved in 32 

chloroplast gene expression, chloroplast genome-wide microarray analysis and Northern blot 33 

hybridization were performed. These analyses indicated that the psbI-ycf12 transcript encoding the low 34 

molecular weight subunits of PSII did not accumulate in the KO mutants while other psb transcripts 35 

accumulated at similar levels in wild type and KO mutants. A complemented PpPPR_21 KO moss 36 

transformed with the cognate full-length PpPPR_21 cDNA rescued the level of accumulation of 37 

psbI-ycf12 transcript. RNA binding experiments showed that the recombinant PpPPR_21 bound 38 

efficiently to the 5′-untranslated and translated regions of psbI mRNA. The present study suggests that 39 

PpPPR_21 may be essential for the accumulation of a stable psbI-ycf12 mRNA. 40 

 41 

Keywords: P-class PPR protein, mRNA stability, psbI, ycf12, chloroplast, Physcomitrella patens, 42 

Arabidopsis thaliana 43 

 44 

Significance Statement: Pentatricopeptide repeat (PPR) proteins play important roles in various RNA 45 

processing steps in chloroplasts. Here we identified a P-class PPR protein which is essential for the 46 

accumulation of stable psbI-ycf12 mRNA in chloroplasts of the moss Physcomitrella patens. This PPR 47 

protein binds specifically to the 5′-untranslated and translated regions of psbI RNA. 48 

49 
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INTRODUCTION 50 

Chloroplast gene expression depends on a number of post-transcriptional steps including site-specific 51 

RNA cleavage, RNA splicing and RNA editing, which are essential. Stabilization of RNA is also 52 

important for efficient translation. The nucleus-encoded pentatricopeptide repeat (PPR) proteins that 53 

are imported into chloroplasts or mitochondria are involved in post-transcriptional and translational 54 

regulation at various steps of RNA processing (Small and Peeters, 2000, Lurin et al. 2004, 55 

Schmitz-Linneweber and Small 2008, Gutmann et al. 2012, Barkan and Small 2014, Manavski et al. 56 

2018). In land plants, PPR proteins constitute an extremely large family that is encoded by 450 PPR 57 

genes in Arabidopsis and over 1,000 in lycophytes (Cheng et al. 2016). Among the 450 Arabidopsis 58 

PPR proteins, one-third are localized in chloroplasts (Colcombet et al. 2013). The PPR proteins harbor 59 

tandem arrays of a degenerate 31–36-amino acid motif and are roughly grouped into two classes. The 60 

P class consists of canonical 35-amino acid PPR (P) motifs while the PLS class is organized by 61 

repeated units of P and PPR-like (L, S) motifs. The PLS class mostly functions as an RNA editing 62 

site-recognition factor in chloroplasts and mitochondria (Fujii and Small 2011, Takenaka et al. 2013b, 63 

Ichinose and Sugita 2017). 64 

 The loss-of-function PPR proteins frequently result in defects in chloroplast biogenesis (Barkan 65 

and Small 2014, Belcher et al. 2015). The P-class PPR proteins are involved in translational control 66 

and intergenic RNA cleavage (Barkan et al. 1994, Fisk et al. 1999, Meierhoff et al. 2003) and splicing 67 

(Schmitz-Linneweber et al. 2006, Falcon de Longevialle et al. 2008, Khrouchtchova et al. 2012, Goto 68 

et al. 2016, Ito et al. 2018), as well as the stabilization of chloroplast mRNAs (Pfalz et al. 2009, 69 

Johnson et al. 2010, Zhelyazkova et al. 2012, Zoschke et al. 2016, Rajas et al. 2018). In all these 70 

cases, PPR proteins bind in a gene-specific manner to target RNAs. Bioinformatic analyses of PPR 71 

proteins and target RNA sequences have proposed an RNA recognition code for PPR proteins 72 

involving a combination of amino acid residues at two or three positions in a PPR motif that determines 73 

the base preference (Barkan et al. 2012, Yagi et al. 2013, Takenaka et al. 2013a). However, it is not 74 

easy to identify target RNAs recognized by a PPR protein simply on the basis of its PPR code. The 75 

functions of many P-class PPR proteins are unknown and the RNA recognition mode of PPR motifs to 76 

the target RNA sequence is not fully understood. 77 

 The moss Physcomitrella patens genome encodes at least 89 P-class members, half of which are 78 

targeted to chloroplasts (Sugita et al. 2013). To date, our reverse-genetics approaches succeeded in 79 
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clarifying the contribution of five canonical P-class PPR proteins to splicing or processing of a specific 80 

RNA species in the P. patens chloroplasts (Hattori et al. 2007, Sugita et al. 2014, Goto et al. 2016, Ito 81 

et al. 2018). Here, we characterized P-class PpPPR_21 KO mutants and show that PpPPR_21 is 82 

essential for the accumulation of chloroplast psbI-ycf12 dicistronic transcript. In addition, we 83 

demonstrated that PpPPR_21 bound specifically to the 5′ untranslated and translated regions of psbI 84 

transcript. Thus, PpPPR_21 may function as a stabilization factor specifically for the psbI-ycf12 85 

dicistronic transcript. 86 

 87 

RESULTS 88 

PpPPR_21 is localized in chloroplasts 89 

The PpPPR_21 gene (Pp3c22_3230V3.3/Pp1s266_45) was deduced to encode a protein of 860 90 

amino acids (aa) with 19 PPR motifs (Figures 1a and S1). To examine its intracellular localization, a 91 

chimeric protein of the N-terminal PpPPR_21 (102 aa) fused to green fluorescent protein (GFP) was 92 

transiently expressed in moss cells. Green fluorescence was detected in the chloroplasts but not in 93 

mitochondria (Fig. 1b). The PpPPR_21 homologs, which are referred to as PPR21L, are widely 94 

distributed in bryophytes, ferns, and seed plants A. thaliana and Zea mays but not in the green alga 95 

Chlamydomonas reinhardtii (Fig. S1). 96 

 97 

Photosynthesis was impaired in PpPPR_21 knockout mosses 98 

To examine the function of PpPPR_21, we generated PpPPR_21 knockout (KO) mutants by replacing 99 

its coding region with the gfp-hpt gene cassette (Fig. S2a). Using PCR analysis, we verified that 100 

expected homologous recombination occurred in the targeted loci (Fig. S2b) and that PpPPR_21 101 

transcript was not amplified by RT-PCR in the KO mutants, Δ21-10 and Δ21-182 (Fig. S2c), indicating 102 

that they are null mutants. Both KO mutants grew more slowly than the wild type (WT) under 103 

phototrophic conditions (Fig. 2a). To investigate the photosynthetic status of these KO mutants, we 104 

analyzed them by kinetics multispectral fluorescence imaging. A chlorophyll fluorescence parameter, 105 

Fv/Fm, representing the integrity of photosystem II (PSII) was reduced to between 0.59 and 0.61 in KO 106 

mosses relative to the WT level of 0.75 (Fig. 2b). The effective quantum yield of PSII (ΦPSII) and 107 

non-photochemical quenching (NPQ) also decreased in the KO mutants at the range of light intensity 108 

analyzed. Photochemical quenching (qP) decreased slightly in the KO mutants. These results imply 109 
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that PSII activity was primarily affected, resulting in a reduction of other electron transport parameters. 110 

However, the plant growth and chlorophyll fluorescence parameters were rescued in a complemented 111 

moss, Comp-17, that was transformed with PpPPR_21 full-length cDNA in the KO mutant Δ21-182 as 112 

a background line. The complementation experiment confirmed that the defect in growth and impaired 113 

photosynthesis in the mutant were caused by a loss-of-function of PpPPR_21. 114 

 We then performed immunoblot analysis to investigate the steady-state levels of the thylakoid 115 

membrane proteins (Fig. 3). The level of the PSII reaction center D1 protein (PsbA) was reduced to 116 

less than 10% of the WT level in the KO mutants. The level of the oxygen-evolving complex (OEC) 117 

extrinsic protein PsbO and cytochrome f (Cytf) of the cytochrome b6f complex were slightly reduced in 118 

the KO mosses. On the other hand, the PsaA protein of photosystem I (PSI) and the β subunit of 119 

H+-ATP synthase (AtpB) in KO mosses accumulated to similar levels as WT. To analyze the formation 120 

of protein complexes in thylakoid membranes, thylakoid membrane proteins were separated by 121 

blue-native polyacrylamide gel electrophoresis (BN-PAGE). Consistent with the results of 122 

immuno-blotting (Fig. 3), the levels of PSII super-complexes (PSII SC) and PSII dimers were 123 

considerably reduced in the KO mutants, whereas the level of PSII monomer in the KO mutants was 124 

comparable to the WT level (Fig. 4). 125 

 126 

PpPPR_21 KO mutants lost chloroplast psbI-ycf12 dicistronic mRNA 127 

The loss of a PPR protein often leads to aberrant RNA processing or translation in chloroplasts. Since 128 

a remarkable reduction of PSII integrity and the PSII complex level was observed in the PpPPR_21 KO 129 

mutants, RNA maturation steps, such as RNA stability and RNA splicing, could be affected in the PSII 130 

subunit gene(s) of the KO mutants. To assess this possibility, we performed a chloroplast 131 

transcriptomic analysis using a tiling array covering the chloroplast genome DNA of both strands 132 

(Sugiura et al. 2003). This analysis showed that transcript levels from the chloroplast genome positions 133 

60,000 to 61,000 were markedly decreased in the KO mosses (Fig. 5a). To examine which gene 134 

expression was affected in the KO mutants, we performed Northern hybridization of a 135 

psbK-psbI-ycf12-trnG gene cluster, which is positioned at positions 60,000 to 61,000. The psbK 136 

transcripts (0.8 kb and 0.5 kb), trnG-UCC precursor (0.7 kb) and mature (0.1 kb) transcripts were 137 

observed at similar levels in WT and KO mosses (indicated as RNA1, 2, 5 and 6, Fig. 5b). In contrast, 138 

probing with psbI (probe B) and ycf12 (probe C), a 1.1-kb transcript was observed in the WT but not in 139 
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the KO mosses (referred to as RNA3 in Fig. 5b). In addition, two transcripts longer than 1.1 kb were 140 

detected clearly in KO mutants while more less in WT and Comp-17. These may be primary and 141 

process transcripts from the psbK-psbI-ycf12 gene cluster. The 1.1-kb RNA band might be a dicistronic 142 

psbI-ycf12 transcript. The ycf12 probe detected not only the 1.1-kb RNA but also an approximately 143 

0.5-kb transcript (RNA4) in the WT. The 0.5-kb RNA accumulated in both WT and KO mutants and 144 

might be transcribed from its own dedicated promoter of the ycf12 gene. The Comp-17 moss restored 145 

accumulation of the 1.1-kb psbI-ycf12 transcript. This reconfirmed that the lack of accumulation of 146 

psbI-ycf12 transcript in the KO mutants was due to a loss-of-function of the PpPPR_21 gene. Thus, 147 

although the psbI-ycf12 transcript was lost in the KO mutants, the monocistronic ycf12 transcript 148 

accumulated normally, even in the KO mutants. This suggests that ycf12 expression is not affected by 149 

the loss of PpPPR_21. 150 

 We then determined the 5′ and 3′ ends of the psbI-ycf12 transcript (RNA3 in Fig. 5b) by 151 

sequencing DNA fragments amplified by circular RT (cRT)-PCR. In the WT and Comp-17 mosses, 152 

approximately 1.0-kb DNA fragments were amplified using two primers facing outward (black 153 

arrowheads) from RNA sample treated with T4 RNA ligase, but not from T4 RNA ligase-untreated RNA 154 

sample (Fig. 6a). In contrast, such DNA fragments were not amplified by cRT-PCR in the KO mutants. 155 

Accumulation of the 3′ rps12-rps7 transcript amplified using gene-specific primers was not affected in 156 

the PpPPR_21 KO mosses as expected. This result also supports no accumulation of the 1.1-kb psbI 157 

transcript in the KO mosses. DNA sequencing of the amplified fragments by cRT-PCR revealed that 158 

the 5′ ends of psbI transcript were positioned at 45 nucleotides (nt) upstream from the psbI translated 159 

region and that the 3′ ends were mostly 65 nt downstream from the TAA stop codon of the ycf12 160 

translated region (Fig. 6c, d). From this result, the length of psbI-ycf12 transcript was calculated as 161 

1060 nt, matching well with the 1.1 kb transcript (RNA3) detected by RNA gel blot hybridization (Fig. 5). 162 

Similarly, the 5′ and 3′ ends of RNA4 detected by RNA blot hybridization analysis were determined by 163 

cRT-PCR using a different set of primers (white arrowheads in Fig. 6b) and DNA sequencing of the 164 

amplified DNA fragments. The 5′ ends of RNA4 were at 295 nt upstream of the ycf12 translated region 165 

and its 3′ ends were at the same positions as those of the 1.1-kb psbI-ycf12 transcript. The length of 166 

RNA4 was calculated as 461 nt (Fig. 6c). 167 

 As a result of the lack of accumulation of psbI transcript in the KO mutants, we investigated the 168 

possibility that PpPPR_21 is also involved in the accumulation of other psb transcripts. To assess 169 
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whether expression of other psb genes was affected in the KO mutants, northern blot hybridization was 170 

performed using psb gene-specific probes. The analyzed psb gene transcripts in the KO mutants 171 

accumulated at levels similar to WT (Fig. S3). This result strongly suggests that PpPPR_21 is 172 

specifically involved in the accumulation of psbI-ycf12 transcript. 173 

 174 

PpPPR_21 binds to the 5′ untranslated and translated regions of the psbI transcript 175 

Since PpPPR_21 is required for the accumulation of the 1.1 kb psbI transcript, PpPPR_21 may bind to 176 

some region in the psbI transcript as was observed in other chloroplast PPR stabilization factors (Pfalz 177 

et al. 2009, Johnson et al. 2010, Zhelyazkova et al. 2012, Zoschke et al. 2016). 178 

 As shown in Fig. S4a, we predicted a target sequence, 5′-CGAUUCUAUUUCUxUUUUx-3′, of 179 

PpPPR_21 according to the amino acid code for nucleotide recognition by PPR motifs (Yagi et al. 180 

2013). Predicted nucleotide binding intensities were scanned through the P. patens chloroplast 181 

genome, resulting in the identification of four matching sites on the psbI gene (Fig. S4b). Two sites 182 

(ranked at 3 and 52 out of 60 top ranked sites) were overlapped by six nucleotides and were within the 183 

translated region of psbI. Another two (ranked at 28 and 56) were also overlapped by 14 nucleotides 184 

and positioned in the 5′-untranslated region (UTR) of psbI. 185 

To confirm whether PpPPR_21 binds directly to the putative binding sites, we performed an RNA 186 

electrophoresis mobility shift assay (REMSA) using two 29-nt synthetic RNAs, PppsbI-RNA1 and 187 

PppsbI-RNA2, which correspond to the predicted binding sequence in the translated region and the 188 

5′-UTR of psbI mRNA, respectively (Figs. 6d and 7a). As a negative control, two non-related 189 

sequences, AtpsbI-RNA3 and PpndhA-RNA4, were synthesized and used as probes (Fig. 7a). 190 

AtpsbI-RNA3 corresponds to the proximal region of the 5′-UTR of Arabidopsis processed psbI 191 

transcript because the 5′ end of Arabidopsis psbI transcript was mapped at 55-nt upstream from the 192 

ATG start codon of psbI by means of cRT-PCR and DNA sequencing (Fig. S5). PpndhA-RNA4 is a 193 

sequence located in the P. patens chloroplast ndhA intron. For REMSA, we expressed the recombinant 194 

thioredoxin (Trx)-PpPPR_21 fusion protein (rPp21) in Escherichia coli and recovered it by Ni-NTA 195 

agarose. Clear shifted bands were detected by PppsbI-RNA1 and PppsbI-RNA2 (Fig. 7b). However, 196 

rPp21 did not bind to AtpsbI-RNA3 and PpndhA-RNA4. This result suggests that PpPPR_21 binds 197 

specifically to the translated region and the 5′-UTR of psbI mRNA. 198 

 199 
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DISCUSSION 200 

In this study, we showed that PpPPR_21 is required for the accumulation of chloroplast psbI-ycf12 201 

transcript encoding low molecular weight subunits of PSII. The PpPPR_21 KO mutants lacking psbI 202 

transcripts grew slowly and exhibited a significant reduction of PSII core protein D1 (PsbA) level (less 203 

than 10% of the WT level), and a concomitantly poor level of PSII supercomplexes. Similar phenotypic 204 

features were reported in the green alga C. reinhardtii and tobacco psbI gene KO mutants (Künstner et 205 

al. 1995, Schwenkert et al. 2006). The C. reinhardtii psbI KO mutant was shown to grow 206 

photoautotrophically but showed a 10 to 20% decrease in the level of oxygen evolution relative to the 207 

WT level (Künstner et al. 1995). Tobacco psbI KO mutants were photoautotrophically viable under 208 

greenhouse conditions, but the levels of PsbA and PsbO were reduced to 50% compared with WT 209 

levels and the PSII complexes were poorly formed, suggesting that PsbI is essential for the stability of 210 

dimeric PSII and PSII supercomplexes (Schwenkert et al. 2006). Unlike the tobacco psbI KO mutants, 211 

the PpPPR_21 KO mutants lacking psbI transcripts exhibited a significant and slight reduction of PsbA 212 

and PsbO, respectively. In cyanobacteria, PsbI was shown to be located on the periphery of the PSII 213 

dimer, and is required for the assembly process of PSII dimers (Dobáková et al. 2007, Kawakami et al. 214 

2011). Likewise, the PSII supercomplex assembly is likely severely affected in the PpPPR_21 KO 215 

mosses. 216 

 217 

Ycf12 (Psb30) is also known to be essential for the optimal functionality of the PSII complex in 218 

high light intensity in C. reinhardtii (Inoue-Kashino et al. 2011). Although the psbI gene is present in the 219 

chloroplast genome of almost all oxygenic-photosynthetic organisms, the ycf12 gene is distributed in 220 

oxygenic-photosynthetic organisms except for angiosperms, such as Arabidopsis. As presented in this 221 

study, ycf12 (psb30) is not only co-transcribed with psbI but is also transcribed by its own promoter to 222 

produce an ycf12 monocistronic form in the WT and KO mutant mosses. This suggests that expression 223 

of ycf12 might not be affected in the PpPPR_21 KO mosses. Cotranscription of psbK and psbI genes 224 

was reported in barley (Sexton et al. 1990), mustard (Neuhaus and Link 1990) and Arabidopsis (Tseng 225 

et al. 2010). In these plants, although the psbK-psbI intergenic region is site-specifically cleaved, both 226 

primary and processed transcripts accumulated at detectable levels following Northern blot analysis, 227 

indicating they are relatively stable. In contrast, psbK-psbI-ycf12 tricistronic transcripts could be faintly 228 

detected but the processed 0.5 kb psbK transcript and 1.1 kb psbI-ycf12 transcript substantially 229 
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accumulated in the P. patens chloroplasts. This suggests that psbK-psbI intergenic cleavage may 230 

proceed more rapidly in P. patens than in seed plants. 231 

 232 

Our in vitro RNA binding experiment showed that PpPPR_21 bound specifically to both the 5′-UTR and 233 

the translated region of the psbI transcript. The 5′-UTR of the processed psbI-ycf12 RNA can be folded 234 

into a possible secondary structure where a ribosome-binding site (RBS) is masked (Fig. 8a). Once 235 

PpPPR_21 bound to its target sequence and refolded the secondary structure to open the RBS, it is 236 

presumed that binding of PpPPR_21 to this site stabilized psbI-ycf12 RNA by blocking 5′ → 3′ 237 

exonucleolytic degradation and mediated efficient translation (Fig. 8b). Likewise, it is well known that 238 

maize PPR10 prevents the formation of an RNA structure that masks the atpH RBS from an RNA 239 

duplex (Pfalz et al. 2009, Prikryl et al. 2011). Other P-class PPR proteins are known to stabilize RNAs 240 

and define the positions of processed RNA termini by blocking exoribonucleases (Schmitz-Linneweber 241 

et al. 2005, Fujii et al. 2013, Rojas et al. 2018). PpPPR_21 also binds the translated region of psbI 242 

mRNA in vitro and this binding may contribute to either stabilization or translation, or both, of mRNA. 243 

Most PPR stabilizers bind either the untranslated or intercistronic regions of transcripts while no PPR 244 

protein has been identified that binds the translated region in vivo and in vitro (Barkan and Small 2014, 245 

Manavski et al. 2018). To clarify whether PpPPR_21 binds the translated region of psbI mRNA in vivo 246 

and contributes to the control of translational efficiency, further analyses need to be performed. 247 

 248 

Homologous sequences of PpPPR_21 are found in land plants ranging from bryophytes to seed 249 

plants (Fig. S1). The PpPPR_21 gene is interrupted by four introns while PPR21L genes, except for 250 

the moss Sphagnum fallax gene, are intron-less. PpPPR_21 showed 45% aa identity and 85% 251 

similarity to Arabidopsis PPR21L (At5g02860), which was predicted to be localized in chloroplasts 252 

(Colcombet et al. 2013). A predicted target sequence of Arabidopsis PPR21L is 253 

5′-CGAUUCUAUAUCUxCUUCx-3′, which is similar to the sequence of 254 

5′-GAAUCUAUUCUCUUUUUU-3′ sequence in the 5′-UTR of the Arabidopsis psbI transcript (Fig. S5c). 255 

This suggests that AtPPR21L is a functional ortholog of PpPPR_21. To investigate this possibility, we 256 

analyzed the T-DNA tagged lines of Arabidopsis PPR21L (At5g02860), GABI_290B09, SALK_087900 257 

and SALK_089346 (Fig. S6a). GABI_290B09 and SALK_087900 have T-DNA inserted into the 258 

translated region. However, no homozygous mutants of these two T-DNA tagged lines were obtained 259 
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by analyzing the genotype of the next generations of heterozygous plants. A problem was encountered 260 

when attempting to isolate a homozygous mutant in the two independent T-DNA insertion lines, so the 261 

loss of function of AtPPR21L may lead to embryonic lethality. A Ds/Spm-tagged mutant of AtPPR21L 262 

(At5g02860) lacking homozygotes was previously reported as mutant stock 54-4198-1 (Myouga et al. 263 

2010). In contrast, a homozygous mutant of the SALK_089346 line, in which T-DNA was inserted at 264 

24-bp upstream of the AtPPR21L translated region, was obtained (Fig. S6b). This homozygous mutant 265 

did not show a reduction of AtPPR21L transcript level (Fig. S6c) or a visible phenotype but showed a 266 

normal level of chlorophyll fluorescence Fv/Fm (the integrity of PSII), under our growth conditions (Fig. 267 

S6d, e). From these observations, we cannot conclude that AtPPR21L is a functional ortholog of 268 

PpPPR_21. To fortify this conclusion, we will further generate and characterize AtPPR21L mutants, for 269 

example by generating knockdown mutants. 270 

In angiosperms and green algae, the RNA binding of PPR proteins serving as cap for 271 

ribonucleases protection leave small RNA footprints that accumulate in vivo (Ruwe et al. 2012, 272 

Cavaiuolo et al. 2017). In Arabidopsis, a small RNA footprint 273 

(5′-CCAUACUAAAUCUGGAUCAUUUC-3′) was identified in the chloroplasts and mapped at positions 274 

261 to 240-bp upstream of the psbI coding region and 118 to 143-bp downstream of psbK coding 275 

region (Ruwe et al. 2012). This small RNA sequence was not matched with the predicted binding site 276 

of AtPPR21L. The other small RNAs were not identified in the psbK-psbI-trnS gene cluster in 277 

Arabidopsis. Identification of small RNAs resulting from protective action of PpPPR_21 needs to be 278 

addressed for elucidating the precise function of PpPPR_21 in the P. patens chloroplasts. 279 

 280 

EXPERIMENTAL PROCEDURES 281 

Plant growth conditions 282 

P. patens was phototrophically grown at 25°C as described in Ito et al. (2018) and A. thaliana was 283 

grown in soil at 23°C as described in Yamamoto et al. (2011). The T-DNA-tagged lines (GABI_290B09, 284 

SALK_087900 and SALK_089346) were provided by the Arabidopsis Biological Resource Center 285 

(ABRC; https://abrc.osu.edu/). 286 

 287 

Intracellular localization 288 

Total cellular RNA was reverse-transcribed to synthesize cDNA. A cDNA encoding the N-terminal 102 289 
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aa sequence of PpPPR_21 was amplified using specific primers (Table S1), and cloned into 290 

pKSPGFP9 (Tasaki et al. 2010). The obtained plasmid p21N-GFP was introduced by particle 291 

bombardment into the transgenic Mt-RFP OX moss and fluorescence was detected as described by 292 

Ichinose et al. (2013). 293 

 294 

Generation of PpPPR_21 KO moss and complemented moss 295 

The DNA fragments of the 1087-bp region upstream and the 1028-bp region downstream from 296 

PpPPR_21 were amplified by PCR from genomic DNA with gene-specific primers (Table S1). 297 

Respective DNA fragments were cloned into pNGH4 (Ito et al. 2018). The resultant plasmid p21KO 298 

was linearized with NaeI and used to transform the moss protonemata, and hygromycin-resistant 299 

mosses were selected. Gene disruption in transformants was confirmed by genomic PCR and null KO 300 

mutants were verified by RT-PCR with appropriate primers (Table S1, Fig. S2). 301 

In order to complement the KO mosses, PpPPR_21 cDNA was amplified by 21P3 and 21P4 302 

primers (Table S1), and cloned into p9WmycZ3 (Goto et al. 2016). The obtained plasmid was digested 303 

with NotI and introduced into the KO mutant Δ21-182 and zeocin-resistant mosses were selected. The 304 

nucleotide sequence of PpPPR_21 cDNA was deposited in the DDBJ DNA database under accession 305 

number LC380412. 306 

 307 

Analysis of chlorophyll fluorescence 308 

Chlorophyll fluorescence from moss colonies and Arabidopsis leaves was measured as described 309 

previously (Ito et al. 2018). 310 

 311 

Immunoblot analysis 312 

Total cellular proteins were extracted from the moss protonemata and separated on 0.1% SDS–14% 313 

polyacrylamide gels. Blotting of proteins to nylon membranes and immunodetection were carried out 314 

as described in Ito et al. (2018). The anti-PsbA (AS05084A, Agrisera, http://www.agrisera.com/), 315 

anti-PsaA (AS06172, Agrisera), anti-PsbO (provided by F. Sato), anti-cytochrome f (provided by A. 316 

Makino) and anti-β-subunit of chloroplast H+-ATP synthase (provided by T. Hisabori) were used. 317 

 318 

Blue native gel electrophoresis 319 
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Thylakoid membrane preparation, BN-PAGE and 2D-PAGE were performed as described earlier 320 

(Shimizu et al. 2008). Thylakoids (10 µg of chlorophyll) in 25 mM Bis Tris-HCl (pH 7.0) and 20% 321 

glycerol were solubilized with 1% n-dodecyl-β-D-maltoside on ice for 10 min in the dark. After 322 

centrifugation, the supernatant was supplemented with one-tenth BN sample buffer (5% Serva blue G, 323 

100 mM BisTris-HCl (pH 7.0), 0.5 M 6-amino-n-caproic acid, and 30% (w/v) glycerol) and 324 

electrophoresis was performed in the first (5 to 13.5% BN-PAGE) and second (14% SDS-PAGE) 325 

dimension. Immunological analysis of the PsbA protein was performed for the second dimension. 326 

 327 

Microarray analysis 328 

Agilent-084494 Physcomitrella Custom Microarray was a tiling array covering the chloroplast and 329 

mitochondrial genome DNA of both strands, and whose probes were 60 nt in length with a 20 nt 330 

overlap. Total cellular RNA was extracted from 4 day-old WT or KO mosses using Isogen II 331 

(Nippongene, http://www.nippongene.com/) and treated with RNase-free DNase I. About 150 ng of 332 

total cellular RNA was reverse transcribed using random primers binding to the T7 promoter sequence. 333 

Complementary RNAs (cRNAs) were transcribed and labeled from these cDNAs by a Low Input Quick 334 

Amp WT Labeling kit (Agilent, https://www.agilent.com/). Six-hundreds ng of Cyanine-3 (Cy-3) labeled 335 

cRNA was used for hybridization, according to the manufacturers’ protocol using the Gene Expression 336 

Hybridization Kit and the Gene Expression Wash Pack (Agilent). The microarrays were scanned with 337 

an Agilent SureScan and processed using Agilent Feature Extraction software. The expression values 338 

were quantile-normalized. The microarray data are available on the Gene Expression Onmibus (GEO 339 

accession ID: GSE121554). 340 

 341 

RNA gel blot hybridization 342 

RNA (10 or 15 µg) was loaded onto a 1% agarose gel and transferred to a nylon membrane. The 343 

blotted RNAs were hybridized with gene-specific DNA probes (Table S1) as described previously (Goto 344 

et al. 2016). 345 

 346 

cRT–PCR 347 

Two µg of total RNA treated with DNase I was self-ligated using T4 RNA ligase (TaKaRa, 348 

http://www.takara-bio.co.jp). RNA 5′ pyrophosphohydrolase (RppH, New England Biolabs, 349 

http://www.nippongene.com/
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https://international.neb.com/) was used to remove pyrophosphates from the 5′ end of triphosphate 350 

RNA (Hetzel et al. 2016). The circularized RNA was reverse-transcribed using random primers and 351 

ReverTra Ace (TOYOBO, http://lifescience.toyobo.co.jp). For the psbI-ycf12 transcript, cDNA was 352 

amplified with the gene-specific primers (Table S1) and PrimeSTAR GXL DNA polymerase (TaKaRa). 353 

The cRT–PCR products were separated by 1% agarose gel, recovered from the gel, and cloned into 354 

the SmaI site of pUC18 and sequenced. 355 

 356 

Prediction of PpPPR_21 RNA binding site 357 

Prediction of the binding sites for PpPPR_21 was performed according to Yagi et al. (2013). The 358 

nucleotide-specifying residues (NSRs; positions 2, 5, 35) were extracted from each PPR motif, which 359 

were defined by PPR database (http://ppr.plantenergy.uwa.edu.au; Cheng et al. 2016). The NSRs 360 

were converted into a probability matrix that indicated the decoding nucleotide frequency according to 361 

the PPR code using table S4 in Yagi et al. (2013). This probability matrix was used to search 362 

PpPPR_21 RNA binding sites against both strands of the entire P. patens chloroplast genome 363 

(AP005672.1) by the FIMO program in the MEME suite (http://meme.nbcr.net/meme/fimo-intro.html). 364 

The predicted binding sites were ranked by P-values calculated by FIMO. 365 

 366 

Recombinant protein and REMSA 367 

To express mature PpPPR_21 as a fusion protein with Trx at its N-terminus in Escherichia coli, 368 

complementary DNA coding for PpPPR_21(excluding its N-terminal 102 aa) was amplified using 369 

specific primers (Table S1) and was cloned into pBAD/Thio-TOPO (Invitrogen, 370 

http://www.introgen.com/). The recombinant protein, rPp21, was expressed at 16°C for 16 h in E. coli 371 

BL21 in the presence of 0.2% arabinose, and expressed protein was isolated using Ni-NTA agarose 372 

(Qiagen, http://www.qiagen.com/). 32P-labeling of RNA probes and REMSA were carried out as 373 

described in Goto et al. (2016). 374 
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Figure legends 538 

 539 

Figure 1. Chloroplast localization of PpPPR_21 protein. 540 

(a) Diagram of PpPPR_21 composed of a putative transit peptide (TP) and 19 pentatricopeptide repeat 541 

motifs. Fusion protein 21N-GFP is shown below. 542 

(b) Chimeric protein was transiently expressed in the mitochondria-localized red fluorescence protein 543 

(Mt-RFP) overexpressing moss. Fluorescence of 21N-GFP (GFP), RFP (Mt-RFP) and chlorophyll 544 

fluorescence were detected by confocal fluorescent microscopy. An overlay of fluorescence images 545 

(Merged) is shown. Scale bars = 20 μm. 546 

 547 

Figure 2. Phenotype of PpPPR_21 gene knockout mutants and a complemented moss. 548 

(a) Wild type (WT), knockout (KO) mutants (∆21-10, ∆21-182) and complemented moss (Comp-17) 549 

were grown on BCDAT plates for 2 weeks without hygromycin B. Scale bars = 10 mm. 550 

(b) Measurement of the maximum PSII yield in dark-adapted state (Fv/Fm) and light intensity 551 

dependence of effective quantum yield of PSII (ΦPSII), non-photochemical quenching (NPQ) and 552 

photochemical quenching (qP) in WT, KO mutants, and a complemented moss. Values are means ± 553 

SD (n = 6). The horizontal axis indicates photon flux density (PFD). 554 

 555 

Figure 3. Immunoblot analysis of chloroplast proteins from Physcomitrella patens. 556 

Total cellular proteins [the indicated dilution of the wild-type (WT) sample] were subjected to 557 

immunoblot analysis with antibodies for PSII core D1 protein (PsbA), PSII oxygen-evolving complex 558 

(OEC) extrinsic protein (PsbO), cytochrome f of the cytocrome b6f complex (Cytf), PSI core (PsaA) and 559 

β-subunit of ATP synthase (AtpB). The gel was stained with Coomassie brilliant blue G-250 (CBB) and 560 

the large subunit of RuBisCO (RbcL) and the light-harvesting chlorophyll binding protein (LHCII) are 561 

indicated (bottom). 562 

 563 

Figure 4. Detection of PSII complexes by blue-native/SDS polyacrylamide gel electrophoresis. 564 

(a) Blue native (BN)-polyacrylamide gel electrophoresis (PAGE) analysis of thylakoid membrane 565 

protein complexes. Thylakoids (10 μg of chlorophyll) were solubilized with 1% 566 

n-dodecyl-β-D-maltoside, and electrophoresis was performed. 567 
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(b) Two-dimensional separation [BN-gel follows SDS-PAGE] of thylakoid proteins complexes. 568 

Complexes in BN-gel were subsequently separated by SDS-PAGE. Immunological analysis of the 569 

PsbA protein was performed in the second dimension. 570 

 571 

Figure 5. RNA gel blot hybridization of the psbK-psbI-ycf12-trnG cluster in Physcomitrella patens. 572 

(a) Ratio of RNA abundance in the knockout (KO) mutants relative to the wild type (WT) measured by a 573 

replicate microarray. Microarray data from chloroplast genome positions 57,500 to 62,500 is shown. 574 

(b) Total RNA (10 µg) from WT, KO mutant mosses (∆21-10 and ∆21-182) and complemented moss 575 

(Comp-17) was analyzed by RNA gel blot hybridization using DNA probes A (358 bp), B (315 bp), C 576 

(386 bp) and D (642 bp). The detected RNA bands are indicated as numbers 1 to 6 and the gels 577 

stained with ethidium bromide are shown below. RNA size markers (0.2 to 4.0 kb) are indicated on the 578 

right. 579 

 580 

Figure 6. Determination of the 5′ and 3′ end positions of psbI-ycf12 transcript in Physcomitrella patens. 581 

(a) Total RNA was treated with (+) or without (-) T4 RNA ligase to form circular RNAs, then subjected to 582 

RT-PCR using two different primer sets as indicated by black or white arrowheads in panel (c). Circular 583 

RT (cRT)-PCR products of psbI-ycf12 and 3′ rps12-rps7 transcripts were detected on 2% agarose gels. 584 

RNA ligase treatment did not affect amplification of RT-PCR product as shown in PpActin1. 585 

(b) Total RNA was treated with (+) or without (-) RNA 5′ pyrophosphohydrolase (RppH) and T4 RNA 586 

ligase and the resultant circular RNAs were subjected to RT-PCR. cRT-PCR products were detected in 587 

wild type (WT) and Δ21-10 moss. 588 

(c) cRT-PCR products were cloned and sequenced. The 5′ ends of psbI-ycf12 transcripts were mapped 589 

at 45 nucleotides (nt) upstream from the psbI translated region and their 3′ ends were mostly mapped 590 

at 65-nt downstream from the ycf12 translated region. When a different primer set (white arrowheads) 591 

was used, cRT-PCR products corresponding to 461-nt long transcripts and their 5′ and 3′ ends were 592 

mapped at 295-nt upstream and 65-nt downstream of the ycf12 translated region, respectively. 593 

(d) Nucleotide sequence of psbI-ycf12 transcript mapped at 5′ end mapped by cRT-PCR and 594 

sequencing. Ribosome-binding site (RBS) is boxed and the translated region of psbI is bold-faced. 595 

RNA probe sequences used for REMSA (Fig. 7) are also underlined. 596 

 597 
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Figure 7. In vitro binding of the recombinant PpPPR_21 to RNA probes containing the predicted RNA 598 

binding site.  599 

(a) Coomassie brilliant blue-stained recombinant PpPPR_21 protein (rPp21, 2 µg) separated on an 8% 600 

polyacrylamide-SDS gel. 601 

(b) The nucleotide sequences of RNA probes used for REMSA are shown together with their location 602 

within respective RNA in parenthesis. In PppsbI-RNA1 and -RNA2, the nucleotides matching the 603 

predicted binding site of PpPPR_21 are shown in red. 604 

(c) REMSA was performed with recombinant proteins (rTrx or rPp21) and 32P-labeled RNA probe. All 605 

RNA probes were used at 50 pM with protein concentrations ranging from 0 (-) to 5 nM as shown 606 

above each lane.  607 

 608 

Figure 8. Model of PpPPR_21 function. 609 

(a) Predicted secondary structure of the 5’-UTR of the P. patens psbI. Putative binding site of 610 

PpPPR_21 and ribosome-binding site (RBS) are indicated. 611 

(b) Once PpPPR_21 binds to the 5′-UTR of the psbI-ycf12 RNA, it may prevent the formation of an 612 

RNA structure that masks the psbI RBS and also may stabilize psbI-ycf12 mRNA by blocking 5′ → 3′ 613 

exonucleolytic degradation. PpPPR_21 also binds to the translated region of psbI and mediates either 614 

stabilization or translation, or both, of psbI RNA. 615 

 616 

Supplementary figures 617 

 618 

Figure S1. Multiple sequence alignment and phylogenetic tree of PpPPR_21 and its homologs. 619 

(a) Amino acid (aa) sequences were aligned with ClustalW 620 

(http://clustalw.ddbj.nig.ac.jp/index.php?lang=en). Identical and conserved aa residues are shaded in 621 

black and grey, respectively. PpPPR_21 (Pp3c22_3230V3.3); SfPPR21L, Sphagnum fallax 622 

PPR_21-like (Sphfalx0062s0115); MpPPR21L, Marchantia polymorpha (Mapoly0063s0054.1); 623 

SmPPR21L, Selaginella moellendorffii (61162); AtPPR21L, Arabidopsis thaliana (At5g02860); 624 

OsPPR21L, Oryza sativa (LOC_Os07g40120); ZmPPR21L, Zea mays (GRMZM2G092739_T01), PPR 625 

motifs are marked in red brackets 1 to 19. The position 5 and 35 aa residues in each PPR motif are 626 

indicated by red and black asterisks, respectively. The arrowhead indicates the predicted cleavage site 627 
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of the transit peptide. 628 

(b) The phylogenetic tree including PPR21L and two most closely related PPR paralogues within each 629 

taxon was constructed using MEGA X program by neighbor-joining method (Saitou and Nei 1987). 630 

Bootstrap values from 1000 replicates are indicated at each branch as percentages. 631 

Pp3c11_7720V3.2(PpPPR_45) was used as an outgroup. 632 

 633 

Figure S2. Generation of PpPPR_21 knockout (KO) mutants. 634 

(a) Structures of wild-type (WT) and the altered genomic locus after replacement of the gfp-hpt gene 635 

cassette by homologous recombination (HR) are illustrated. Primers and the expected fragment sizes 636 

for PCR analysis are also shown. Primer sequences are listed in Table S1. The DNA regions for HR 637 

are represented as thick horizontal lines. 638 

(b) Genomic PCR analysis of WT and KO mutants. The predicted 1308- (5′ HR) and 1605-bp (3′ HR) 639 

fragments were amplified from the KO lines while the 3629-bp fragment (full length gene) was 640 

amplified from WT. DNA size marker is the λ DNA StyI-digest (lanes M). 641 

(c) RT-PCR for detection of PpPPR_21 transcript in WT, KO and complemented (Comp-17) mosses. 642 

PpActin1 transcript was also amplified as a control.  643 

 644 

Figure S3. RNA gel blot hybridization of Physcomitrella patens psb genes. 645 

Total RNA (15 µg or 10 µg for psbA) from P. patens wild type (WT) and knockout mutant (∆21-10, 646 

∆21-182) mosses was analyzed by northern blot hybridization using gene-specific probes (Table S1). 647 

RNA size markers (0.2 to 8 kb) are indicated on the right. Lanes 1, 2 and 3 indicate WT, ∆21-10 and 648 

∆21-182, respectively. 649 

 650 

Figure S4. Prediction of the PpPPR_21-binding site according to its PPR code. 651 

(a) The amino acids at positions 2, 5 and 35 of each PpPPR_21 PPR motif were extracted and are 652 

listed from the N- to the C-terminus. The obtained combinations were then used to calculate the 653 

probabilities of nucleotide recognition by each individual PPR motif according to the PPR code (Yagi et 654 

al. 2013).  655 

(b) This predicted target sequence was scanned through the P. patens chloroplast genome and four 656 

matching sites were found on the psbI–ycf12 transcript. The numbers indicate the chloroplast genome 657 
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position (position column). 658 

 659 

Figure S5. Determination of 5′ and 3′ ends of Arabidopsis psbK-psbI-trnS transcript. 660 

(a) Total RNA was treated with (+) or without (-) RNA 5′ pyrophosphohydrolase (RppH) or T4 RNA 661 

ligase to form circular RNAs, then subjected to RT-PCR using a set of primer sets (black arrowheads) 662 

as indicated in (b). Circular RT (cRT)-PCR products of psbI-trnC transcripts were detected on a 2% 663 

agarose gels. RppH and T4 RNA ligase treatment did not affect amplification of RT-PCR product as 664 

shown in AtpsbI. The asterisk indicates non-specific PCR products. 665 

(b) cRT-PCR products were cloned and sequenced. The 5′ ends of psbI-trnC transcript were mapped 666 

at 55 nucleotides (nt) upstream from the psbI translated region and the 3′ ends were mapped at 751 667 

and 858 nt downstream from A of the translation start codon of the psbI translated region. The 5′ end of 668 

the psbK-psbI-trnC transcript was mapped at 164-nt upstream from the psbK translated region. 669 

(c) Nucleotide sequence of the 5′-UTR and a part of of the psbI translated region. Ribosome-binding 670 

site (RBS) is boxed and the psbI translated region is bold-faced. The AtpsbI-RNA3 sequence used for 671 

REMSA (Fig. 7) is also underlined. 672 

 673 

Figure S6. Isolation and characterization of Arabidopsis PPR21L T-DNA tagged mutants. 674 

(a) Schematic gene structure of Arabidopsis PPR21L (At5g02860). This structure is based on 675 

representative gene model reported in The Arabidopsis Information Resource (TAIR, 676 

https://www.arabidopsis.org/). Positions of T-DNA insertion relative to translational start codon (+1) in 677 

GABI_290B09, SALK_087900 and SALK_089346 are indicated. Open box indicates a translated 678 

region. Positions of primers used for PCR in (b) are indicated by arrowheads. 679 

(b) Genotyping of Arabidopsis PPR21L gene KO mutants. PCR was performed on genomic DNA to 680 

detect homozygosity of the T-DNA-tagged line SALK_089346. T-DNA-specific primer LBb1.3 and 681 

gene-specific primers (LP and RP) were used for PCR. Primer set used for PCR are indicated in the 682 

bottom of the figure. Primer sequences are listed in Table S1. The amplified fragments were separated 683 

by agarose gel electrophoresis. Lane M indicates the DNA size marker. 684 

(c) RT-PCR for detection of AtPPR21L and rbcL transcripts in wild type (WT) and SALK_089346. Lane 685 

numbers indicate reaction cycles of PCR. 686 

(d) Growth phenotype of the WT and Arabidopsis PPR21L T-DNA insertion line. Plants were grown in a 687 
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growth chamber at 50 µmol photons m-2 s-1 under long-day conditions (16-hr light/8-hr dark) for 3 688 

weeks. 689 

(e) Measurement of Fv/Fm in WT and SALK_089346 leaves. Values are means ± SD (n = 12). 690 
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Figure S1. Multiple sequence alignment and phylogenetic tree of PpPPR_21 and its homologs.
(a) Amino acid (aa) sequences were aligned with ClustalW (http://clustalw.ddbj.nig.ac.jp/index.php?lang=en). 
Identical and conserved aa residues are shaded in black and grey, respectively. PpPPR_21 (Pp3c22_3230V3.3); 
SfPPR21L, Sphagnum fallax PPR_21-like (Sphfalx0062s0115); MpPPR21L, Marchantia polymorpha
(Mapoly0063s0054.1); SmPPR21L, Selaginella moellendorffii (61162); AtPPR21L, Arabidopsis thaliana (At5g02860); 
OsPPR21L, Oryza sativa (LOC_Os07g40120); ZmPPR21L, Zea mays (GRMZM2G092739_T01), PPR motifs are marked 
in red brackets 1 to 19. The position 5 and 35 aa residues in each PPR motif are indicated by red and black asterisks, 
respectively. The arrowhead indicates the predicted cleavage site of the transit peptide.
(b) The phylogenetic tree including PPR21L and two most closely related PPR paralogues within each taxon was 
constructed using MEGA X program by neighbor-joining method (Saitou and Nei 1987). Bootstrap values from 1000 
replicates are indicated at each branch as percentages. Pp3c11_7720V3.2(PpPPR_45) was used as an outgroup.
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Figure S2. Generation of PpPPR_21 knockout (KO) mutants.
(a) Structures of wild-type (WT) and the altered genomic locus after replacement of the gfp-hpt gene 
cassette by homologous recombination (HR) are illustrated. Primers and the expected fragment sizes 
for PCR analysis are also shown. Primer sequences are listed in Table S1. The DNA regions for HR are 
represented as thick horizontal lines.
(b) Genomic PCR analysis of WT and KO mutants. The predicted 1308- (5ʹ HR) and 1605-bp (3ʹ HR) 
fragments were amplified from the KO lines while the 3629-bp fragment (full length gene) was amplified 
from WT. DNA size marker is the λ DNA StyI-digest (lanes M).
(c) RT-PCR for detection of PpPPR_21 transcript in WT, KO and complemented (Comp-17) mosses. 
PpActin1 transcript was also amplified as a control. 
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Figure S3. RNA gel blot hybridization of Physcomitrella patens psb genes.
Total RNA (15 µg or 10 µg for psbA) from P. patens wild type (WT) and knockout mutant (∆21-10, 
∆21-182) mosses was analyzed by northern blot hybridization using gene-specific probes (Table S1). 
RNA size markers (0.2 to 8 kb) are indicated on the right. Lanes 1, 2 and 3 indicate WT, ∆21-10 and 
∆21-182, respectively.
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Figure S4. Prediction of the PpPPR_21-binding site according to its PPR code.
(a) The amino acids at positions 2, 5 and 35 of each PpPPR_21 PPR motif were extracted and are 
listed from the N- to the C-terminus. The obtained combinations were then used to calculate the 
probabilities of nucleotide recognition by each individual PPR motif according to the PPR code 
(Yagi et al. 2013). 
(b) This predicted target sequence was scanned through the P. patens chloroplast genome and 
four matching sites were found on the psbI–ycf12 transcript. The numbers indicate the chloroplast 
genome position (position column).
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Figure S5. Determination of 5ʹ and 3ʹ ends of Arabidopsis psbK-psbI-trnS transcript.
(a) Total RNA was treated with (+) or without (-) RNA 5ʹ pyrophosphohydrolase (RppH) or T4 RNA 
ligase to form circular RNAs, then subjected to RT-PCR using a set of primer sets (black arrowheads) 
as indicated in (b). Circular RT (cRT)-PCR products of psbI-trnC transcripts were detected on a 2% 
agarose gels. RppH and T4 RNA ligase treatment did not affect amplification of RT-PCR product as 
shown in AtpsbI. The asterisk indicates non-specific PCR products.
(b) cRT-PCR products were cloned and sequenced. The 5ʹ ends of psbI-trnC transcript were mapped 
at 55 nucleotides (nt) upstream from the psbI translated region and the 3ʹ ends were mapped at 751 
and 858 nt downstream from A of the translation start codon of the psbI translated region. The 5ʹ end 
of the psbK-psbI-trnC transcript was mapped at 164-nt upstream from the psbK translated region.
(c) Nucleotide sequence of the 5ʹ-UTR and a part of of the psbI translated region. Ribosome-binding 
site (RBS) is boxed and the psbI translated region is bold-faced. The AtpsbI-RNA3 sequence used for 
REMSA (Fig. 7) is also underlined.
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Figure S6. Isolation and characterization of Arabidopsis PPR21L T-DNA tagged mutants.
(a) Schematic gene structure of Arabidopsis PPR21L (At5g02860). This structure is based on 
representative gene model reported in The Arabidopsis Information Resource (TAIR, 
https://www.arabidopsis.org/). Positions of T-DNA insertion relative to translational start codon 
(+1) in GABI_290B09, SALK_087900 and SALK_089346 are indicated. Open box indicates a translated 
region. Positions of primers used for PCR in (b) are indicated by arrowheads.
(b) Genotyping of Arabidopsis PPR21L gene KO mutants. PCR was performed on genomic DNA to 
detect homozygosity of the T-DNA-tagged line SALK_089346. T-DNA-specific primer LBb1.3 and 
gene-specific primers (LP and RP) were used for PCR. Primer set used for PCR are indicated in the 
bottom of the figure. Primer sequences are listed in Table S1. The amplified fragments were 
separated by agarose gel electrophoresis. Lane M indicates the DNA size marker.
(c) RT-PCR for detection of AtPPR21L and rbcL transcripts in wild type (WT) and SALK_089346. 
Lane numbers indicate reaction cycles of PCR.
(d) Growth phenotype of the WT and Arabidopsis PPR21L T-DNA insertion line. Plants were grown 
in a growth chamber at 50 µmol photons m-2 s-1 under long-day conditions (16-hr light/8-hr dark) 
for 3 weeks.
(e) Measurement of Fv/Fm in WT and SALK_089346 leaves. Values are means � SD (n = 12).
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