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Figure 5.1: Phenotype of plants transformed with RPF2 library on agar plates after 2 
weeks.  
a) Agar plates of WT+RPF2 and transformant #9 with approximately 10-14 
seedlings b) Ninety-five transformants with phenotype similar to WT. c) Eighty-two 
transformants with altered phenotypes compared to WT. 
 
 
Table 5.1: 177 transformants categorised by phenotype observed. 

Variant 
number Transformant number 

Phenotype 

1 5, 6 No visible phenotype 
2 3,4 No visible phenotype 
3 11, 12, 15, 18 No visible phenotype 
4 1, 2, 236 No visible phenotype 
5 8, 233, 235 No visible phenotype 
6 9, 22 Dark green leaves and purple hypocotyls 
7 24 No visible phenotype 
9 226, 229, 230 No visible phenotype 

11 225, 227, 234, 237 No visible phenotype 
12 222, 223, 224 No visible phenotype 
13 36, 41 Severe growth defect 
14 25, 28, 30 No visible phenotype 
16 38 Dark green leaves and purple hypocotyls 

37, 40, 55, 65, 68, 71, 72, 240, 241, 242 Slow growth 
17 247, 249, 250 No visible phenotype 
18 26, 27, 31, 33 No visible phenotype 
19 251, 254, 255 No visible phenotype 
20 29, 32, 244, 245, 246 Slow growth 
23 252, 257 No visible phenotype  
24 35 No visible phenotype 



 

 81 

25 243 No visible phenotype 
26 253, 256 No visible phenotype 
30 43, 44 No visible phenotype 
34 50, 52 Severe growth defect 

58, 66, 73 Small with curved leaves 
37 49, 63, 69 Dark green leaves and purple hypocotyls 
39 74, 91, 92, 286 No visible phenotype 
41 287, 289 No visible phenotype 
42 83 Dark green leaves and purple hypocotyls 
43 285 No visible phenotype 
44 291 No visible phenotype  
45 42, 45, 47 48, 125, 263, 264, 266 Green leaves but slightly transparent 
46 76, 87, 89, 90 No visible phenotype 
48 283 No visible phenotype  
49 78, 85, 86, 93 No visible phenotype 
50 124 Small with curved leaves 
51 77 No visible phenotype 
52 84 No visible phenotype 
53 303 No visible phenotype 
54 305 No visible phenotype 
55 119 No visible phenotype 
56 302 No visible phenotype 
57 304 No visible phenotype 
58 114 No visible phenotype 
59 101, 113 No visible phenotype 
60 107, 108, 112 No visible phenotype 
61 105, 110, 111 No visible phenotype 
62 122, 126, 127 No visible phenotype 
63 123 Severe growth defect 
64 199, 200, 201, 202, 206, 308, 309, 310  Slow growth 
65 280 Slow growth 
67 104, 204, 306 Dark green leaves and purple hypocotyls 
68 103, 117 Small with curved leaves 
69 232 Small with curved leaves 
71 265, 293, 294 No visible phenotype 
72 269 No visible phenotype 
73 205, 295, 209 No visible phenotype 
76 295 No visible phenotype 
78 292 No visible phenotype 
80 80, 267 No visible phenotype 
81 238, 239 No visible phenotype 
83 260, 261 No visible phenotype 
85 51, 54, 56, 57, 59, 60, 67 Green leaves but slightly transparent. 
86 100, 109, 115, 116, 120 Severe growth defect 
88 79, 96, 99 Severe growth defect 

81, 82, 88, 288, 290, 296 Slow growth 
90 121, 128, 217, 218, 219 Slow growth 
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5.2.3 Analysis of the mitochondrial respiratory complexes. 

Most transformants (177) were screened by analysis of the mitochondrial 

respiratory complexes by blue native polyacrylamide gel electrophoresis (BN-

PAGE) and western blotting. WT and the Nad6-deficient RPF2 variant (RPF2-nad6) 

lacking assembled Complex I (see Chapter 3) were used as controls. I performed 

BN-PAGE using total membrane extracts from leaves, because it required less 

material and time than extracting intact mitochondria from leaves. The proteins were 

transferred from the gel to the membrane, followed by incubation with antibodies 

raised against complexes I, III, IV and V. Complex II was not investigated at this 

stage because it does not contain any mitochondrially encoded subunits in 

Arabidopsis. The first step was to optimize the proportions of each antibody in the 

cocktail in order to yield comparable signal intensities by chemiluminescence. This 

was not straightforward, and I adopted a two-step strategy, using first a cocktail of 

Nad9 for complex I (CI) and RISP for complex III (CIII) antibodies, and 

subsequently an Atp1 antibody to detect complex V (CV). I also tried to use an anti-

Cox2 antibody to detect complex IV, but the signal was too weak compared with the 

others, therefore I could not use it in the cocktail. Unfortunately, this method did not 

prove very reproducible, mostly due to variations in protein transfer efficiency, and 

did not allow me to reliably detect small alterations in mitochondrial complexes 

(Figure 5.2). Only transformant #280 (variant 65), which clearly showed absence of 

CV (Figure 5.2) was confidently characterized from this analysis. Further analyses 

for this variant are presented in Chapter 6.  
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Figure 5.2: Analysis of the mitochondrial respiratory complexes. 
Western blots of mitochondrial complexes (CI, CIII and CV) separated by BN-
PAGE from 177 transformants compared to WT and RPF2-nad6. Transformant 280 
is marked with an asterisk (*). 
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5.2.4 Analysis of the mitochondrial transcripts.  

Thirteen transformants (36, 41, 50, 52, 79, 96, 99, 100, 109, 115, 116, 120, 

123) corresponding to 5 different constructs grew too poorly to collect more material 

for further experiments or produce seeds. Without enough material to perform BN-

PAGE, instead I decided to check the expression of mitochondrial transcripts by 

qRT-PCR. Specific primers previously designed (Delannoy et al., 2015) were used, 

and each sample was run in triplicate. Independent transformants with the same 

variant showed similar differences when compared to WT (Figure 5.3). As all 

transcripts were tested, the qRT-PCR data were normalized using the procedure 

taken by DESeq2 (Love, Huber, & Anders, 2014). The p-values for differential 

expression between each variant and all other samples (other variants and wild-type) 

were calculated by two-tailed t-test and corrected for multiple tests (Holm-Sidak 

method). Variant #13 showed a significant reduction of cox1 and rpl16 transcripts, 

and an increase of atp6-1, atp6-2, and atp9 transcripts. Variant #88 showed an 

increase of three transcripts, ccmFN1, nad1 ex1-2, and nad1 ex2-3. More biological 

replicates would be needed to find significant differences in the other variants. The 

PPR code (Barkan et al., 2012) and the frequency tables from (Kobayashi et al., 

2019) were used to predict mitochondrial RNA targets for the five variants (Chapter 

4 - Table 4.4). The qRT-PCR results did not reveal any significant differences in the 

transcript levels of the predicted targets. 
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Figure 5.3: Relative expression of all mitochondrial transcripts in 5 variants 
compared with WT (Log2 scale). 
P-values that are significantly different are circled. 

5.2.5 Analysis of the 5’ ends of the mitochondrial transcripts.  

The results from the screening by BN-PAGE showed that only plant 208, 

carrying the variant 65 construct, had an obvious and reproducible mitochondrial 

respiratory complex defect, out of 177 transformants analysed. As RF-proteins 

promote transcript cleavage, a high-throughput method to screen the appearance of 

new 5’ ends in mitochondrial transcripts was needed. 

5’ ends of mitochondrial transcripts can be generated from different 

processes. Transcript ends at conserved promoter motifs are derived from 

transcription initiation such as atp8, atp6-1, ccmB and cox2. However, most of the 5’ 

ends are generated post-transcriptionally. Some 5’ ends of mitochondrial transcripts 

reported are generated by endonucleolytic processing of tRNA 3’ ends such as 

ccmFC and rps3, or t‐elements such as rps4, ccmFN1, cox1 (Binder, Stoll, & Stoll, 

2016; Forner et al., 2007; Hanic-Joyce, Spencer, & Gray, 1990). Also, tRNA 

processing enzymes can recognise stem-loop structures that direct RNase Z to 
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generate 5’ ends such as in rpl5 and atp6 -2, or RNase P to nad7 (Forner et al., 

2007). Most of the 5’ ends of mitochondrial transcripts reported are generated by 

RNA cleavage involving RPF proteins (Binder et al., 2016; Forner et al., 2007). 5’ 

termini of different origins can be distinguished by their chemistry. Primary RNAs 

produced by transcription can be identified by the presence of a 5’ triphosphate. 5’ 

ends that are post-transcriptionally generated by RNA cleavage generally carry a 5’ 

monophosphate (Binder & Kühn, 2015; Binder et al., 2013; Kempken, Bolle, Forner, 

& Binder, 2007). Only RNAs with a 5’ monophosphate can be ligated to the 3’ OH 

of a nucleic acid strand (Binder & Kühn, 2015). These 5’ ends can be detected by 

circular RT-PCR (Hauler et al., 2013; Jonietz et al., 2011; Jonietz et al., 2010; Stoll 

et al., 2014; Stoll et al., 2015) but this requires knowing the approximate cleavage 

site in advance. Therefore, I attempted to develop a Next Generation Sequencing 

(NGS) assay to screen the transformants. For this purpose, I modified the protocol 

from NEBNext for Illumina small RNA sequencing library preparation. In this 

protocol the 3’ adapter is ligated to the RNA before the 5’ adapter; however, in order 

to select for the 5’ ends of the transcripts, I had to ligate the 5’ adapter first. Before 

this step, rRNA depletion was performed to allow efficient detection of 5’ ends 

transcripts. Also, I added a hairpin primer designed to block the free ends of the 5’ 

adapter to avoid the formation of primer dimers during the 3’ adapter ligation 

reaction, a known bias in this protocol (Figure 5.4). I tested the modified protocol on 

mitochondrial RNA from WT, investigating the need to fragment the 5’-ligated RNA 

(fragmented in sample WT1 and WT3, non-fragmented in WT2 and WT4). Also, I 

tested whether including a heating step (65ºC for 15 minutes) after 5’ adaptor 

ligation to stop the enzyme activity, and reducing the concentration of the 5’ ends 

adaptor would reduce the formation of adapter dimers (WT3 and WT4). 
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Figure 5.4: An outline of how to make a small RNA and 5’ ends RNA libraries 
using the NEBNext small RNA library preparation kit. 

 

After preparing the libraries, I performed the sequencing run of samples 

WT1, WT3, and WT4 on a MiSeq Illumina sequencer. The reads from each sample 

were aligned to the Arabidopsis mitochondrial reference genome (GenBank: 

BK010421.1). The results showed that one sample (WT4) out of 4 had sufficient 

coverage (62,010 reads) to interpret the data. Due to the presence of adapter dimers 

in other samples, the coverage was low for WT1 (2,181 reads) and WT3 (16,555 

reads). The read coverage of selected transcripts from sample WT4 showed the 

specificity of the library for 5’ and 3’ extremities (Figure 5.5). To assess the 

efficiency of the protocol, I checked for the presence of previously reported 5’ ends 

of mitochondrial transcripts (Binder et al., 2013, 2016; Forner et al., 2007; Hauler et 

al., 2013; Hölzle et al., 2011; Jonietz et al., 2011; Jonietz et al., 2010; Kühn, Weihe, 

& Börner, 2005; Stoll et al., 2014; Stoll et al., 2015). Considering all these 

processing events, 16 and 24 out of 27 reported processed transcripts were detected 

in samples WT3 and WT4, respectively. Nine transcripts were observed in both 
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samples. Only 3 transcript ends, ccmC, ccmFN2 and nad5 ex1, were not detected 

(Table 5.2). The results demonstrated that I could detect most of the known 

processed ends in WT mitochondria; however, a few biases are still compromising 

the reliability of this protocol. Nevertherless, this analysis suggests that after 

improvements, this methodology could be used to identify the appearance of new 5’ 

ends in mitochondrial transcripts in the PPR library. 

Figure 5.5: RNA sequencing reads of selected transcripts from sample WT4 
showing the specificity of the library for 5’ and 3’ extremities. 
The blue graphs show the RNA sequencing coverage in Log scale. The green arrows 
indicate the extent of the coding sequences. The figure was prepared with Geneious 
9.1.5 (Kearse et al., 2012). 
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Table 5.2: RNA sequencing reads in WT 3 and WT 4 samples compared to reported 
processed transcripts. 

WT3 WT4

reads reads
P -157,
P -228
P -999
P -710
P -200 -200
P -156 -49223
P -916

-140
-17734
-205
-6059

ccmFc ex1 -124 (189,359) No reads 15

P -1133 -163
P -1053 -20001

2
-159981

-71
-315942

cox1 P -355 -241 (116585) No reads 4

rpl5-cob -462 (185778) No reads 6

rpl5-cob -404 (185722) 1 40
P -436
P -507

nad7 ex1 -375 (245705) No reads 15

nad4 -228 (215706) 8 No reads

nad3-rps12 -232 (287812) No reads No reads
-347

-18806
-202

-24462 Lots of reads
-243

-24422

cox3 -380 (331153) Lots of reads Lots of reads
-448

-79111

ccmC -484 (307814) No reads No reads
-645

-84052
-124

-68746
-267

-68887
-368

-68914
-40

-230929
-57

-291703

nad4L-atp4 -318 (361319) No reads 1
P -487 -91
P -652 -271275
P -295
P-239

nad6 -179 (165659) No reads Lots of reads
1

-143964
-12

-234350
-71

-234351

nad2 ex1 -155 (161677) 4 25

ccmFN1 -151 (316044) No reads Lots of reads
P -210
P -683

RPF7-induced 
cleavage cox2 -151 (6114) No reads 1

rpl2-mttB -195 (222805) 8 1

No reads 12

nad5 ex1 No reads No reads

RPF5-induced 
cleavage

atp9 1 60

rrn26 P -893 Lots of reads Lots of reads

nad5 ex1

matR 26 Lots of reads

ccmFN2 No reads No reads

atp1 No reads Lots of reads

atp1 10 3

7

RPF3-induced 
cleavage

nad1 ex1 No reads 15

atp1 No reads Lots of reads

RPF2-induced 
cleavage

nad9 2

rps7 40

5’ ends 
adjacent to 
stem-loop 
structures

atp6-2 -268 (265784) 6 2

RPF1-induced 
cleavage

ccmB 8 No reads

RNase Z 
cleavage at 3’ 
ends of t-
elements

rps4 No reads 28

ccmFN1 34 17

40 4

RNase Z 
cleavage at 3’ 
ends of tRNAs rps3-rpl16 

(ex1) 4 Lots of reads

No reads 2

atp6-1 No reads 2

ccmB 8 3

Processing 
event Transcript Promoter

Position 
relative to 

start codon 
(BK10421)

Transcript 
ends at 
conserved 
promoter 
motifs

atp8 -129 (247623)

cox2 P -481
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5.3 DISCUSSION  

In this chapter, I showed the outcomes from expressing the PPR library in 

vivo. Working with dominant deleterious mutations may lead to problems when 

attempting to screen transformant plants; for example, viable material may be 

difficult to obtain because of poor germination and growth failure associated with 

mutation (Wang, 2000). Arabidopsis thaliana is considered the model plant for 

screens because it has a small size and short life cycle. It is possible to fit 

Arabidopsis seedlings in a well of a 96-well plate for a high-throughput chemical 

screen (Ferrari et al., 2017); however it is not suitable for phenotypic analysis. 

Therefore, the best option was to grow the transformants in plates containing 

hygromycin for selection of transgenic plants. Fifteen out of 192 transformants were 

not viable in T2 generation. This could be explained by poor growth of T1 plants. 

Genotyping analysis from 177 transformants revealed 64 out of 90 possible variants 

(Table 5.1). Variants may have been lost by competition because I did the plant 

transformation in pools of sixteen variants. Most of the 64 variants showed 

consistent phenotypes between independent transformants; however, variants 16, 34 

and 88 showed different phenotypes (Table 5.1). A similar result was observed for 

RPF2-nad6 constructs, which showed 12 out of 19 plants with no phenotype, but 

they all had the construct (Chapter 3). This may suggest that some plants have more 

copies or higher expression levels of the construct than others, which is quite 

common after plant transformation (Tzfira & Citovsky, 2007; Tzfira, Li, Lacroix, & 

Citovsky, 2004). As I did the plant transformation using pools of sixteen variants, 

another possibility is that some plants may have received more than one construct 

and are expressing more than one mRPF2 variant. Phenotypic analysis of 177 

transformants could not identify any visible defect in 95 transformants (Figure 5.1b), 

which does not exclude that they have RNA processing defects as other 
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mitochondrial mutants affected in RNA processing such as rpf1, rpf2, rpf3, rpf4, 

rpf6, rfl2, and rfl9 (Arnal et al., 2014; Fujii et al., 2016; Hölzle et al., 2011; Jonietz et 

al., 2010; Stoll et al., 2015; Stoll et al., 2017) do not show any visible growth 

phenotype. In contrast, a wide range of phenotypes was identified in 82 

transformants (Figure 5.1c). Some of these (such as dark green leaves, purple 

hypocotyl, and slightly transparent leaves) have not been described in the literature 

as mitochondrial defects related to RNA processing. For example, pale leaves are 

usually related to defects in chloroplast mutants such as aef1, clb19, otp70 

(Chateigner‐Boutin et al., 2010; Ramos‐Vega et al., 2015; Yap et al., 2015). 

Several transformants have the same phenotype as other mitochondrial mutants. 

Curly leaves and late development have been described in complex I mutants such as 

tang2 (Colas des Francs-Small et al., 2014), otp43 (Falcon de Longevialle et al., 

2007), rug3 (Kühn et al., 2011), mtsf1 (Haïli et al., 2013), RPF2-nad6 (Chapter 3). 

Slow growth has been observed in many mitochondrial mutants, for example, abo5 

(Liu et al., 2010), ppr596 (Doniwa et al., 2010), otp87 (Hammani et al., 2011), slg1 

(Yuan & Liu, 2012), slo1 (Sung, Tseng, & Hsieh, 2010), slo2 (Zhu et al., 2014; Zhu, 

Dugardeyn, et al., 2012; Zhu, Meyer, & Van Der Straeten, 2012), slo3 (Hsieh et al., 

2015), mef12 (Härtel, Zehrmann, Verbitskiy, & Takenaka, 2013), mtl1 (Haïli et al., 

2016), mtsf2 (Wang et al., 2017), grs1 (Xie et al., 2016), wtf9 (Colas des Francs-

Small et al., 2012), nuwa and dyw2 (Andrés-Colás et al., 2017). However, growing 

seedlings in hygromycin can also cause damage and abnormal development 

(Nakazawa & Matsui, 2003) which could explain the phenotype observed in some 

plants. Therefore, although phenotypic analyses revealed a wide range of phenotypes 

as expected for a PPR library designed to randomly target a range of mitochondrial 

transcripts, further analyses are needed to link the phenotypes observed to 

mitochondrial defects. 
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BN-PAGE and western blotting were used initially because this method uses 

the least amount of tissue to perform a rapid screen. This approach is not quantitative 

enough to detect minor changes in mitochondrial complexes and does not cover 

many of the possible mitochondrial targets.  Other antibodies could be used to detect 

alterations in ribosomal proteins, or other components of electron transport chain. 

For example, the same methodology could be used to detect Alternative Oxidase 

(AOX), which prevents excessive reduction of the downstream complexes (Saha, 

Borovskii, & Panda, 2016). High levels of AOX are a general sign of mitochondrial 

stress. I could not detect AOX in the enriched samples used for BN-PAGE.  I also 

tried an SDS-PAGE protocol, and the AOX signal was increased for transformants 

#8, 25, 55, 74, 110,128, and 280. However, a large amount of material for 

mitochondrial extraction from leaves is required, and checking all the transformants 

this way would be too time-consuming.  

After the initial screen of protein levels, I checked techniques that could 

detect the appearance of new 5’ ends in mitochondrial transcripts. One option would 

be to use Next Generation Sequencing (NGS) to check the entire mitochondrial 

transcriptome. However, RNA cleavage is not typically easily revealed by standard 

RNA-sequencing technologies if the cleaved transcripts are relatively stable. 

Therefore, the best option was to adapt NGS technology to detect the 5’ and 3’ ends 

of the transcripts using information from published protocols (Gowda, Li, & Wang, 

2007; Podnar, Deiderick, Huerta, & Hunicke‐Smith, 2014). After testing the 

protocol, the main problem was the formation of adapter dimers, which form clusters 

very efficiently but do not produce useful data. A few modifications in the protocol 

helped to reduce the formation of adapter dimers, however, it is still a problem. 

Another problem was the duration of the fragmentation step, which is critical (Head 

et al., 2014; Podnar et al., 2014) but very difficult to control using the NEB 
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fragmentation kit. The results demonstrated that the modified protocol is sensitive 

enough to quantify processed mitochondrial transcripts. However, this protocol 

needs to be further tested and improved before it can be routinely used to analyse all 

the transformants. 

In summary, I generated 177 transformants corresponding to 64 PPR variants 

that showed a range of phenotypes. BN-PAGE and western blotting used as an initial 

screen identified one clear complex V mutant. However, many other potential 

mutants remain uncharacterized because of the lack of techniques to effectively 

screen mitochondrial RNAs or proteins in a high-throughput manner. To solve this 

problem, I started to develop a protocol using NGS approaches. The results are 

promising but the protocol still needs to be improved and further tested.  
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CHAPTER 6  

ANALYSIS OF MITOCHONDRIAL 

COMPLEX V MUTANTS 
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6.1 INTRODUCTION 

Mitochondria play an important role in respiration, an essential metabolic 

process for cellular survival. This process is dynamic where several metabolic 

processes work together for energy production (Fernie, Carrari, & Sweetlove, 2004). 

The energy is produced through an oxidative phosphorylation process that generates 

ATP, the main energy form utilized by the cells. During this process, four multi-

subunit protein complexes (I-IV) transfer electrons in the electron transport chain, 

and generate a proton gradient across the mitochondrial inner membrane. Complex I 

or NADH:ubiquinone oxidoreductase transfers electrons from NADH to ubiquinone, 

forming ubiquinol. Complex II or succinate dehydrogenase converts succinate to 

fumarate. This process also transfers electrons to the ubiquinone pool. Complex III 

or ubiquinone cytochrome c oxidoreductase transfers electrons from ubiquinol to 

cytochrome c. Complex IV or cytochrome c oxidase oxidises cytochrome c and 

reduces oxygen to produce water (Siedow & Umbach, 1995). Complexes I, III and 

IV transfer hydrogen ions from the matrix to the intermembrane space. This process 

generates an electrochemical gradient across the inner membrane. Complex V or 

ATP synthase converts ADP and inorganic phosphate to ATP by using this 

electrochemical gradient to power rotation of part of the complex as hydrogen ions 

flow back to the matrix (Capaldi & Aggeler, 2002; Itoh et al., 2004; Nakamoto, 

Scanlon, & Al-Shawi, 2008; Okuno, Iino, & Noji, 2011; Siedow & Umbach, 1995). 

In plant mitochondria, complex V consists of two major parts, Fo and F1. Fo is 

the membrane protein component with Atp4, ATP5, Atp6, Atp8, Atp9, ATP17, 

ATP20, ATP21 and MGP1 subunits that form a channel for protons to move into the 

matrix from the intermembrane space (Amzel & Pedersen, 1983; He et al., 2018; 

Rühle & Leister, 2015). F1 is the matrix component made of five subunits (Atp1, 

ATP2, ATP3, ATP15, ATP16) that is responsible for catalysis (Amzel & Pedersen, 
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1983). A working mechanism for complex V, known as the binding-change 

mechanism, has been proposed (Boyer, 1993). A proton-motive force across the 

inner mitochondrial membrane, generated by the electron transport chain, drives 

proton passage through the membrane in the Fo region of ATP synthase. The c-

subunit ring (Atp9), which is part of the Fo, rotates as the protons pass through the 

membrane. The c-subunit ring is attached to the asymmetric central axis, consisting 

mainly of the γ (ATP3) subunit, which rotates at the centre of F1, 3α (Atp1), 3β 

(ATP2) subunits, forcing the three nucleotide-binding catalytic centres through a 

series of conformational changes that lead to ATP synthesis. The binding-change 

mechanism involves the active centre of the β subunit alternating cyclically between 

three conformations, as explained in Figure 6.1.  

 

Figure 6.1:	The binding-change mechanism as seen from the top of the F1 complex. 
There are three catalytic sites in three different conformations: loose, open, and tight. 
Substrate (ADP + Pi) initially binds to the open site and is converted to ATP at the 
tight site. In step 1, rotation of the γ subunit causes a conformational change, 
resulting in a change in the formation of the sites. As a result, ATP is released from 
the enzyme. In step 2, substrate again binds to the open site, and another ATP is 
synthesized at the tight site (Neupane, Bhuju, Thapa, & Bhattarai, 2019). 
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Most of the complex V subunits are encoded in the nucleus and post-

translationally imported into the mitochondria. Atp1, Atp4, Atp6, Atp9, and Atp8 are 

encoded in the mitochondrial genome, and the transcripts go through a complex 

series of processing and maturation steps, such as RNA cleavage and RNA editing 

(Heazlewood et al., 2003; Sabar, Balk, & Leaver, 2005).  

Insertion collections were screened for mutants inactivating ATPase in 

Arabidopsis but these only concern nuclearly-encoded subunits. For example, 

reduction of expression of ATP5 and ATP3 impairs ATP production (Robison, Ling, 

Smid, Zarei, & Wolyn, 2009). Both atp5 and atp3 mutants showed slow growth and 

development, and downward curling of leaves (Robison et al., 2009). A knock-out of 

ATP5 is lethal, indicating that ATP5 is an essential gene (Moore et al., 2003). MGP1 

encodes the FAd subunit and is required for pollen formation (Li, Zhang, Xia, Deng, 

& Ye, 2010). Mutant atp1-δ showed down regulation of the δ subunits, and 

consequently a reduction of ATP synthase and growth (Geisler et al., 2012). 

Additionally, a few mutations in PPR genes indirectly altering the expression of 

mitochondrially-encoded subunits have been described. Analysis of otp87 mutants 

indicated a specific problem in the assembly of complex V due to an editing defect in 

the atp1 transcript (Hammani et al., 2011). MEF3 is involved in RNA editing of the 

atp4 transcript (Verbitskiy, Merwe, Zehrmann, Härtel, & Takenaka, 2011). In this 

chapter, I describe the analysis of the mutant defective in assembled complex V that 

was identified from the PPR library in Chapter 5.  

The aims of this work were to:  

• Analyse the complex V mutant phenotype. 

• Confirm defects in mitochondrial respiratory complex V.  

• Check the levels of mitochondrial transcripts. 

• Check for cleavage of mitochondrial atp transcripts. 
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6.2 RESULTS  

For this analysis, a variant named RPF2-atp1, generated in our laboratory, 

was used as a control along with WT. In this variant, the specificity of RPF2 was 

deliberately altered to target atp1 transcripts (RPF2-atp1), using the PPR code 

(Barkan et al., 2012). The codon encoding S at position 5 in the P8 motif was altered 

to encode N. In the P13 motif, the codon encoding N at position 5 was altered to 

encode S, and the codon encoding T at position 35 was altered to encode N. In the 

P15 motif, the codon encoding N at position 35 was also altered to encode D. The 

variant #65 (mRPF2-65) identified from the PPR library in Chapter 5 has the same 

modifications as RPF2-atp1 in motifs 8 and 15. However, RPF2-atp1 has an extra 

modification at motif 13. The amino acid positions 5 and 35 in each of native RPF2, 

RPF2-atp1, and mRPF2-65 motifs along with predicted targets cox3, nad9 and atp1, 

respectively, are shown below (Figure 6.2).  

 

Figure 6.2: Binding predictions for the native RPF2, RPF2-atp1, and mRPF2-65 
proteins on their respective targets, cox3, nad9, or atp1.  
The amino acids modified in RPF2-atp1 are in green squares. 
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6.2.1 Phenotype analysis. 

Transformant #280 was a T1 generation plant presumably heterozygous for 

the variant #65 construct. The T1 seeds were sown on hygromycin to produce the T2 

generation. Fifty out of 66 seeds germinated on hygromycin plates in the T2 

generation. Twenty-four of them were transferred to soil, and the phenotype analysis 

revealed that they were small with downward curled leaves compared to WT. Six of 

them were selected for further analysis (Figure 6.3a). They showed delayed 

development but were able to produce viable seeds (Figure 6.3b). The same was 

observed in transformants carrying the RPF2-atp1 construct (Figure 6.3a; b). The 

phenotype is consistent with decreased energy for biomass production due to the 

defect in complex V, which is responsible for ATP production.  

 

 

Figure 6.3: Phenotype of transformant #280 and RPF2-atp1 plants compared to WT. 
a) Four-week-old rosettes. b) Six-week-old plants. 
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6.2.1 Analysis of the mitochondrial respiratory complexes. 

In order to confirm that T2 generation plants from transformant #280 retained 

low levels of assembled complex V, I performed BN-PAGE. The blot was probed 

with an anti-Atp1 (CV) antibody. No complex V was detected in six T2 plants 

descended from transformant #280 (Figure 6.4). This result corroborated my initial 

observation whilst screening the PPR library by BN-PAGE and western blot 

(Chapter 5). 

 
Figure 6.4: Complex CV levels in transformant #280 plants compared to WT.  
a) Separation of mitochondrial inner membrane protein complexes by BN-PAGE.   
b) A western blot of the gel was probed with an anti-Atp1 antibody. 
 

6.2.3 Analysis of the levels of mitochondrial transcripts. 

Mitochondrial transcript levels were checked by qRT-PCR. The level of the 

atp1 transcript was reduced in all six transformant #280-derived plants compared to 

WT (Figure 6.5), suggesting that it is destabilised, whilst atp6-1, atp6-2 and atp8 

were slightly overexpressed.  
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Figure 6.5: Relative expression of all mitochondrial transcripts in transformant #280 
plants compared with WT (Log2 scale).  
 

6.2.4 Predicted target. 

The target for transformant #280 (variant #65) was predicted using the 

frequency tables from Kobayashi et al., 2019. All the mRPF2 variants were aligned 

at all possible positions in the Arabidopsis thaliana mitochondrial genome (GenBank 

accession BK010421) and the alignment scored using the scores in Table 6.1. The 

score distributions for all variants are shown in Figure 6.6. The highest score in the 

genome for RPF2-atp1 (7.25, ranked 1st out of 735,586 possible alignments) is at 

position 67,292 within atp1. The same position scores very highly for variant #65 (a 

score of 7.59, ranked 4th out of 735,586 possible alignments). 
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Table 6.1: Scoring table generated by Ian Small based on frequencies from 
Kobayashi et al., 2019. 
The values are log-likelihood estimates of the contribution to binding calculated 
from the frequencies of each base aligned to each 5th/last amino acid combination as 
tabulated by Kobayshi et al., 2019. The scores for each motif-base pair are summed 
along the length of an alignment to produce a score for the whole protein. 
 

 
                                       
                       -1                      0                         1                       -1                      0                       1 
                                          Color key                                                              Color key 

 

 
 
Figure 6.6: Score distribution for all the mRPF2 variants.  
Each line represents the distribution of scores for a single variant across all possible 
positions in the genome. 
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6.2.5 Analysis of cleavage of the atp1 transcript. 

In order to find out whether the atp1 transcript was cleaved in transformants 

#280 and RPF2-atp1, the antisense oligonucleotide probe 1457-AS was designed at 

the 3’end of the atp1 transcript. Eight µg of RNA were loaded and run in a 1.2% 

agarose gel containing formaldehyde (Figure 6.7a), and then transferred to 

nitrocellulose membranes. In WT, the 1457-AS probe hybridised to a single 

transcript corresponding to the expected size (2045 nt) of the full mature atp1 

transcript. In transformant #280 and RPF2-atp1 plants this hybridization signal was 

weak or absent, indicating a loss of full transcript (Figure 6.7b), but all transformants 

showed a strong signal at ~289 nt, indicating a cleavage product (Figure 6.7b). The 

results confirmed that the atp1 transcript is cleaved in transformant #280 and RPF2-

atp1 at around the same position. Therefore, the next step was to identify the 

cleavage site of atp1 transcripts. 

 

Figure 6.7: atp1 transcript cleavage in transformant #280 and RPF2-atp1 plants. 
a) RNA gel of WT, transformant #280 and RPF2-atp1 plants stained with ethidium 
bromide. The sizes on the right are molecular weight markers (M). b) A northern blot 
of the gel was probed with the atp1 1457-AS probe (1 nM). 
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6.2.6 Mapping the cleavage site of atp1 transcripts. 

In order to map the cleavage site of atp1 transcripts in transformant #280 and 

RPF2-atp1 plants, I performed a circular RT-PCR (cRT-PCR) experiment. This 

technique characterises both the 5′ and 3′ ends of the transcript (Hang, Deng, Liu, 

Mo, & Cao, 2015; Slomovic & Schuster, 2013). The primers were designed based on 

the predicted binding site as shown in Figure 6.8a. The primer atp1-RT1R was 

localised around 400 nt from the 5’ end of the atp1 transcript, and primer atp1-RT5R 

around 60 nt from the 3’ end. The primer atp1-cRT2F was designed around 80 nt 

from the 3’ end of the atp1 transcript. The reverse primer atp1-cRT1R was placed 

200 nt from the 5’ end of the atp1 transcript, and atp1-cRT6R around 100 nt from 

the predicted biding site. Mitochondrial RNA from WT, transformant #280 and 

RPF2-atp1 was isolated from crude leaf mitochondrial pellets. After RNA 

circularization using T4 RNA ligase, reverse transcription was performed using the 

RT primers, followed by PCR amplification (Figure 6.8a). The cRT-PCR products 

(Figure 6.8b) were cloned in the pGEMT easy vector, and the products were 

sequenced. Twenty-eight clones from transformant #280 and 23 clones from RPF2-

atp1 were aligned with the atp1 sequence. The 5’-ends of the cleaved products 

suggested that the main cleavage occurs approximately 50 nt downstream of the 

binding site (Figure 6.8c). There is no evidence of 5′-3′ exonuclease activity in plant 

mitochondria (Ruwe et al., 2016); therefore, the results suggested that atp1 transcript 

is cleaved 3′ of the binding site, followed by 3′-5′ exonucleolytic degradation.  
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a                                             Map for uncleaved fragment: WT 

             cRT1R   RT1R                             BS           Cleavage                                  cRT2F 

atp1  

                                                        

                                                           Map for 3’fragment: 

                                                                    BS           Cleavage      cRT6R  RT5R   cRT2F 

atp1                                  

 

Samples RT  
primers 

PCR primers Product Symbol 

WT RT1R atp1-cRT2F 
atp1-cRT1R 

Uncleaved 
fragment 

WT 

Transformant #280   
 

RT5R atp1-cRT2F 
atp1-cRT6R 

3’fragment  

RPF2-atp1 RT5R atp1-cRT2F 
atp1-cRT6R 

3’fragment  

 

b 

 
 
c 

 
Figure 6.8: cRT-PCR of leaves from WT, RPF2-atp1 and transformant #280 plants. 
a) Map of the atp1 transcript for the uncleaved fragment and 3’ fragment indicating 
the putative RPF2-atp1 binding site and the positions of the primers used for the 
cRT-PCR experiment. The table represents the RT and PCR pair of primers used for 
each sample. b) cRT-PCR products from the uncleaved fragment and 3’ fragment on 
a 2% low melting agarose gel. -RT control is a cDNA synthesis reaction where the 
reverse transcriptase was omitted, showing the effectiveness of the DNase treatment 
performed before the cDNA synthesis. The arrow indicates the cRT-PCR products 
that were purified and sequenced. c) Recapitulative map of atp1 transcript cleavage 
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in the RPF2-atp1 and transformant #280 plants using cRT-PCR. The coordinates of 
this region on the Col-0 mitochondrial genome (BK010421) are 66,938 to 68,982. 
The predicted binding site (67,277-67,293) and the main cleavage site (67,227-
67,228) are highlighted in blue and red, respectively. The red and yellow triangles 
indicate the 5’ends of the cleavage products of RPF2-atp1 and transformant #280, 
respectively. The figures near the triangles indicate the numbers of clones obtained.  

6.3 DISCUSSION  

In this chapter, I showed that one of the transformants, plant #280, generated 

using the mRPF2 library is altered in the expression of atp1. The variant #65 

promotes the cleavage of atp1, one important subunit of the ATP synthase 

constituent of the mitochondrial respiratory chain. Transformant #280 plants were 

characterized by the absence of assembled complex V (Figure 6.4) resulting in slow 

growth and downward curled leaves (Figure 6.3). This slow growth phenotype was 

also observed in the otp87 mutant which has a problem in the assembly of complex 

V due to a lack of editing of 1 site in atp1 (Hammani et al., 2011). The mitochondrial 

defects in these mutants can lead to a reduced production of ATP because the 

complex responsible for its production is not functional. Mitochondrial ATP is the 

primary source of energy for biosynthetic processes in the cell, and works as a 

coenzyme during phosphorylation reactions (Kromer, 1995). It has an important role 

in RNA and DNA synthesis, amino acid activation and signalling events (Neupane et 

al., 2019; Roux & Steinebrunner, 2007; Tanaka, Gilroy, Jones, & Stacey, 2010). This 

suggests that the ATP levels in the mutant are lower, implying less energy for 

biomass production, resulting in slow growth.  

The RT-qPCR performed on transformant #280 plants showed a significant 

reduction only in atp1 transcripts (Figure 6.5), the predicted target for transformant 

#280 using the PPR code (Barkan et al., 2012; Kobayashi et al., 2019). This analysis 

did not reveal any significant reduction of other mitochondrial transcripts, suggesting 

that there are no significant off-target effects. However, the position of the RT-qPCR 
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primers may lead to a failure to observe cleavage events that are towards the 5’ end 

of transcripts. Therefore, other techniques such as RNA sequencing should be used 

to detect off-target events.  

This work gave some insights into RNA-binding by RPF2. RPF2-atp1 and 

transformant #280 appear to share the same binding and cleavage site although they 

differ in motif #13. Both RPF2-atp1 and transformant #280 have S modified to N at 

position 5 of motif 8 and N modified to D at position 35 of motif 15 (Figure 6.2). 

RPF2-atp1 has two additional modifications in motif 13, N to S at position 5, and T 

to N at position 35 (Figure 6.2) that would be predicted to improve the recognition of 

the atp1 sequence (Barkan et al., 2012; Yagi et al., 2013). However, the lack of these 

modifications in transformant #280 shows that they are not needed for atp1 binding 

and cleavage. Therefore, I suspect that the change of SD to ND at motif 8 near the 

centre of the PPR-RNA interface was the crucial modification that targeted both 

RPF2-atp1 and mRPF2 variant #65 to atp1, rather than the modifications at motifs 13 

and 15. 

The results from circular RT-PCR showed that the distance between the 

binding and cleavage sites in transformant #280 (Figure 6.8) is quite similar to that 

observed for the cleavage of nad6 transcripts by RPF2-nad6 (Chapter 3). This 

considerable distance makes it unlikely that the PPR protein is directly involved in 

the cleavage. More probably RF proteins associate with endonucleases to promote 

cleavage. RNAse P (PRORP), a tRNA processing enzyme (Gobert et al., 2010), has 

been proposed to be involved with RFL2 in the cleavage of orf291 transcripts (Fujii 

et al., 2016). PRORP is also proposed to cleave nad6 mRNA; however, the cleavage 

process requires the formation of a tRNA-like secondary structure (Gobert et al., 

2013) which is not present in the vicinity of RPF2 cleavage sites (Chapter 3). 

Alternatively, the endonucleases MNU1 and MNU2 have been proposed to act in 
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concert with RPF2 to cleave nad9 and cox3 (Stoll & Binder, 2016), but no evidence 

for their involvement was found for RPF2-nad6 (Chapter 3). Recently, it has been 

proposed that PRORP1 cooperates with MNU2 for tRNA processing (Bouchoucha et 

al., 2019). Despite these observations, the mechanism used by modified RPF2 

proteins to cleave RNA is still unclear.  

In summary, I showed that it is possible to create mitochondrial mutants 

using a library of PPR proteins. However, further screening of the RPF2 library is 

required to identify other mitochondrial mutants generated by PPR-mediated 

transcript cleavage. Additionally, the comparison between the plants transformed 

with the custom-designed RPF2-atp1 and transformant #280 from the library gave 

insights about code-based nucleotide recognition by PPR proteins that can help us to 

understand how to redesign them for biotechnological applications.  
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Methods used for modifying gene expression  

Many different approaches have been used to manipulate gene expression in 

plants, including CRIPSR-Cas RNA-guided nucleases, transcription activator-like 

effector nucleases (TALENs), synthetic ribozymes, and engineered RNA-binding 

proteins (Table 7.1). Not all of these tools can be easily adapted for the study of 

mitochondrial gene expression. For example, although RNA interference is widely 

used for targeted mRNA knock-down in plants (Hannon, 2002; Jones-Rhoades, 

Bartel, & Bartel, 2006) it has limitations, in particular its reliance on the requisite 

host machinery to recognise and deal with microRNAs or small interfering RNAs. 

This machinery is not present in organelles; therefore, this approach cannot be used 

in mitochondria and plastids. A CRIPSR-Cas13 method has been proposed for 

precise RNA modification (Abudayyeh et al., 2017; Ali, Mahas, & Mahfouz, 2018; 

O'Connell, 2019; Schindele, Wolter, & Puchta, 2018; Wang et al., 2019; Wolter & 

Puchta, 2018). This system is similar to CRIPSR-Cas9 and CRIPSR-Cas12 used to 

target DNA (Hsu, Lander, & Zhang, 2014; Zetsche et al., 2015), but the catalytic 

residues of Cas13 are modified to bind and cleave RNA (Abudayyeh et al., 2016; 

East-Seletsky et al., 2016; Liu, Li, Ma, et al., 2017; Liu, Li, Wang, et al., 2017). 

Cas13 also can be used for RNA editing (Cox et al., 2017) and RNA cleavage 

(Abudayyeh et al., 2017). It has also been applied to combat viruses (Aman, Ali, et 

al., 2018; Aman, Mahas et al., 2018; Khan, Amin, Hameed, & Mansoor, 2018; 

Mahas, Aman, & Mahfouz, 2019). In the CRISPR-Cas13 method, Cas13 proteins are 

guided to their target RNAs by a CRISPR RNA that has a direct repeat stem loop and 

a spacer sequence (guide RNA). The design is easy, but the target recognition by 

RNA-RNA hybridization is limited by the need for a protospacer adjacent motif 

(PAM) which is a short RNA sequence (2-6 base pairs in length) that follows the 

RNA region targeted for cleavage by the CRISPR system (Lei et al., 2014). Although 
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different Cas13 effector proteins showed minimal off-target activity (Cox et al., 

2017; Konermann et al., 2018), these effects have not been systematically addressed 

(Ali et al., 2018). Additionally, it has not been shown yet how to import the guide 

RNA required for CRISPR-Cas systems into organelles (Gammage, Moraes, & 

Minczuk, 2018); therefore, it remains to be seen if this approach will be applicable in 

mitochondria and plastids. 

Several methods to alter gene expression by targeting RNA with modified 

RNA binding proteins have also been attempted. For example, a fusion of the 

eukaryotic translation initiation factor eIF4G with the RNA-binding domain of iron 

regulatory protein can drive translation of a reporter gene (De Gregorio, Preiss, & 

Hentze, 1999). Similarly, fusion proteins containing the RNA-binding MS2 coat 

protein and green fluorescent protein have been used to track the location of RNA 

within cells (Bertrand et al., 1998). However, in these examples, the proteins were 

unable to operate on endogenous mRNAs because of the unavailability of RBPs with 

arbitrary specificity. Pumilio and FBF homology (PUF) proteins that bind to RNA 

can be modified to recognise different RNA sequences. However, they recognise 

only a limited set of related target sequences of eight or nine nucleotides, and RNA 

recognition by each PUF motif is context-dependent (Yagi, Nakamura, & Small, 

2014).  

Besides the modified RFL approach I have used, two other techniques have 

been used successfully for manipulating plant mitochondrial gene expression. 

Synthetic ribozymes can be designed by modifying hammerhead ribozymes to target 

any RNA sequence. They show high specificity, and off-target effects are considered 

as rare (Val et al., 2011). Synthetic ribozymes have been used to knock down 

expression of specific mitochondrial genes (Val et al., 2011), for example, for 

knockdown of matR (Sultan et al., 2016) and for knockdown of nad9 (Niazi et al., 
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2019). However, this technique was not efficient for reduction of atp9 and cox3 at 

early stages of development, and it did not work for reducing the expression of sdh3 

in Nicotiana tabacum (Niazi et al., 2019). A second technique used transcription 

activator-like effector nucleases (TALENs) with mitochondrial localization signals 

(mitoTALENs). The design involves two binding sites (16-20 bp each) targeted by 

TALENs consisting of nearly identical repeats that differ only at positions 12 and 13 

(repeat-variable di-residue) (Doyle et al., 2012). This technique was used to knock 

out the mitochondrial genes orf79 in rice and orf125 in Brassica napus (Kazama et 

al., 2019). However, the deletions after the double-strand break repair caused by this 

method irreversibly modify the configuration of the plant mitochondrial genome and 

may lead to pleiotropic effects on expression of multiple genes.  

Engineered RNA-binding proteins such as PPR proteins hold plenty of 

promise for RNA manipulation in organelles, but there are still some issues to 

overcome. The approach I have used, modifying a natural RFL protein, is 

constrained by the complexity of altering more than one or two motifs, thus limiting 

potential targets to sequences similar to the original binding site. The low flexibility 

of modified RFLs could be overcome if entirely synthetic RFLs can be designed, 

then there would be no limitation on target choice. This seems likely to be feasible 

given the successful trials with synthetic PPR proteins in vitro (Miranda et al., 2018) 

and following the demonstration that the synthetic PPRs SCD11 and SCD14 bind 

with high specificity to the intended RNA target, the chloroplast psbA mRNA, in 

vivo (McDermott et al., 2019). Nevertheless, we successfully demonstrated that 

modified RPF2 binds and leads to effective cleavage of two new specific RNA 

targets, nad6 (Chapter 3, published in Communications Biology, 2018) and atp1 

(Chapter 6). Additionally, I showed that other modified RPF2 proteins are likely to 

target several more different sites (Chapter 4). However, the targeting is not entirely 
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predictable, and some off-target cleavage at related sites occurs. In Chapter 3 I 

showed that the rps3-rpl16 co-transcript is also cleaved in RPF2-nad6 plants, 

suggesting that RPF2-nad6 can tolerate mismatches to its predicted preferred target 

sequence (nad6). Off-target site recognition might be due to the contribution of 

motif-nucleotide interactions at different positions and the length of the PPR-RNA 

interface. Results from artificial PPR proteins containing 11 or 14 PPR10 motifs 

showed that the nucleotide selectivity near the 3′-end of the binding site is lower than 

near the 5′-end (Miranda et al., 2018). Longer PPR proteins make more contacts with 

RNA but non-specific interactions begin to dominate after a distance of 10 repeat-

nucleotide pairs (Miranda et al., 2018; Shen et al., 2016). 

In order to get more information about the PPR code, target prediction and 

off-target cleavage, specific primers for qRT-PCR could be designed based on the 

cleavage sites in the currently known RPF2 and mRPF2 targets (atp1, cox3, rps3, 

nad6, and nad9). This could be used to quantify the cleavages at these sites in all 

variants and compare these values to the predicted affinities of each of these variants 

for each target (Table 7.2). A strong correlation between the predicted affinities and 

rates of cleavage would strengthen our confidence in our ability to predict PPR 

binding sites whereas poor correlation would indicate where improvements are 

necessary. Therefore, although the RFL protein approach looks promising for 

knockdown of mitochondrial gene expression, further studies are required to 

understand the full range of protein-RNA interactions and thus limit off-target 

effects. 
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Table 7.1: Comparison of CRIPSR-Cas13, ribozyme, TALEN and modified RFL 
protein methods.  
 

Method CRIPSR-Cas13 Ribozyme  TALEN Modified RFL 
protein 

Sequence recognition RNA:RNA Protein:RNA Protein:DNA Protein:RNA 
Target site length (nt) 22 13-15 24 to 40 12 to 25 
Flexibility in choice 
of targets 

Moderate 
flexibility 

Flexible Flexible Low flexibility 

Ease of design Easy Easy Moderate Moderate 
Off-target effects Low Low Low Variable 
Effectiveness of 
knockdown 

High Moderate High High 

Knockout Potentially 
inducible and 

reversible 

Potentially 
inducible and 

reversible 

Irreversible Potentially 
inducible and 

reversible 
Demonstrated work 
in plant mitochondria 

No Yes Yes Yes 

 

Table 7.2: Score values for all the variants on the currently known RPF2 and mRPF2 
target sites. 
 

Variant atp1 cox3 rps3 nad6 nad9
mRPF2 6.30 9.12 5.90 8.39 7.11

mRPF2-nad6 5.13 7.95 6.43 9.88 5.93
RPF2 4.82 7.64 5.33 6.90 6.53

RPF2-atp1 7.25 5.45 4.23 4.71 5.34
RPF2-nad6 3.64 6.46 5.86 8.39 5.36

1 4.59 4.07 1.09 3.58 2.98
2 4.55 4.03 0.81 3.29 2.95
3 4.50 4.92 1.94 4.43 3.84
4 5.62 5.10 2.12 4.61 4.02
5 6.14 5.62 2.40 4.88 4.54
6 5.03 6.38 3.15 5.64 4.36
7 3.85 4.80 1.83 4.32 3.72
8 3.30 5.18 2.21 4.69 4.10
9 3.30 5.18 2.21 4.69 3.16
10 4.89 5.84 2.86 5.35 4.75
11 4.85 5.80 2.58 5.06 4.72
12 4.85 6.74 3.51 6.00 4.72
13 5.62 5.10 2.12 4.61 4.02
14 5.06 5.48 2.50 4.99 4.39
15 5.06 5.48 2.50 4.99 3.46
16 6.09 5.58 2.60 5.09 4.49
18 6.09 6.51 3.53 6.02 5.43
19 7.17 6.65 3.43 5.92 5.57
20 5.54 5.95 2.98 5.46 3.93
21 6.09 6.51 3.53 6.02 4.49
22 5.54 6.89 3.91 6.40 4.87
23 6.62 7.03 3.81 6.29 5.01
24 4.33 5.28 2.30 4.79 4.20
25 3.77 5.66 2.68 5.17 4.57
26 4.89 5.84 2.86 5.35 4.75
27 4.33 6.22 3.24 5.73 5.13
28 4.85 5.80 2.58 5.06 4.72
29 5.41 6.36 3.14 5.62 5.27
30 3.77 5.66 2.68 5.17 3.64
31 3.21 6.04 3.06 5.55 4.02
32 4.33 6.22 3.24 5.73 4.20
33 5.36 6.31 3.34 5.82 5.23
34 4.80 6.69 3.71 6.20 5.61
35 5.92 6.87 3.90 6.38 5.79
36 5.36 7.25 4.27 6.76 6.16
37 5.88 6.83 3.61 6.10 5.75
38 5.88 6.83 3.61 6.10 5.75
39 5.32 7.21 3.99 6.48 6.13
40 6.44 7.39 4.17 6.66 6.31
41 4.25 7.07 4.09 6.58 5.05
42 6.51 6.00 3.02 5.51 4.91
43 5.78 8.60 5.63 8.11 6.58
44 6.86 8.75 5.52 8.01 6.73
45 4.92 6.27 3.30 5.79 4.26
46 6.04 5.52 2.54 5.03 4.44
47 6.60 6.08 3.10 5.59 4.99
48 6.04 6.45 3.48 5.97 5.37
49 5.48 5.90 2.92 5.41 3.88
50 4.83 5.78 2.81 5.29 4.70
51 5.31 6.26 3.28 5.77 5.17
52 4.75 6.64 3.66 6.15 5.55
53 4.27 6.16 3.18 5.67 4.14
54 5.83 6.78 3.56 6.04 5.69
55 6.38 7.34 4.11 6.60 6.25
56 5.31 7.19 4.22 6.70 5.17
57 6.04 5.52 2.54 5.03 4.44
58 5.83 7.71 4.49 6.98 6.63
59 6.34 7.29 4.32 6.80 6.21
60 6.90 7.85 4.87 7.36 6.76
61 6.34 8.23 5.25 7.74 7.14
62 7.42 8.37 5.15 7.63 7.29
63 6.86 8.75 5.52 8.01 7.66
64 5.74 8.57 5.34 7.83 6.55
65 7.59 8.01 4.79 7.27 5.99
66 2.88 4.23 2.28 3.49 3.48
67 4.33 5.28 3.58 4.79 5.47
68 4.03 4.44 2.74 3.95 4.63
69 4.33 5.28 3.58 4.79 5.47
70 5.36 7.25 4.27 6.76 5.23
71 6.30 8.19 4.97 7.45 7.11
72 2.96 3.38 1.42 2.64 3.56
73 2.74 3.69 1.98 3.20 3.88
74 3.30 4.25 2.54 3.76 4.43
75 3.30 4.25 2.54 3.76 4.43
76 5.03 4.51 1.28 3.77 3.42
77 5.06 5.48 2.50 4.99 3.46
78 3.30 4.25 1.27 3.76 3.16
79 5.03 5.44 3.49 4.70 5.63
80 3.77 5.66 3.95 5.17 5.84
81 4.98 5.40 2.42 4.91 3.38
82 3.77 4.72 1.75 4.23 3.64
83 4.25 6.13 3.16 5.64 5.05
84 4.80 6.69 3.71 6.20 5.61
85 4.37 5.33 3.37 4.59 5.51
86 4.33 6.22 4.51 5.73 6.40
87 5.01 4.49 2.78 4.00 4.67
88 3.72 5.60 3.90 5.11 5.79
89 5.83 7.71 4.49 6.98 5.69
90 7.63 7.11 4.13 6.62 6.03

Variant atp1 cox3 rps3 nad6 nad9
mRPF2 6.30 9.12 5.90 8.39 7.11

mRPF2-nad6 5.13 7.95 6.43 9.88 5.93
RPF2 4.82 7.64 5.33 6.90 6.53

RPF2-atp1 7.25 5.45 4.23 4.71 5.34
RPF2-nad6 3.64 6.46 5.86 8.39 5.36

1 4.59 4.07 1.09 3.58 2.98
2 4.55 4.03 0.81 3.29 2.95
3 4.50 4.92 1.94 4.43 3.84
4 5.62 5.10 2.12 4.61 4.02
5 6.14 5.62 2.40 4.88 4.54
6 5.03 6.38 3.15 5.64 4.36
7 3.85 4.80 1.83 4.32 3.72
8 3.30 5.18 2.21 4.69 4.10
9 3.30 5.18 2.21 4.69 3.16
10 4.89 5.84 2.86 5.35 4.75
11 4.85 5.80 2.58 5.06 4.72
12 4.85 6.74 3.51 6.00 4.72
13 5.62 5.10 2.12 4.61 4.02
14 5.06 5.48 2.50 4.99 4.39
15 5.06 5.48 2.50 4.99 3.46
16 6.09 5.58 2.60 5.09 4.49
18 6.09 6.51 3.53 6.02 5.43
19 7.17 6.65 3.43 5.92 5.57
20 5.54 5.95 2.98 5.46 3.93
21 6.09 6.51 3.53 6.02 4.49
22 5.54 6.89 3.91 6.40 4.87
23 6.62 7.03 3.81 6.29 5.01
24 4.33 5.28 2.30 4.79 4.20
25 3.77 5.66 2.68 5.17 4.57
26 4.89 5.84 2.86 5.35 4.75
27 4.33 6.22 3.24 5.73 5.13
28 4.85 5.80 2.58 5.06 4.72
29 5.41 6.36 3.14 5.62 5.27
30 3.77 5.66 2.68 5.17 3.64
31 3.21 6.04 3.06 5.55 4.02
32 4.33 6.22 3.24 5.73 4.20
33 5.36 6.31 3.34 5.82 5.23
34 4.80 6.69 3.71 6.20 5.61
35 5.92 6.87 3.90 6.38 5.79
36 5.36 7.25 4.27 6.76 6.16
37 5.88 6.83 3.61 6.10 5.75
38 5.88 6.83 3.61 6.10 5.75
39 5.32 7.21 3.99 6.48 6.13
40 6.44 7.39 4.17 6.66 6.31
41 4.25 7.07 4.09 6.58 5.05
42 6.51 6.00 3.02 5.51 4.91
43 5.78 8.60 5.63 8.11 6.58
44 6.86 8.75 5.52 8.01 6.73
45 4.92 6.27 3.30 5.79 4.26
46 6.04 5.52 2.54 5.03 4.44
47 6.60 6.08 3.10 5.59 4.99
48 6.04 6.45 3.48 5.97 5.37
49 5.48 5.90 2.92 5.41 3.88
50 4.83 5.78 2.81 5.29 4.70
51 5.31 6.26 3.28 5.77 5.17
52 4.75 6.64 3.66 6.15 5.55
53 4.27 6.16 3.18 5.67 4.14
54 5.83 6.78 3.56 6.04 5.69
55 6.38 7.34 4.11 6.60 6.25
56 5.31 7.19 4.22 6.70 5.17
57 6.04 5.52 2.54 5.03 4.44
58 5.83 7.71 4.49 6.98 6.63
59 6.34 7.29 4.32 6.80 6.21
60 6.90 7.85 4.87 7.36 6.76
61 6.34 8.23 5.25 7.74 7.14
62 7.42 8.37 5.15 7.63 7.29
63 6.86 8.75 5.52 8.01 7.66
64 5.74 8.57 5.34 7.83 6.55
65 7.59 8.01 4.79 7.27 5.99
66 2.88 4.23 2.28 3.49 3.48
67 4.33 5.28 3.58 4.79 5.47
68 4.03 4.44 2.74 3.95 4.63
69 4.33 5.28 3.58 4.79 5.47
70 5.36 7.25 4.27 6.76 5.23
71 6.30 8.19 4.97 7.45 7.11
72 2.96 3.38 1.42 2.64 3.56
73 2.74 3.69 1.98 3.20 3.88
74 3.30 4.25 2.54 3.76 4.43
75 3.30 4.25 2.54 3.76 4.43
76 5.03 4.51 1.28 3.77 3.42
77 5.06 5.48 2.50 4.99 3.46
78 3.30 4.25 1.27 3.76 3.16
79 5.03 5.44 3.49 4.70 5.63
80 3.77 5.66 3.95 5.17 5.84
81 4.98 5.40 2.42 4.91 3.38
82 3.77 4.72 1.75 4.23 3.64
83 4.25 6.13 3.16 5.64 5.05
84 4.80 6.69 3.71 6.20 5.61
85 4.37 5.33 3.37 4.59 5.51
86 4.33 6.22 4.51 5.73 6.40
87 5.01 4.49 2.78 4.00 4.67
88 3.72 5.60 3.90 5.11 5.79
89 5.83 7.71 4.49 6.98 5.69
90 7.63 7.11 4.13 6.62 6.03  

                            
             1                            5                           10                  1                               5                            10    
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Potential applications of the library of 'mutants' developed by modifying PPR 

proteins  

In Arabidopsis, complex I contains over 40 subunits, of which nine are 

encoded in the mitochondrial genome, nad1 to nad4, nad4L, nad5 to nad7 and nad9 

(Bonen, 2008; Klodmann & Braun, 2011; Meyer et al., 2011; Meyer et al., 2008; 

Peters et al., 2013), whilst complex II only comprises nuclear subunits (Figueroa, 

León, Elorza, Holuigue, & Jordana, 2001; León, Holuigue, & Jordana, 2007; Millar 

et al., 2004; Scheffler, 1998). Complex III has one mitochondrially encoded subunit, 

cob (Kubo & Newton, 2008; Meyer et al., 2008). Complex IV contains three core 

subunits, cox1, cox2 and cox3 that are mitochondrially encoded (Millar et al., 2004). 

Complex V has five subunits encoded by the mitochondrial genes, atp1, atp4, atp6, 

atp8, and atp9 (Heazlewood et al., 2003; Meyer et al., 2008). These mitochondrially 

encoded subunits have to be assembled with the nuclearly encoded subunits in a 

stochiometric manner, requiring a tight regulation of gene expression and an efficient 

transport system to ensure all subunits end up in the same compartment. I introduced 

combinatorial modifications in the RPF2 protein and generated a library of 90 

variants. Although only 90 variants were obtained from 1024 possible variants, they 

have potential targets in many of the transcripts from the mitochondrial genome. The 

predicted targets for the library of 'mutants' developed by modifying PPR proteins 

include mitochondrial complexes subunits from complex I (CI), complex IV (CIV), 

and complex V (CV) (Table 7.3). Additional predicted targets are transcripts 

encoding proteins implicated in cytochrome c maturation, the translation machinery, 

and protein translocation.  
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Table 7.3: Predicted mitochondrial targets from PPR variants. 
 

Variants # Predicted target  
4, 47 nad5 CI 
43, 44, 60, 61, 62, 65, 71 nad6 CI 
1, 4, 14, 16, 17, 19, 20, 21, 22, 33, 34, 41, 42, 
43, 44, 59, 60, 61, 64, 65, 70, 81, 83 nad7 

CI 

53 cox2 CIV 
43, 60 cox3 CIV 
62, 65, 90 atp1 CV 
44 atp6 CV 
35 ccmFC Cytochrome c maturation 
42, 81, 90 rps3 Translation machinery 
59, 61 mttB (tatC) Protein translocator 

 

Most previous studies focused on the knockdown of a single specific subunit 

of a mitochondrial complex and its consequences. However, this PPR library 

potentially provides a series of ‘mutants’ each lacking a different subunit of the same 

mitochondrial complex. Analysing these ‘mutants’ should help to answer questions 

about the regulation of the biogenesis, assembly and activity of these mitochondrial 

complexes. For example, in Arabidopsis, the initial step in the assembly of the 

membrane arm of complex I has been elucidated (Meyer et al., 2011), however, the 

whole assembly process is still unclear (Meyer, Welchen, & Carrie, 2019). The 

assembly pathways for other mitochondrial complexes in plants are even less clear. 

A model whereby the catalytic subunits of the holoenzyme (Cox1-Cox3) are matured 

and incorporated as cofactor-protein modules has been proposed for assembly of 

Complex IV (Timón-Gómez et al., 2018). This system is based on yeast due to the 

lack of cox mutants in plants, most likely because they result in embryo lethality 

(Mansilla, Racca, Gras, Gonzalez, & Welchen, 2018). Assembly of the chloroplastic 

complex V is well characterized (Rühle & Leister, 2015), in contrast, little is known 

about the equivalent process in plant mitochondria. Knocking down the expression of 

different subunits of a complex will be helpful for reconstructing these assembly 

pathways, helping to understand in which order the subunits are assembled. 
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Knocking down the expression of different subunits of a complex can also 

answer questions about feedback on the expression of other subunits in the same 

complex. The coordination of expression of oxidative phosphorylation system genes 

between the nuclear and mitochondrial genomes may occur at the post-

transcriptional level (Giegé, Sweetlove, Cognat, & Leaver, 2005; Leister, Wang, 

Haberer, Mayer, & Kleine, 2011). A feedback mechanism, called control by epistasy 

of synthesis (CES), has been reported in yeast mitochondria. In this process, 

translational activators couple the rate of synthesis of mitochondrial proteins to the 

rate of their assembly into complexes. For example, the rate of synthesis of cox1 is 

reduced when other subunits of the cytochrome oxidase complex are not present 

(Calder & McEwen, 1991; Nakai, Yasuhara, Fujiki, & Ohashi, 1995). Additionally, 

atp9 mutants show reduced synthesis of Atp6 and Atp8 (Oot, Lukins, Linnane, & 

Nagley, 1987; Payne, Schweizer, & Lukins, 1991). Such a mechanism involving 

mitochondrial subunits has not been described in plants, but the approach I have 

described should provide plenty of material suitable for such studies by allowing the 

comparison of ‘mutants’ defective in the expression of different subunits of the same 

complex.  

 

Conclusion 

This work demonstrated that it is possible to use RF proteins to knockdown 

expression of mitochondrial targets. Also, it generated a library of mutants that can 

be useful to study mitochondrial functions, complexes and physiology. By getting a 

better understanding of techniques to modify mitochondrial gene expression, 

researchers can use them to manipulate mitochondrial processes for biotechnological 

applications. 
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The pentatricopeptide repeat protein EMB2654 is essential for 
trans-splicing of a chloroplast small ribosomal subunit transcript 
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ABSTRACT 

We report the partial complementation and subsequent comparative molecular 

analysis of two nonviable mutants impaired in chloroplast translation, one (emb2394) 

lacking the RPL6 protein, and the other (emb2654) carrying a mutation in a gene 

encoding a P-class pentatricopeptide repeat protein. We show that EMB2654 is 

required for the trans-splicing of the plastid rps12 transcript and that therefore the 

emb2654 mutant lacks Rps12 protein and fails to assemble the small subunit of the 

plastid ribosome, explaining the loss of plastid translation and consequent embryo-

lethal phenotype. Predictions of the EMB2654 binding site match a small RNA 

“footprint” located on the 59 half of the trans-spliced intron that is almost absent in 

the partially complemented mutant. EMB2654 binds sequence specifically to this 

target sequence in vitro. Altered patterns in nuclease-protected small RNA fragments 

in emb2654 show that EMB2654 binding must be an early step in, or prior to, the 

formation of a large protein-RNA complex covering the free ends of the two rps12 

intron halves. 
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INTRODUCTION 

Plastids are essential plant organelles that are best known for providing 

carbon skeletons and energy to the cell via photosynthesis. However, they also play a 

crucial role in plant development as early as embryogenesis, well before the 

establishment of the photosynthetic apparatus (Bryant et al., 2011). Plastids derive 

from cyanobacteria that established an endosymbiotic relationship with eukaryotic 

cells (Timmis et al., 2004). Although they have lost numerous genes over the last 

billion years, the plastid genomes of most vascular plants have retained; 120 genes  

(Wicke et al., 2011). The majority of the protein-coding genes encode primary 

components of the photosynthetic apparatus, including major subunits of 

photosystems II, cytochrome b6f, the NDH complex, and I and ATP synthase. Most 

of the remaining genes encode components of the transcription and translation 

machineries, as well as a few key biogenesis genes such as accD, clpP1, matK, ycf1, 

and ycf2. Proteomics studies have revealed 2 to 3 thousand proteins in the plastid 

compartment, most of them products of nuclear genes (Friso et al., 2004; Ferro et al., 

2010). Assembly of proteins produced by both plastid and nuclear genes are 

necessary for the biogenesis and function of the chloroplast apparatus, requiring 

some degree of coordination between the protein synthesis machineries in the cytosol 

and plastids (Tiller and Bock, 2014). 

Transcription in land plant plastids involves two different types of RNA 

polymerase, nuclear-encoded phage-type RNA polymerases and a plastid-encoded 

(cyanobacterial-type) RNA polymerase (PEP; Hajdukiewicz et al., 1997; Liere and 

Börner, 2007). Plastid gene expression also requires a battery of processing factors 

that perform the extensive posttranscriptional maturation steps of the polycistronic 

primary transcripts (intron splicing, processing, trimming, and protection of 39 and 
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59 ends, RNA editing) prior to translation (Stern et al., 2010; Barkan, 2011). 

Pentatricopeptide repeat (PPR) proteins are organellar RNA-binding proteins 

implicated in these processes that form a large family of; 450 members in 

angiosperms (reviewed by Barkan and Small, 2014). They comprise tandem repeats 

of 35-amino-acid motifs that bind RNA in a highly specific manner, targeting only a 

single or a limited number of transcripts (Barkan and Small, 2014). These repeats 

vary in length and amino acid composition, and this variation has been used to define 

two categories of PPR proteins: P-class PPR proteins are primarily composed of 

canonical 35-amino-acid motifs, while the PLS-class proteins comprise triplets of 

motifs of different length and sequence and additional C-terminal domains (Lurin et 

al., 2004; Cheng et al., 2016). The PLS-class PPR proteins are mostly involved in 

RNA editing, whereas P-class proteins play important roles in transcript stabilization 

and intron splicing. Other nucleus-encoded RNA binding proteins such as 

chloroplast RNA splicing and ribosome maturation proteins (Barkan et al., 2007), 

plant organellar RNA recognition proteins (Kroeger et al., 2009), and mitochondrial 

transcription termination factors (Babiychuk et al., 2011) are also implicated in 

plastid intron splicing, which additionally involves intron maturases (Zoschke et al., 

2010). Intron splicing is required to remove the -20 introns that were acquired by 

plastid genes early during the evolution of land plants (Turmel et al., 2006). In 

Arabidopsis (Arabidopsis thaliana) plastids, six tRNAs and 11 protein-coding genes 

have introns, but one of them, rps12 (encoding a ribosomal protein), is fragmented, 

requiring intron trans-splicing to join the disparate parts (Barkan, 2004). 

For translation of the polypeptides they encode, plastids use their own protein 

synthesis machinery (ribosomal 23S, 16S, 5S, and 4.5S RNAs, 37 tRNAs, and 59 

ribosomal proteins). Although rRNAs and ribosomal proteins are generally 
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conserved between plastids and bacteria, five plant-specific ribosomal proteins have 

been described (Yamaguchi and Subramanian, 2000; Yamaguchi et al., 2000; Tiller 

and Bock, 2014). Plastid translation is essential for cell viability in tobacco 

(Nicotiana tabacum; Drescher et al., 2000; Kuroda and Maliga, 2003; Kode et al., 

2005; Rogalski et al., 2006) and generally also in Arabidopsis (Parker et al., 2014). 

Interestingly, this is not the case in grasses (Stern et al., 2004), probably because the 

chloroplast genome in grasses lacks three genes known to be essential in dicots 

(Konishi et al., 1996; Stern et al., 2004). As a result, many more plastid translation 

mutants are known from grasses (particularly maize) than from dicots. These plastid 

translation mutants are recognizable by their characteristic ivory color and the lack of 

accumulation of plastid rRNAs (Barkan, 1993; Hübschmann et al., 1996; Schmitz-

Linneweber et al., 2006; Beick et al., 2008; Williams-Carrier et al., 2008). 

In Arabidopsis, nuclear mutants impacting plastid translation were long 

overlooked because of the severe, frequently lethal phenotype. Several studies 

focusing on the identification of nuclear genes essential for embryo development 

(Meinke et al., 1994; Bryant et al., 2011; Candela et al., 2011; Romani et al., 2012; 

Savage et al., 2013) have noted the high frequency of such genes that encode 

products presumably involved in plastid translation. It is becoming clear that the 

essential function provided by plastid translation during embryogenesis is the 

synthesis of the product of the accD gene, encoding the catalytic subunit of the 

plastid acetyl-CoA carboxylase (required for malonyl-CoA production for fatty acid 

biosynthesis). In grasses, a nuclear encoded but plastid-targeted acetyl-CoA 

carboxylase fully compensates for the lack of the chloroplast accD gene (Konishi et 

al., 1996). In Brassicas (and some Arabidopsis accessions), the nuclear ACC2 gene 

can partially complement the loss of accD translation (Babiychuk et al., 2011; Bryant 
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et al., 2011), but this is generally insufficient for survival through embryogenesis in 

the Arabidopsis genotypes most commonly used in research (Parker et al., 2014). 

Mutations that lead to embryo lethality have been named emb (Meinke and 

Sussex, 1979) and are obviously rather difficult to study. In order to exploit the 

underused resource constituted by collections of emb mutants, various strategies 

have been proposed to partially complement the mutation through embryogenesis 

before allowing the lethal phenotype to develop at the seedling stage where it can be 

studied (Despres et al., 2001; Babiychuk et al., 2011). In this article, we use this 

approach to study two nonviable mutants impaired in chloroplast translation, one 

lacking the RPL6 protein (emb2394) and the other carrying a mutation in a gene 

encoding a P-class PPR protein (emb2654). We show that EMB2654 is required for 

the trans-splicing of the plastid rps12 transcript and identify its likely binding site on 

one of the intron halves. This work offers clues as to how the two intron halves 

associate and the mechanisms of trans-splicing. 

 

RESULTS 

Partial complementation of emb2654 and emb2394 

Two lines exhibiting embryo-lethality, emb2394 and emb2654, were chosen 

from the Seed Genes Project, Essential Genes in Arabidopsis Development (http:// 

www.seedgenes.org). In emb2394, the T-DNA insertion is in the first intron of the 

RPL6 gene (At1g05190), which encodes the plastid 50S ribosomal protein L6 (Fig. 

1). The T-DNA insertion in emb2654 is located in exon 6 of a gene (At2g41720) 

predicted to encode a P-class PPR protein (Fig. 1). This protein comprises 17 

conserved PPR motifs and has been reported as targeted to the chloroplast 

(Colcombet et al., 2013). 
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Both lines were partially rescued by complementation of heterozygous lines 

with a cDNA carrying the wild-type coding sequences under the control of the seed-

specific  ABSCISIC  ACID-INSENSITIVE3  (ABI3) promoter (Despres et al., 2001). 

Expression driven by the ABI3 promoter allowed development of homozygous 

mutant embryos as the complementing construct was expressed during 

embryogenesis. During seedling development, the ABI3 promoter is no longer active, 

leading to a progressive appearance of phenotypes due to the lack of RPL6 and 

EMB2654, respectively. The phenotypes observed for the rescued plants are shown 

in Figure 1. Cotyledons and leaves of the rescued emb2394 line were greenish-

yellow, and the leaves serrated (Fig. 1, C and E), a pattern already observed for 

chloroplast translation mutants (Pinon et al., 2008; Moschopoulos et al., 2012). The 

rescued emb2654 seedlings had pale green cotyledons and albino leaves (Fig. 1, D 

and F), suggesting a more severe defect. 

 

   

 

 

 

 

 

 
 
Figure 1. Gene models and phenotypes of the partially complemented mutants. A 
and B, The positions of the T-DNA insertions in emb2394 (A) and emb2654 (B) are 
shown. C to F, The emb2394 (C and E) and emb2654 (D and F) mutants expressing 
their respective wild-type proteins under control of the seed-specific ABI3 promoter. 
Large green seedlings in each case are wild-type siblings. Both mutant lines display 
yellowish green cotyledons and yellow to white leaves with increasingly severe 
phenotypes until development ceases. Seedlings were grown on half-strength 
Gamborg B5 medium. Squares on the grid are 1 x 1 cm. 
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EMB2654 is necessary for the accumulation of plastid-encoded proteins 

emb2394 is presumably impaired in chloroplast ribosome biogenesis and 

translation, as the defect is in a gene encoding a known plastid ribosomal protein. 

The phenotype of the partially rescued emb2654 plants suggested that they may also 

be deficient in plastid translation, so we performed comparative western blots using 

antibodies raised against proteins of the large subunit (RPL4) and the small subunit 

(RPS1, Rps12) of the chloroplast ribosome (Fig. 2). All three proteins are easily 

detectable in the wild-type samples, but almost undetectable in emb2654. emb2394 

shows a much more pronounced deficit in RPL4 than in the small subunit proteins 

RPS1 and Rps12, consistent with the expected primary defect in large subunit 

assembly due to the absence of RPL6. We also tested antibodies raised against 

subunits of the photosynthetic complexes and ATP synthase. The plastid-encoded 

subunits tested (PetA, AtpF, as well as RbcL, which is shown on an acrylamide gel 

in the last panel of Fig. 2) were reduced in the two partially complemented mutants, 

whereas the nuclear-encoded plastocyanin accumulated to normal levels. These 

results are consistent with both emb2394 and emb2654 being impaired in plastid 

ribosome biogenesis and plastid translation. 
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Figure 2. Western-blot analysis of chloroplast proteins in emb2654 and emb2394. 
Immunoblots of total proteins from partially complemented seedlings were probed 
using antibodies raised against various plastid proteins. Several acrylamide gels 
(three biological replicates for each genotype) were run with identical loadings and 
blotted onto PVDF membranes. RPL4, RPS1, ATPG (subunit of the ATP synthase), 
PSBO (subunit of photosystem II), and PC (plastocyanin), are encoded by the 
nuclear genome. Rps12, PetA (subunit of the cytochrome b6/f), AtpF, and RbcL are 
encoded by the plastid genome. Due to very different RbcL quantities between wild 
type (WT) and mutants (RbcL bands are visualized on a stain-free acrylamide gel), 
the loading was adjusted by comparing nonvarying background bands on gels and 
ACT8 (actin) was used as a nonplastid control. 
 

Chloroplast transcript analysis 

The fact that EMB2654 is a P-class PPR protein presumably involved in 

RNA processing prompted us to check the accumulation of plastid transcripts in 

emb2654 using an RT-qPCR screen previously described (Chateigner-Boutin et al., 

2008). As a comparison, we also checked plastid transcripts in the rescued emb2394 

line. The patterns observed for these mutants (Fig. 3) show similar trends, with an 

accumulation of the transcripts encoding PEP subunits (rpoA, rpoB, rpoC1, and 

rpoC2) or ribosomal proteins (rps, rpl transcripts), and a reduction in transcripts 

from genes relating to the photosynthetic  apparatus  (rbcL,  pet,  psa,  psb, and ndh 

transcripts) that are  normally  transcribed  by PEP (Legen et al., 2002). These 
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patterns are reminiscent of mutants deficient in PEP such as clb19 (Chateigner-

Boutin et al., 2008), ptac2 and otp70 (Chateigner-Boutin et al., 2011). The 

differences from wild-type are stronger for emb2654, as would be expected from the 

stronger visual phenotype of the plants. The most striking departure from the general 

transcript patterns seen in these mutants is the case of rps12A, which is the most 

reduced transcript in emb2654 but accumulates to above wild-type levels in 

emb2394, as is seen for other rps transcripts. This suggested that there may be a 

specific defect in rps12A expression in emb2654. By rps12A, we mean the gene 

fragment that includes the first exon of rps12 and the first half of the first intron. This 

is consistent with the much greater reduction in Rps12 protein in emb2654 than in 

emb2394 (Fig. 2). 
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Figure 3. Plastid transcript levels in emb2654 and emb2394 seedlings. Genome-wide 
qRT-PCR was performed on chloroplast transcripts from the partially complemented 
seedlings from both lines (measurements shown here as log2 ratios of gene 
expression in mutant samples compared to that of phenotypically normal siblings 
grown in parallel). Both lines display a general accumulation of transcripts related to 
transcription and translation (transcribed by nuclear-encoded phage-type RNA 
polymerase), with the noticeable exception of rps12A in emb2654, and a general 
decrease of the transcripts encoding subunits of the photosynthetic apparatus 
(transcribed by PEP). The values are means of two biological replicates (bars 
indicate SE). 
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EMB2654 is involved in trans-splicing of rps12 Transcripts 

As P-class PPR proteins are often involved in splicing, we searched for 

splicing defects in emb2654 and in emb2394, used as a control for indirect effects of 

a loss of plastid translation. This is particularly relevant be- cause the splicing 

maturase MatK is plastid encoded (Zoschke et al., 2010), and its absence leads to 

many plastid splicing defects. Defects that are seen in both mutants may be attributed 

to the lack of chloroplast translation, but any defects seen only in emb2654 could be 

primary defects. Figure 4 shows the mRNA accumulation in both mutants and that of 

the corresponding pre-mRNAs. The splicing efficiency (ratio of spliced to unspliced 

transcripts in the mutant to that of wild type) is also presented. The greatest reduction 

in splicing efficiency was observed for rps12 intron 1, and this reduction was specific 

to emb2654. This reduction in splicing efficiency was not due to a problem with 

accumulation of the pre-mRNA as it accumulated to above wild-type levels. The 

apparent splicing efficiency of ndhA is also reduced in emb2654 but cannot be at- 

tributed to a splicing defect as the pre-mRNA does not accumulate more than in the 

wild type (Fig. 4). A sim- ilar loss of processed ndhA transcripts has been observed 

in other plastid development mutants, including otp70, clb19 (Chateigner-Boutin et 

al., 2011), and sot1 (Wu et al., 2016), so it is probably an indirect effect. 
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Figure 4. RT-qPCR analysis of intron-containing plastid transcripts in emb2654 and 
emb2394 seedlings. Transcript levels are compared to phenotypically normal siblings 
(wild type [WT]) grown in parallel. RT-qPCR was carried out using two sets of 
primers: One set was designed to specifically amplify spliced RNA (A) and the other 
to specifically amplify unspliced RNA (B). C, Splicing efficiency as the log2 ratio of 
spliced to unspliced transcripts in the mutants compared to the wild type. The values 
are means of three biological replicates for emb2654 and two replicates for emb2394 
(bars indicate SE). 
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Prediction of EMB2654 binding sites 

Using the rules proposed to explain RNA sequence recognition by PPR 

proteins (Barkan et al., 2012), we attempted to predict the sequence recognized by 

EMB2654. EMB2654 consists of 17 contiguous PPR motifs (Cheng et al., 2016) of 

which 15 have commonly observed amino acid combinations at the key positions 

determining base recognition (Barkan et al., 2012; Shen et al., 2016) that allow their 

base preferences to be predicted. The resulting query sequence 

(TNTTTATAYNTGRGRNY) was searched for in the Arabidopsis chloroplast 

genome using the EMBOSS fuzznuc motif recognition software (Rice et al., 2000). 

Allowing one mismatch, we obtained four hits, two on the direct strand, two on the 

reverse strand (Supplemental Table S1). The only prediction with no mismatch 

(123781–123797) was a sequence located in the intergenic sequence between rps15 

(123296–123562) and ycf1 (123884–129244) on the reverse strand. These two 

transcripts are expressed similarly in both mutants and 4-fold higher than in the wild 

type, suggesting that if they are binding sites for EMB2654, its absence has no 

detect- able effect on their RNA processing. Of the other three matches, the most 

interesting is located at the 39 extremity of rps12 intron 1a, close to the rpl20 gene 

(Fig. 5). Due to the decrease of rps12 splicing efficiency in emb2654, this site was a 

good candidate for EMB2654 binding. 
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Search for RNA footprints 

It has been shown that many of the chloroplast small RNA fragments 

revealed by deep sequencing are footprints resulting from the protective action of 

RNA binding proteins against exonucleases (Ruwe and Schmitz-Linneweber, 2012; 

Zhelyazkova et al., 2012a). To check for the presence of footprints in the rps12 

regions in wild type and in partially complemented emb2654 mutants, we performed 

RNA-seq experiments on gel-purified fractions of small (15–50 nucleotides) RNAs. 

One footprint whose 59 extremity is the predicted binding site for EMB2654 was 

found in rps12A intron 1a (Fig. 5). Another footprint was found on the other half of 

this intron, rps12 intron 1b. This second footprint was also reported in barley 

(Zhelyazkova   et al., 2012b). The read distribution across the rpl12 intron 1 region 

in the three biological repeats of emb2654 and wild-type plants shown in Figure 5 

revealed a huge decrease for both footprints in the rescued emb2654 samples. A 

complete loss of the footprint(s) could not be expected, as the mutants are partially 

complemented. Thus, this result is consistent with EMB2654 binding the extremity 

of rps12 intron 1a in wild-type plants. We have no evidence that EMB2654 is 

directly involved in the formation of the footprint on rps12 intron 1b, as there are no 

predicted binding sites in the vicinity. 



 

 149 

 

Figure 5. RNA-seq analysis of putative “footprints” in the rps12 intron halves. A, 
RNA-seq was performed on gel-purified 15- to 50-nucleotide RNA fragments from 
partially complemented emb2654 seedlings (orange) and wild-type siblings (blue). 
The plots indicate the relative read depth at each nucleotide in the rps12 intron 
halves. Read depth has been normalized to the average depth across each intron 
(excluding the region of the putative footprint in each case). Data from three 
biological replicates are shown. The predicted EMB2654 binding site is shown by a 
red bar. B, Arrangement of the rps12 genes on Arabidopsis chloroplast DNA. The 
first exon is in rps12A, which is in the same transcription unit as rpl20 and clpP1. 
The second and third exons are in rps12B, located approximately 30 kb away and 
cotranscribed with ndhB and rps7. The position of the predicted EMB2654 binding 
site is indicated by a red bar, and RNA-seq footprints by black stars. Genome 
coordinates are indicated. C, Alignment of EMB2654 to its predicted binding site in 
rps12 intron 1a. The amino acids at the fifth and last positions in each PPR motif are 
aligned with the RNA sequence. Combinations that correlate with the aligned base 
(Barkan et al., 2012) are shaded in dark green. Combinations where only the fifth 
residue correlates with the aligned nucleotide are shaded in light green, combinations 
of unknown affinity are shaded in gray, and combinations that significantly 
anticorrelate with the aligned nucleotide are shaded in orange. The blue trace 
indicates the mean read depth observed in the RNA-seq analysis for wild-type 
samples in this region, showing the shape and extent of the footprint. 
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Confirmation of sequence-specific binding of EMB2654 to rps12 Intron 1a 

The 44-nucleotide rps12 intron 1a footprint is particularly long compared to 

other PPR-associated footprints (Ruwe and Schmitz-Linneweber, 2012; Zhelyazkova 

et al., 2012a), and the predicted binding site of EMB2654 is close to the 59 edge of 

the footprint and; 25 nucleotides away from the 39 edge. This is unusual; if the 

footprint was formed by blocking 39-59 exonuclease activity, as would be expected 

for a foot- print at the 39 terminus of the RNA, the binding site would typically be 

within; 4 nucleotides of the 39 edge of the footprint (Zhelyazkova et al., 2012a). 

Hence, to verify where exactly EMB2654 binds in this region, we expressed 

EMB2654 in Escherichia coli, purified it, and tested its RNA binding ability in vitro, 

using RNA oligonucleotides matching different regions of the rps12 intron 1a 

footprint and part of the footprint found on intron 1b (Fig. 6). The results accord with 

the binding site predictions: EMB2654 binds the 59 half of the intron 1a footprint 

(Fig. 6A) but scarcely at all to the 39 half of the intron 1a footprint or the intron 1b 

footprint (Fig. 6, A and B). The binding of EMB2654 to the 59 half of the intron 1a 

footprint was conserved when in competition with a 10-fold excess of unlabeled 

intron 1b probe (Fig. 6C). 
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Figure 6. Binding of EMB2654 to sequences within rps12 introns 1a and 1b. 
REMSA was performed with recombinant EMB2654 protein and RNA 
oligonucleotides labeled with fluorescein. The rps12-BS probe includes the predicted 
EMB2654 binding site, while the rps12-int1b probe contains the intron 1b footprint. 
Numbers above the images refer to the concentration of EMB2654-MBP fusion (nM), 
except for the lane MBP, in which 1,000 nM of maltose binding protein was used as a 
control. A and B, No competitor present. C, Competition experiment: EMB2654 
binding to rps12-BS in the presence of 10 nM unlabeled rps12-intb probe. The gels 
were scanned at 488 nm (excitation wavelengths for fluorescein) detected through a 
520-nm band-pass filter. EMB2654 shows detectable binding to the rps12-BS probe 
from 125 nM upwards, but no significant binding to the rps12-FP and rps12- int1b 
probe. 
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rps12 intron 1 structure 

In order to determine the positions of the EMB2654 binding site and the two 

footprints on the folded intron structure, we used the model proposed for tobacco 

rps12 intron 1 (Kohchi et al., 1988). For this, the Arabdopsis and tobacco sequences 

for each half of the intron were respectively aligned, the intron domains identified, 

and the footprints positioned (Supplemental Fig. S1). The sketch of the folded intron 

and the positions of the footprints and the EMB2654 binding site are shown in Figure 

7. The positions of both footprints are at the same end of the structure, suggesting 

that they might interact. We used the Vienna Package RNAcofold software (Lorenz et 

al., 2011) to obtain a likely secondary structure for domain III of the rps12 intron. 

The predicted structure shows that the two intron termini can indeed form a 

secondary structure through complementary pairing. The EMB2654 binding site 

largely overlaps with the longest single-stranded stretch in this predicted structure 

(Fig. 7). 

                   

Figure 7. Predicted structure of the rps12 intron. A, Sketch of the Arabidopsis rps12 
intron, using as a model the structure proposed for the tobacco intron by Kohchi et 
al. (1988). The Arabidopsis and tobacco sequences are aligned in Supplemental Fig. 
S1. Both the intron 1a footprint (greenish yellow), comprising the EMB2654 binding 
site (yellow) and intron 1b footprint (blue) are marked. B, Predicted secondary 
structure of rps12 intron 1 domain III showing the potential interactions between the 
two intron footprints. This prediction was obtained using RNAcofold (Lorenz et al., 
2011) and drawn using VARNA (http://varna.lri.fr/). 
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DISCUSSION 

Genes essential for embryogenesis in Arabidopsis 

Many embryo-lethal mutations cause an arrest of embryo development at the 

globular stage and reduced seed pigmentation, characteristics that may be attributed 

to chloroplast dysfunction. A comprehensive list of 119 nuclear genes encoding 

chloroplast proteins required for embryo development in Arabidopsis, representing 

about 30% of known EMB genes, has been compiled (Bryant et al., 2011). The 

authors defined three main groups of plastid-targeted proteins whose absence is 

associated with embryo lethality: enzymes involved in the biosynthesis of essential 

components (amino acids, nucleic acids, fatty acids, and vitamins), proteins involved 

in translocation and modification of chloroplast proteins, and proteins required for 

chloroplast gene expression (Bryant et al., 2011). Within the latter class, ribosomal 

proteins and PPR proteins are well represented. Disruption of a PPR gene should 

only be embryo lethal if the protein induces essential modifications to transcripts of 

genes involved in essential functions such as accD or those required for chloroplast 

translation. The proteins AccD, Ycf1 (thought to be a component of the import 

apparatus [Kikuchi et al., 2013]), Ycf2, and ClpP (a chloroplast protease and 

chaperone essential to the biogenesis of thylakoids) are all required for cell viability 

in tobacco, as shown by directed mutagenesis of the chloroplast genome (Drescher et 

al., 2000; Shikanai et al., 2001; Kuroda and Maliga, 2003; Kode et al., 2005). 

Furthermore, these genes have been retained on minimal chloroplast genomes of 

nonphotosynthetic parasitic plants such as Epifagus virginiana (Wolfe et al., 1992) 

or the underground orchid Rhizanthella gardnerii (Delannoy et al., 2011), stressing 

their important role in non- photosynthetic aspects of plastid biogenesis. 
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The use of a partial complementation strategy allowed us to characterize two 

embryo-lethal mutations, emb2394 and emb2654, at a molecular level. Both these 

mutants are unable to develop beyond the globular stage (87% of embryos blocked at 

that stage for emb2394 and 99% for emb2654; data from seedgenes.org). The 

expression of the complementation construct during seed development under the 

control of the ABI3 promoter (Despres et al., 2001) allowed the embryo to overcome 

this critical stage. This general approach should hopefully prove useful for the 

analysis of other lethal mutations in the many other genes required for plastid 

translation. The line emb2394 carries a putative null mutation in the gene encoding 

RPL6, a component of the large subunit (50S) of plastid ribosomes. L6 binds directly 

to 23S rRNA (Davies et al., 1998), is a key player in the later steps of 50S subunit 

assembly (Shigeno et al., 2016), and is essential in E. coli (Gerdes et al., 2003; Shoji 

et al., 2011). The well-understood function of RPL6 allowed us to use emb2394 as a 

control for analysis of a second putative null mutation in the EMB2654 gene 

encoding a P-class PPR protein. 

 

EMB2654 is involved in the trans-splicing of rps12 intron 1 

The phenotypes observed for the rescued plants (yellow or albino leaves, 

stunted growth), as well as the predicted localization of the defective proteins, 

suggested strong defects in plastid gene expression. The molecular phenotypes (PEP-

deficient transcript patterns, reduced levels of plastid-encoded proteins, and 

ribosomal subunits) are all consistent with defects in the assembly and activity of the 

plastid translational apparatus. These observations were of course expected for 

emb2394, lacking RPL6, but the similarities with the molecular phenotypes of 

emb2654 suggested that it was compromised in a similar way. Some defects were 
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specific to emb2654, notably the extreme reductions in the rps12A transcript (Fig. 3) 

and the Rps12 protein (Fig. 2). Additional clues were obtained from the analysis of 

splicing in emb2396 and emb2654. We expected to detect splicing defects in the 

introns processed by the plastid-encoded maturase MatK. The targets of MatK were 

determined by RIP-ChIP (Zoschke et al., 2010) and include the group IIA introns of 

four essential tRNAs (trnV, trnI, trnA, and trnK) and three other introns (atpF, rpl2, 

and the cis-spliced rps12 intron 2). We did not detect many splicing defects 

attributable to the lack of MatK in the emb2394 mutant (Fig. 4), but minor defects 

including atpF, rps12 intron 2, rpl2, and ndhB were ob- served for emb2654, mostly 

consistent with a defect in MatK. The primary defect, however, lies in the splicing of 

rps12 intron 1, which is not a target of MatK. Ribosomal protein S12 is known to be 

involved in translation initiation in E. coli and is highly conserved between bacteria, 

mitochondria, and chloroplasts (Toivonen et al., 1999). It is a control element for the 

translocation of the mRNA:tRNA complex in E. coli, and mutations in S12 have 

been shown to affect trans- lation accuracy (Cukras et al., 2003). S12 is essential in 

E. coli (Gerdes et al., 2003; Shoji et al., 2011). 

The rps12 gene is split between two different locations on the chloroplast 

genome. The first exon, rps12A, lies between clpP1 and rpl20, these three genes 

forming a cotranscription unit, while exons 2 and 3 (rps12B) are cotranscribed with 

rps7 and ndhB (Fig. 5). Thus, maturation of the mRNA requires multiple processing 

steps, including cleavage of the precursors prior to trans-splicing to generate mature 

rps12 mRNA. It was reported in rice and in barley (Kanno and Hirai, 1993; 

Hübschmann et al., 1996) that the rps12A precursor is first cleaved between clpP1 

and rps12 exon 1 and then between rps12 exon 1 and rpl20. Spliced rps12 remains 

linked to rps7 as a dicistronic mRNA in liverwort and barley chloroplasts (Kohchi et 
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al., 1988; Hübschmann et al., 1996) showing the absence of a processing site 

between rps12B and rps7. Cis-splicing of intron 2 is the first step in uniting the three 

rps12 exons (Hübschmann et al., 1996), a step that requires the plastid-encoded 

maturase, MatK (Zoschke et al., 2010). Trans-splicing of the rps12A and rps12B 

transcripts is required to join exon 1 to exons 2 and 3. This step is the most severely 

affected of all splicing events in emb2654, being reduced about 70-fold (Fig. 4) in 

the partially complemented mutant material compared to wild type. The reduced 

efficacy  (6-fold)  of  rps12  intron  2  splicing  also  observed in emb2654 (Fig. 4) 

does not appear to explain the much greater reduction in the efficacy of splicing of 

rps12 intron 1. In barley mutants lacking plastid translation (and thus MatK), where 

intron 2 is not spliced at all, trans-splicing of intron 1 still occurs, albeit at a reduced 

rate (Hübschmann et al., 1996). It seems probable therefore that the primary defect 

explaining the embryo-lethal phenotype of emb2654 is the failure to trans-splice 

intron 1 of rps12, leading to a failure to synthesize Rps12 and to assemble ribosomal 

30S subunits and a consequential loss of plastid translation. 

EMB2654 joins three other proteins known to be involved in this trans-

splicing reaction. The CAF2/CRS2 complex is required for splicing of many plastid 

group II introns, including rps12 intron 1 (Ostheimer et al., 2003). PPR4, the only 

PPR protein in plants known to carry both PPR motifs and an RNA recognition motif 

domain is, like EMB2654, specifically implicated in splicing of rps12 intron 1 

(Schmitz-Linneweber et al., 2006). Although these proteins were originally identified 

in maize, putative homologs of all three proteins exist in Arabidopsis. The 

Arabidopsis CAF2 and CRS2 homologs have similar roles in plastid intron splicing 

to their maize counterparts (Asakura and Barkan, 2006; Asakura et al., 2008). The 

function of the putative Arabidopsis homolog of PPR4 (At5g04810) is unknown, but 
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the seed development phenotypes of plants heterozygous for mutations in this gene 

are consistent with it being essential for embryogenesis (Savage et al., 2013), so a 

conserved role in rps12 splicing is possible. There may be many more factors 

involved in this trans-splicing event; in Chlamydomonas, 14 genetic loci were 

identified as being required for trans-splicing of psaA transcripts (Goldschmidt-

Clermont et al., 1990). 

 

Possible roles of EMB2654 in trans-splicing 

Bioinformatic prediction of the target preferences of EMB2654 based on the 

known correlations between the amino acids at key positions within PPR motifs and 

aligned RNA nucleotides (Barkan et al., 2012) highlighted a sequence near the end 

of rps12 intron 1a. Binding to this site was confirmed by the discovery of a small 

RNA “footprint” overlapping this sequence, indicative of nuclease protection by a 

bound protein  (or proteins; Ruwe and Schmitz-Linneweber, 2012; Zhelyazkova et 

al., 2012a) and by in vitro electrophoretic mobility shift assays (Fig. 6). Despite the 

discovery of many RNA binding proteins implicated in plant organellar intron 

splicing (for review, see de Longevialle et al., 2010), their roles have remained rather 

unclear, in large part because the sequences they bind to have not been identified. For 

example, it is not known how PPR4, CAF2, or CRS2 bind to rps12 intron 1 or even 

which intron half they associate with (Schmitz-Linneweber et al., 2006). Therefore, 

knowing where EMB2654 binds to the intron sequence is potentially an important 

breakthrough for understanding how splicing proceeds. 

The first intron of rps12 can be folded into six typical group II domains (I–

VI), radiating from a central wheel (Michel and Dujon, 1983). A folded structure was 

proposed for the Marchantia and tobacco rps12 intron 1 (Kohchi et al., 1988) that is 
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reproduced for the Arabidopsis sequence in Figure 7. Domains I, II, and one strand 

of domain III are downstream of the rps12A exon and the other strand of domain III, 

as well as domains IV to VI, are upstream of the first exon of rps12B (Fig. 7). We 

aligned the sequences of both parts of rps12 intron 1 with those of tobacco and could 

place all the domains on the sequence (see Supplemental Fig. S1). As noted for 

tobacco and liverwort (Kohchi et al., 1988), the ends of the two intron halves have 

complementary sequences that can base-pair (Fig. 7). The EMB2654 binding site is 

close to the 39 end of intron 1a, overlapping with the longest predicted single-

stranded region. What might the role of this binding be in the splicing process? Other 

PPR proteins binding to the 39 ends of mRNAs in plant organelles help protect and 

stabilize the RNA by preventing degradation by 39-59 exonuclease activity (Pfalz et 

al., 2009). We think that this is unlikely in this instance, because the RNA is not 

destabilized in the absence of EMB2654 (in fact it accumulates to a much higher 

level) and because the binding site is not right at the extremity of the RNA; there are 

at least 27 nucleotides 39 of the last nucleotide predicted to be contacted by 

EMB2654 in the small RNA footprint that accumulates in wild type. Instead, we 

think that the changes in the patterns of small RNA footprints reveal that the function 

of EMB2654 is to promote the formation of a protein/RNA complex that covers the 

termini of both intron halves, necessitating their interaction. In the absence of 

EMB2654, not only is protection of the sequence bound by the protein lost, but also 

protection of the sequence immediately 39 (within the intron 1a footprint) that is not 

bound by EMB2654 (as shown in Fig. 6). Furthermore, protection of the strong 

footprint at the 59 end of intron 1b is also lost, suggesting that it is dependent upon 

binding of EMB2654 intron 1a. Hence, binding of EMB2654 to intron 1a must be an 

early step in the formation of the splicing complex, required for formation of the 
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structures that protect the termini of both intron halves, and that are presumably 

subsequently involved in splicing. It is unlikely that these structures are only formed 

of RNA; probably other proteins, such as PPR4 (Schmitz-Linneweber et al., 2006), 

are involved too. Unfortunately, due to the presence of an additional RNA-binding 

RNA recognition motif domain and some rather nonstandard PPR motif sequences, 

we are unable to predict where PPR4 might bind. Subsequently, more general factors 

such as the CAF2/CRS2 complex are likely to bind (Ostheimer et al., 2003). The 

general strategy employed here of using partial complementation of emb mutants 

combined with computational prediction of binding sites and RNA-seq analysis to 

reveal changes in protein/RNA associations is a powerful and widely usable method 

to characterize the molecular functions of the numerous RNA-binding proteins with 

essential roles in plastid biogenesis. 

 

MATERIALS AND METHODS 

Plant materials and growth conditions 

The Arabidopsis (Arabidopsis thaliana) T-DNA insertion lines CS24054 

(emb2654) and CS16176 (emb2394) were obtained from the Arabidopsis Biological 

Resource Center (http://abrc.osu.edu/). The heterozygous lines were sown on half-

strength Gamborg B5 medium supplemented with 0.5% Suc in a 22°C controlled 

environment room with 16 h photoperiod. Plants were transferred to soil after 2 

weeks and genotyped by PCR. 

 

Partial complementation of emb2654 and emb2394 

A 2411-bp fragment of the (ABI3; AT3G24650) promoter was amplified 

using a HindIII restriction site forward primer GCATCAAGCTTCAA- 
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CAAACGACTAGTACTGATATATACATC and a AvrII restriction site reverse primer 

GCATCCCTAGGCGTTGAAGTGGAAATGAAACAATAAACTAG, cloned into the pH7WG 

expression vector and transferred into One Shot ccdB Survival 2 T1R Competent 

Cells (Invitrogen) according to the manufacturer’s instructions. 

The emb2654 cDNA was amplified with attB recombination sites (forward 

primer GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATG-GCTACCGTTACCAATTTCAAG and 

reverse primer GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACAACAATGTGCCTTCGTG). 

Likewise, the emb2394 cDNA was amplified with attB recombination sites (forward 

primer GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCTTCCTCACTC-GTCTCATCT and 

reverse primer GGGGACCACTTTGTACAAGAAAGC- TGGGTCTCATTTCTTCTTTCCAGCTTTTCC). 

PCR was performed with Phusion high-fidelity DNA polymerase (BioLabs) 

according to manufacturer’s instructions. The PCR products were purified using 

QIAquick gel extraction kit (Qiagen), cloned to pDONR207 (Invitrogen) using 

Gateway BP Clonase II enzyme mix (Invitrogen), and transformed into Escherichia 

coli competent cells (DH5a). The plasmids with correct sequences were cloned into 

the Gateway-compatible expression vector pH7WG containing the ABI3 promoter 

and T35S terminator using Gateway LR Clonase II enzyme mix (Invitrogen) 

according to manufacturer’s instructions and transformed into DH5a competent cells. 

Positive clones were confirmed by PCR, and emb2654 and emb2394 mutants were 

transformed with the corresponding construct using Agrobacterium tumefaciens 

C58C1(pCH32) (Tai et al., 1999) by floral dip (Clough and Bent, 1998). 

Transformed seedlings were double-selected on Gamborg B5 media containing 0.5% 

Suc, Basta (to select for the original mutation-causing T-DNA insertion), and 

hygromycin B (to select for the complementing ABI3-driven construct). Selected 

seedlings were subsequently genotyped in order to confirm that plants homozygous 
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for the emb mutations could be easily recognized by the visual phenotype (Fig. 1). 

For the experiments described here, T3 seeds collected from EMB/ emb T2 plants 

were used, with the homozygous mutant plants selected visually after germination on 

agar plates and transferred to liquid medium in a hydroponics system. 

 

Protein extraction and western-blot analysis 

T3 generations of rescued mutants were sown on Gamborg B5 medium as 

previously described. Leaves of 3-week-old partially complemented ABI3pro: 

EMB2654 and ABI3pro:EMB2394 seedlings were snap frozen in liquid nitrogen and 

ground. The total protein was acetone precipitated, resuspended and separated by 

SDS-PAGE, transferred to PVDF membrane (Bio-Rad) and incubated with specific 

antibodies raised against the plastid proteins ATPG (ATP synthase subunit; 

McCormac and Barkan, 1999), RPL4, RPS1, Rps12, PSBO (photosystem II subunit), 

PC (plastocyanin), PetA (cytochrome b6/f subunit), AtpF (Agrisera), and ACT8 

(actin; Sigma-Aldrich). Signals were detected using a BM chemiluminescence 

Western Blotting kit (Roche), and visualized using a GE Healthcare ImageQuant RT 

ECL analyzer. 

 

qPCR analysis of plastid transcripts 

Leaf material of 3-week-old T3 seedlings were snap frozen in liquid nitrogen, 

and total RNA was extracted using the RNeasy plant mini kit (Qiagen) and further 

treated with RNase-free DNase (Qiagen) according to the manufacturer’s 

instructions. DNA-free RNA (1.5 mg) was used for first-strand cDNA synthesis 

using the SuperScript III first-strand synthesis system for RT-PCR (Invitrogen) 

according to the manufacturer’s instructions. The qPCR assay was performed in a 
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LightCycler480 instrument (Roche Diagnostics) using LightCycler 480 SYBR Green 

I Master Mix (Roche Diagnostics) in a 5-mL reaction volume with the following 

thermal cycling program: 95°C for 10 min, followed by 45 cycles of 95°C for 10 s, 

60°C for 10 s, and 72°C for 20s. The primers used for the splicing test and the full 

transcriptome analysis were previously described (Chateigner- Boutin et al., 2008). 

Two biological repeats were analyzed and each sample run in triplicate. Data were 

analyzed using the LightCycler 480 software release 1.5.0 (Roche Diagnostics). 

 

Sequencing 

Leaf material of 3-week-old seedlings of partially complemented emb2654 

plants containing ABI3pro:EMB2654 and wild-type grown on Gamborg B5 medium 

were snap-frozen in liquid nitrogen and their total RNA extracted using miRNeasy 

Mini Kit (Qiagen). Gel purification, sequencing of small RNAs, and sequence 

analysis was done as described in Wu et al. (2016). 

 

Protein expression in E. coli and RNA Electromobility Shift Assay (REMSA) 

The EMB2654 cDNA lacking the region encoding the N-terminal plastid 

targeting sequence was amplified using the primers EMB2654-attB-F (5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGATTCGGGTTGAGAACGACCGG) and 

At2G41720-attB-R (5’-GGGGACCAC TTTGTACAAGAAAGCTGTGCCTCGTG) and cloned into 

the expression vector pETG-41K (EMBL). The protein containing an N-terminal 63 

His tag was expressed in the E. coli C41 (BL21) strain and purified using Bio-Rad 

Nuvia resin. REMSA was performed as described previously (Schallenberg-

Rüdinger et al., 2013; Kindgren et al., 2015) with a few modifications. Briefly, 10 

mL binding buffer consisting of 13 THE (34 mM Tris, 66 mM HEPES, and 0.1 mM 
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EDTA, pH 8.3) with 200 mM NaCl, 5 mM DTT, 5 mg/mL heparin, and 0.1 mg/mL 

BSA were mixed with 5 mL protein dilution and incubated at room temperature for 

10 min. 59-Fluorescein-labeled or unlabeled probes (Sigma-Aldrich) were heated at 

94°C for 2 min and cooled on ice for 5 min. Denatured probes (final concentration 1 

nM each) were then added to the binding reaction for a total reaction volume of 25 

mL. The reactions were incubated at 25°C for 15 min, loaded onto a 5% native 

acrylamide, and run at 4°C. The gels were imaged with a Typhoon Trio imager (GE 

Healthcare). Fluorescein-labeled oligonucleotides were excited at 488 nm and 

detected through a 520-nm band-pass filter. 
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