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ARTICLE INFO ABSTRACT

Keywords: In terrestrial plants, RNA editing converts specific cytidines to uridines in mitochondrial and plastidic tran-
RNA editing scripts. Most of these events appear to be important for proper function of organellar encoded genes, since
Surrogate mutants translated proteins from edited mRNAs show higher similarity with evolutionary conserved polypeptide se-
Mitochondria

quences. So far about 100 nuclear encoded proteins have been characterized as RNA editing factors in plant
organelles. Respective RNA editing mutants reduce or lose editing activity at different sites and display various
macroscopic phenotypes from pale or albino in the case of chloroplasts to growth retardation or even embryonic
lethality. Therefore, RNA editing mutants can be a useful resource of surrogate mutants for organellar encoded
genes, especially for mitochondrially encoded genes that it is so far unfeasible to manipulate. However, con-
nections between RNA editing defects and observed phenotypes in the mutants are often hard to elucidate, since
RNA editing factors often target multiple RNA sites in different genes simultaneously. In this review article, we
summarize the physiological aspects of respective RNA editing mutants and discuss them as surrogate mutants
for functional analysis of mitochondrially encoded genes.

PPR proteins

1. Introduction

RNA editing alters the genetic information after transcription. In
flowering plants, RNA editing events alter specific cytidines (C) to ur-
idines (U) in plastids and mitochondria (Takenaka et al., 2013a; Hiesel
et al., 1989). The number of RNA editing ranges between 30 and 100
and several hundreds in chloroplasts and mitochondria, respectively.
However, the number varies in other embryophytes; Selaginella and
hornworts have a few thousand editing sites in both organelles, while
the moss Physcomitrella has only 11 in mitochondria and 1 in plastids
(Shikanai and Fujii, 2013; Oldenkott et al., 2014; Kugita et al., 2003;
Riidinger et al., 2009; Miyata and Sugita, 2004; Hecht et al., 2011).
Despite other liverworts showing RNA editing, no such events were
observed in Marchantiid liverworts, suggesting that RNA editing was
lost in these species (Oda et al., 1992). RNA editing in plant organelles
mostly occurs in coding sequences, although also observed in introns,
UTR sequences, rRNAs, and tRNAs (Giegé and Brennicke, 1999;
Chateigner-Boutin and Small, 2010), RNA editing sometimes generates
translational initiation or termination codons and often (approximately
80%) leads to amino acid alterations in the translational products, al-
though there are some exceptions leading to synonymous changes by
mostly targeting third codon positions. Proteins translated from edited
transcripts increase similarity with evolutionarily conserved sequences,
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suggesting that most amino acid substitutions by RNA editing in the
organellar encoded proteins are likely to be essential for the expression
of functional proteins.

More than 100 nuclear encoded proteins required for RNA editing in
plant organelles have been characterized in the past 15 years (Sun et al.,
2016; Barkan and Small, 2014). Respective RNA editing mutants show
variable phenotypes, e.g. severe growth delay (Sung et al., 2010; Zhu
et al., 2012; Weifenberger et al., 2017), yellow leaves (Zhou et al.,
2008), albinos (Chateigner-Boutin et al., 2008), reduced enzymatic
activity in organelle encoded genes (Okuda et al., 2006, 2009), ABA
insensitivity (Murayama et al., 2012), embryonic lethality (Andrés-
Colas et al., 2017; Guillaumot et al., 2017; Takenaka et al., 2012) but
often no macroscopic phenotypes under laboratory growth conditions
(Takenaka, 2010; Zehrmann et al.,, 2012; Hammani et al., 2009;
Takenaka et al., 2010).

Mutants for genes involved in post transcriptional modifications in
mitochondrial or plastidic genes have been proposed as “surrogate”
mutants due to their potential availability for analyses of organellar
encoded proteins (Colas Des Francs-Small and Small, 2014). Among
them, mitochondrial RNA editing mutants can be considered as surro-
gates of single amino acid substituted mutants in mitochondria encoded
genes. Thus they are potentially useful tools for analysing detailed
functions of mitochondria encoded proteins.
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Different RNA editing defects in a mitochondrial gene lead to var-
ious phenotypes, due to the distinct impact of respective amino acid
substitutions. If multiple editing sites are affected, the mutant plant
phenotype can be a result of a synergistic effect. Alternatively, hidden
molecular defects other than RNA editing might blind the genuine in-
fluence of abolished or reduced RNA editing in the mutants
(Weifenberger et al., 2017; Chateigner-Boutin et al., 2011; Ichinose
et al., 2012). Therefore, the causality between the phenotypes of RNA
editing mutants and their affected editing events must be carefully
discussed.

Here we review so far identified RNA editing factors and phenotypes
of their mutants. Furthermore, we discuss biological functions of RNA
editing through comparison of RNA editing defects and macroscopic
and molecular phenotypes in respective mutants.

2. RNA editing factors in plant organelles
2.1. Pentatricopeptide repeat (PPR) proteins are specific factors

CRR4, a PPR (pentatricopeptide repeat) protein, was firstly char-
acterized as a factor required for RNA editing in plastids in 2005
(Kotera et al., 2005). Shortly after, another PPR protein, MEF1 (mi-
tochondrial editing factor 1) was identified as the first RNA editing
factor in plant mitochondria (Zehrmann et al., 2009). Since then, more
than 50 PPR proteins were characterized as specific factors for one or
several RNA editing events in plant organelles (Sun et al., 2016). PPR
proteins involved in RNA editing belong to the PLS class, in which PPR
domains are composed of three PPR variants, P (canonical,35 amino
acid), L (long, 35-36 amino acids) and S (short, 31 amino acids) (Lurin
and Wide, 2004). PPR domains specifically recognize the sequence 5’ of
the respective editing sites. The specificity is likely to be governed by
the “PPR code”, where amino acid combinations at the 5th and the last
positions in respective PPR motifs determine corresponding nucleotide
identities (Barkan et al., 2012; Yagi et al., 2013; Takenaka et al.,
2013b). According to this rule, the specificity of each PPR motif is not
always restricted to a single type of nucleotide but often extents to
purine (A/G), or pyrimidine (C/U) nucleotides or shows no significant
nucleotide preference. Such “wobble” in the recognition rules partially
explains why a single PPR protein is able to target a variety of RNA
editing sites, which do not seem to have conserved 5’ cis-sequences.
Some PPR motif and nucleotide combinations obviously do not follow
the PPR code, suggesting that PLS PPR proteins do not require or even
avoid tight RNA binding for the RNA editing reaction.

PLS class PPR proteins often harbour a part or an entire C-terminal
extension consisting of E1, E2 and DYW domains (Cheng et al., 2016).
Both E1 and E2 domains show a PPR motif-like double helix structure,
whereas the DYW domain contains the zinc-binding signatures con-
served in cytidine deaminases. Thus, it has been proposed that the DYW
domain catalyzes the C to U editing reaction. Consistently, if the PPR
editing factors lack the DYW domain, other DYW containing proteins
with no or only several degenerated PPR motifs (e.g. DYW1, DYW2,
MEF8 and MEF8S) are likely to complement it in trans (Andrés-Colas
et al., 2017; Guillaumot et al., 2017; Boussardon et al., 2012; Diaz et al.,
2017; Verbitskiy et al., 2012a). However, catalytic activity of the DYW
domains still needs experimental verification.

2.2. Other RNA editing factors

Besides PPR proteins, several nuclear encoded proteins have been
characterized as key factors in the RNA editing machinery in plant
organelles. MORF/RIP proteins, which compose a small protein family
including 9 members, affect several dozen to hundreds of editing sites
(Takenaka et al., 2012; Bentolila et al., 2012). These proteins form
specific homo- and/or heteromers and interact with PPR type RNA
editing factors, suggesting they function in a complex (Zehrmann et al.,
2015; Haag et al., 2017). Although the detailed mechanism needs

Plant Physiology and Biochemistry 135 (2019) 310-321

further investigation, structural analyses suggested that the binding of
MORF9 to PLS type PPR proteins changes the structure of L motifs and
consequently increases their RNA affinity (Yan et al., 2017). RRM (RNA
recognition motif) containing proteins are also involved in multiple
editing sites in both plant organelles (Tillich et al., 2009; Sun et al.,
2013; Shi et al., 2015). These proteins interact with RNAs but less
specificity in comparison to PPR proteins. Protein-protein interactions
with other RNA editing factors may also be important for their function.
PPO1, a key protein for chlorophyll synthesis, is also required for RNA
editing in chloroplasts (Zhang et al., 2014). PPO1 interacts with MORF
proteins implying that it regulates RNA editing through MORF proteins.
A P class PPR protein called NUWA is involved in many RNA editing
events in mitochondria despite the fact that other P class PPR proteins
act in RNA processing steps other than editing. This protein is proposed
to enhance interaction between the short DYW protein, DYW2 and E+
subclass PPR proteins, that have E1, E2 and only a N-terminal part of
the DYW domain at the C-terminus (Andrés-Colds et al.,, 2017;
Guillaumot et al., 2017). Another P class PPR protein, PPME (P type
PPR Modulating Editing) is essential for RNA editing at two nad1 sites
(Leu et al., 2016). Binding of this PPR protein to the surrounding of the
editing sites might affect binding of site-specific PLS type PPR proteins.
In contrast to PLS class PPR proteins, which are essential for at most
only several sites, other RNA editing factors tend to influence dozens to
hundreds of editing sites.

Mutants for these non-PLS PPR type RNA editing factors would not
be appropriate as surrogate mutants for mitochondrially encoded genes,
since more than 10 target cytidines are affected in various transcripts
with various efficiencies. Therefore, we focus on mutants for PLS type
PPR proteins in this review. RNA editing sites and their required PPR
type factors are listed in Table 1.

3. RNA editing mutants as surrogates for SNP mutants

Most mitochondrial proteins are encoded in the nucleus, while
several genes are still present in the mitochondrion's own genome. Plant
mitochondrial genomes contain up to about 65 functional genes
(Richardson et al., 2013; Dong et al., 2018). Although gene contents of
mitochondrial genomes are various between species, following several
genes encoding membrane proteins of the respiratory chain are retained
in mitochondria genomes in land plants: Complex I proteins: nadl,
nad2, nad3, nad4, nad4L, nad5, nad6, nad7 and nad9 genes. Complex III
proteins: cob. Complex IV proteins: cox1, cox2, cox3. ATP synthase
subunits: atp1, atp4, atp6, atp8, atp9. Several ccm genes required for
cytochrome ¢ maturation: ccmB, ccmC, ccmFc, ccmFn and subunits for
the ribosome: rps1, rps2, rps3, rps4, rps7, rps12, pl2, rpl5, rpll6 are
normally encoded in mitochondria. Additionally, a protein translocator,
mttB and a maturase required for splicing, matR are also present in the
mitochondrial genome in many species (Richardson et al., 2013).

The mitochondrial electron transfer chain is composed of four main
complexes, comprising subunits of nuclear and mitochondrial origin
except for complex II that is fully encoded by the nuclear genome in
most land plants. Complex I, the biggest complex, consists of about 40
subunits in plants working as a NADH-ubiquinone oxidoreductase and
transfers electrons from NADH to ubiquinone (Braun et al., 2014).
Complex III (ubiquinone-cytochrome c oxidoreductase) transfers elec-
trons from ubiquinone to cytochrome c, water-soluble electron carrier.
Complex IV (cytochrome c oxidase) further transfers electrons from
cytochrome c to molecular oxygen. Protons pumped by these complexes
generate a proton motive force that is required for the synthesis of ATP
by complex V (ATP synthase). Plant mitochondria have an alternative
electron transport pathway, which provides an alternative route for
electrons passing through the electron transport chain but will not
generate ATP. Since all alternative pathway components are nuclear
encoded, they are not affected by RNA editing. The frequency of RNA
editing sites is biased among genes, e.g. in Arabidopsis, atp8 has no
editing sites in the transcript, while the similarly sized nad4 transcript
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contains many of them. Interestingly, the number of editing sites in
each gene varies between plant species (Edera et al., 2018).

Most RNA editing events substitute amino acids in the mitochond-
rially encoded proteins. The RNA editing sites seem to be non-random
and significantly biased towards involvement in helices and protein
structural cores. RNA editing often converts codons for hydrophilic to
hydrophobic amino acids (Yura and Go, 2008; Yura et al., 2009).
Therefore, only the edited form of an mRNA can be translated into a
polypeptide, which preferably forms helix and core residues at the
appropriate positions. These observations suggest that RNA editing
events are required for a protein to form a functional three-dimensional
structure, which may affect protein-protein interactions within a com-
plex or supercomplex (Yura and Go, 2008; Yura et al., 2009). Hence,
RNA editing mutants can be valuable tools to analyse detailed complex
assembly in plant mitochondria. In the next sections, We summarize the
phenotypes of RNA editing mutants for each mitochondrial complex.

3.1. RNA editing mutants for complex I

Transcripts of nine mitochondrially encoded genes for complex I
components (nadl, nad2, nad3, nad4, nad4L, nad5, nad6, nad7 and
nad9) are frequently targeted by C to U RNA editing machinery (Kugita
et al.,, 2003; Giegé and Brennicke, 1999; Edera et al., 2018). The
membrane arm of complex I (P module) consists of approximately 27
nuclear encoded proteins and seven mitochondrially encoded subunits
(NAD1, NAD2, NAD3, NAD4, NAD4L, NAD5 and NAD6), while the
subunits composing the peripheral arm (Q module) are all encoded in
the nucleus except for Nad7 and Nad9 (Braun et al., 2014).

So far several mutants for RNA editing in mitochondrially encoded
complex I subunits have been described. Some of them show macro-
scopic and physiological phenotypes, although they are different de-
pending on the particular mutant. The PPR protein SLG1 is required for
editing at a site in the nad3 transcript (nad3-250) in Arabidopsis. The
slgImutant harbours only a NAD3 protein translated from an unedited
nad3 transcript and shows slow growth and altered response to abiotic
stresses (Yuan and Liu, 2012). AHG11 is essential for editing at nad4-
376 and its disrupted mutant exhibits weak hypersensitivity to ABA.
The germinating ahgll seeds express higher level of ROS-responsive
genes (Murayama et al., 2012). The slo4 mutant abolishes RNA editing
at nad4-1033, displays a slow growth phenotype and decreased the
amount of Complex I and NADH dehydrogenase activity (Weiffenberger
et al., 2017). Mutations in the SMK1 gene abolish editing at the 836th
nucleotide from the initiation codon in the nad7 transcript in both
maize and rice. The smkl mutants exhibit arrested embryo and en-
dosperm development in both plants. Blue-Native gel analyses revealed
that the abundance of complex I and supercomplex I + III decreased
dramatically in the mutant lines (Li et al., 2014). A mutation in the
AtGRS1gene leads to a slow growth phenotype and to a lack of RNA
editing in nad1, nad4L, nad6 and rps4. One dimensional Blue-Native gel
analysis for mitochondrial complexes clearly demonstrated reduced
complex I and almost no NADH dehydrogenase activity, while other
complexes appeared to be normal (Xie et al., 2016). DEK39 is required
for editing at nad3-257 and knock-out lines of this gene show delayed
embryos and seedlings. NADH dehydrogenase activity of the complex I
is slightly reduced (Li et al., 2018a). The slol mutant completely
abolishes editing at sites of the nad4 and nad9 transcripts and displays
late germination and severe growth retardation (Sung et al., 2010). The
protein PPS1 in rice is required for RNA editing at five consecutive sites
in nad3 mRNA. Knock-down or disruption of this gene induces delayed
development and partial pollen sterility. The amount of stable NAD3
protein and complex I and III supercomplex in the mutant lines was
lower than in the wild type (Xiao et al., 2018a). Physcomitrella RNA
editing mutants for PpPPR_56 display no editing in nad3 transcripts and
slightly reduced growth, whereas mutants for PpPPR_79 and PpPPR 91
show no editing at nad5-598 and nad5-730, respectively, and severe
growth retardation (Ohtani et al., 2010; Uchida et al., 2011).
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Although the amount of complex I and NADH dehydrogenase ac-
tivity were not always analysed in these mutants, in general, the mu-
tants display more severe growth retardation when they exhibit less
amounts of complex I and/or NADH dehydrogenase activity.
Accordingly, alternative oxidases are up-regulated in these mutant
plants in a similar manner to other complex I mutants (Braun et al.,
2014).

The study of the ndufv4 (NADH:ubiquinone oxidoreductase flavo-
protein 4) mutant, which is one of the complex I subunits, in Arabidopsis
(Meyer et al., 2009), natural mitochondrial mutants with CMS pheno-
type in Nicotiana sylvestris (Pla et al., 1995; Gutierres et al., 1997) or the
absence of complex I in mistletoe (Senkler et al., 2018), suggested that
the absence of complex I is not lethal in plants (Fromm et al., 2016).
Consistently, some of RNA editing mutants are also able to survive with
undetectable level of complex I (Zhu et al., 2012). However, disruption
of carbonic anhydrase genes, which are proposed to participate in the
early assembly process of Complex I or NDUFV1 (NADH:ubiquinone
oxidoreductase flavoprotein 1), a key subunit of Complex I, leads to
complete loss of Complex I and to embryo lethality (Fromm et al., 2016;
Coérdoba et al., 2016; Kiihn et al., 2015). In contrast, smkl mutants
display embryo lethality despite still maintaining detectable level of
complex I and Complex I + III (Li et al., 2014). Such contradiction on
Complex I requirement for embryogenesis suggests the need for further
investigation. It is possible that so far reported Arabidopsis complex I
mutants with embryo lethal phenotypes may have a defect in other
essential functions, or undetectable traces of complex I were present in
non-lethal mutants. It is also possible that the requirement of complex I
or various supercomplexes could depend on plant species.

In addition to so far mentioned mutants displaying relatively strong
phenotypes, additional RNA editing mutants for nad transcripts have
been described (Table 1) These RNA editing mutants for complex I
components would be a great addition to study assembly and functions
of such complexes in plants.

3.2. Mutants for complex III, complex IV and the c-type cytochrome
maturation complex

Complex III, IV and the c-type cytochrome maturation complex are
functionally linked by cytochrome c. So far isolated RNA editing mu-
tants in these complexes, therefore, have shown similar phenotypes.
Complex III (cytochrome bcl complex) contains only one mitochond-
rially encoded subunit, cytochrome b (Cob), requiring editing of several
cytidines, whereas the other 9-10 subunits are encoded in nucleus
(Schertl and Braun, 2014). The cytochrome c oxidase (complex IV) is a
transmembrane protein complex composed of 14 subunits in plants
(Millar et al., 2004). The three core subunits (Cox1, Cox2, and Cox3)
are mitochondrially encoded. There is no RNA editing site in the cox1
gene in Arabidopsis, though this is not common in other plants. For
example, Solanum tuberosum, potato, has five RNA editing sites in the
cox] gene including a site required for the creation of an initiation
codon (Quinones et al., 1995). The assembly of cytochrome c oxidase
requires the presence of holo-cytochrome, though the detailed process
how cytochrome c assembles is still not fully understood in plants
(Giegé et al., 2008). The cytochrome c apoprotein is nuclearly encoded
and imported into the mitochondrial inter-membrane space where its
heme cofactor is covalently attached by the CCM (cytochrome c ma-
turation) complex. This CCM complex consists of four mitochondrially
encoded subunits (CcmB, CemC, CemFn and CemFc) or five in Brassi-
caceae, since CcmFn is split into CcmFnl and CcmFn2 here, and three
nuclearly encoded subunits (CCMA, CCME and CCMH). The CCM
system in plant mitochondria is of the same type as in bacteria (system
D) but different from the system used in chloroplasts (system II) or in
animal and yeast mitochondria (system III) (Babbitt et al., 2015).

Since disrupting either complex III, complex IV or cytochrome c
leads to arrested embryo development, it is reasonable that only a
limited number of RNA editing mutants has been described as defective
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in functional complexes III, IV and cytochrome c. Maize ppr2263 is a
putative surrogate complex III mutant with delayed germination and
reduced growth phenotypes. This protein is essential for editing of sites
in the cob and nad5 transcripts. However, normal complex I activity,
complex III deficiency and alternative oxidase induction in ppr2263
implies that the editing defect in cob is the cause of the slow growth
phenotype (Sosso et al., 2012). COD1 is essential for two cox2 editing
sites as well as a nad4 site in Arabidopsis. The codl mutant shows
embryo lethality but was able to be rescued with a combination of high-
and low-sugar content agar medium, supplemented with cofactors and
nutrients (Dahan et al., 2014). No complex IV activity was detected in
the mutant whereas NADH dehydrogenase activity appears normal like
in the wild type, suggesting that the defect in the two cox2 editing sites
confers the impaired complex IV and the developmental phenotypes
(Dahan et al., 2014). Maize dek10 mutants show small kernel and de-
layed development. RNA editing in this mutant lines in cox2 is com-
pletely abolished while two sites in nad3 reduced to about 50%. The
assembly of complex IV in the mutant was significantly reduced.
Complex I was not reduced but the NADH dehydrogenase activity was
greatly reduced. Thus the slow growth phenotype of dek10 is likely due
to synergy of defects in the two complexes (Qi et al., 2017). Similarly, a
very slow growth phenotype is observed in knock-out lines of the
Physcomitrella PpPPR_77 gene, which is essential for editing at sites in
cox2 and cox3 (Ohtani et al., 2010). The severe development pheno-
types observed in these mutants presumably derive from a severe
shortage of ATP and consequent reduction of ubiquinone in the mi-
tochondrial membrane, which stimulates ROS (reactive oxygen species)
production, despite the alternative oxidase pathway is activated to
compensate it. In addition to these mutants, there are several RNA
editing mutants in complex III or complex IV displaying no significant
growth retardation under normal growth chamber condition: mef7
(cob), mef35 (cob), ppppr.78 (cox1), mef21 (cox3), and mef26 (cox3)
(Zehrmann et al., 2012; Uchida et al., 2011; Brehme et al., 2015;
Takenaka et al. Brennicke; Arenas-M et al., 2014; Riidinger et al., 2011)
(Table 1).

Disrupting the CCM complex (e.g. the ccmh mutant (Meyer et al.,
2005)) also leads to arrested embryonic development at the torpedo
stage due to the lack of cytochrome c. Therefore, it is plausible that the
editing defects in ccm transcripts also induce severe developmental
defect phenotypes. Loss of EMP7 also leads to an embryo lethal phe-
notype with a defect of RNA editing in the ccmFn transcript at position
1553 from the initiation codon, which is required for converting the
518th amino acid from Serine to Phenylalanine in wild type maize. C-
type cytochromes and complex III are notably reduced in the mutant,
suggesting that the RNA editing event is critical for assembly of these
complexes (Sun et al., 2015). The Physcomitrella PpPPR_71 mutant
showed no editing at one of the two editing sites in the ccmFc transcript,
whereas the PpPPR_65 mutant lost editing at both sites. Both mutants
displayed poor growth phenotypes. (Schallenberg-Riidinger et al.,
2013; Tasaki et al., 2010). Mutant plants of two PPR proteins, cwm1 and
cwm2 display defects in cytochrome ¢ maturation and activation of
mitochondrial retrograde signalling. The cwml mutant completely lost
editing at ccmB-428, ccmC-463 and nad5-598, while the cwm2 mutation
reduced editing to less than 40% at ccmC-575 (Hu et al., 2016). Both
mutants contain very low amounts of cytochrome c and display shorter
roots. Interestingly, these mitochondrial defects increased the tolerance
to cell wall damage induced by cellulose deficiency, suggesting a con-
nection between mitochondrial biogenesis and the cell wall. The editing
mutants otp71 (ccmFn2) and mefl19 (ccmC) do not display any growth
phenotypes (Takenaka et al., 2010; Chateigner-Boutin et al., 2013). It is
probable that low levels of properly assembled CCM complex are suf-
ficient for the normal growth under laboratory climate chamber con-
ditions.

Plant Physiology and Biochemistry 135 (2019) 310-321

3.3. RNA editing defect in ATP synthase subunits

Mitochondrial F1Fo ATP synthase is a rotary motor enzyme complex
consisting of 15-18 subunits (Dudkina et al., 2005). Among them, five
subunits are encoded in the mitochondrial genome, atpl (encoding the
alpha subunit of F,), atp4, atp6, atp8, and atp9 (encoding subunits of
Fo). Only few RNA editing mutants for this complex have been de-
scribed, most probably due to the fact, that the lack of mitochondrial
ATP synthesis would be lethal. The lack of editing at the 1178th nu-
cleotide of the atpl transcript in otp87 leads to a change of an amino
acid in the alpha subunit (position 393) from serine to leucine and
results in a reduced growth phenotype in Arabidopsis. The analysis of its
mitochondrial membranes indicates a problem in the ATP synthase
assembly (Hammani et al., 2011). Maize EMP18 is required for editing
in atp6 and cox2 transcripts and disruption of this gene leads to arrested
embryo and endosperm development. Although Blue-Native gel ana-
lysis of mitochondrial complexes did not show a clear reduction of
complex I, the mature F;FoATPase holoenzyme amount was reduced
and F;-subcomplex was accumulated. On the other hand, the amounts
of COX2 and complex IV in the mutant were at the same level as in the
wild type, suggesting that the editing defect in atp6-635 and the re-
sulting proline at position 212 in ATP6 is pivotal for the assembly of
F1FoATP synthase (Li et al., 2018b). In the dek36 mutant, which also
shows arrested embryogenesis, one editing site in the atp4 transcript is
completely abolished while other affected editing sites (nad7-383,
ccmFn-302) are only partially reduced. Blue-Native PAGE analysis did
not show a clear reduction of mitochondrial complexes but a reduction
of complex I, complex IIl and complex IV was demonstrated by western
blot analysis. Accumulation of ATP synthase subcomplexes was not
investigated in this mutant (Wang et al., 2017). In contrast, Arabidopsis
mef3, which lost editing at a site in the atp4 transcript, does not show
any obvious macroscopic phenotypes (Verbitskiy et al., 2012b).

Studies of RNA editing mutants on the ATP synthase should provide
valuable information on the assembly of this complex molecular ma-
chine and new insights on mitochondrial metabolism in plants.

3.4. RNA editing in genes for mitochondrial translation machinery

Mitochondria encode many genes essential for their own protein
synthesis machinery (26S, 18S and 5S rRNAs; many tRNAs and ribo-
somal proteins). Mutations in these genes would affect mitochondrial
translation and therefore be very critical or even lethal. Maize EMP5 is
required for RNA editing in rpl16 mRNA and its disrupted mutants
display abortion of embryo and endosperm development at early stages
(Liu et al., 2013). Mutant lines of AtGRS1 show abolished editing of one
site in the rps4 transcript in addition to three editing events in nad
transcripts in Arabidopsis. The grsI mutants have almost no complex I
despite other complexes are present at the same level as in wild type
plants and consequently display a very slow growth phenotype (Xie
et al., 2016). Disruption of EMP9, a GRS1 ortholog in maize, reduced
amounts of complex I, complex III and complex V, although RNA
editing defects in this mutant are described only in ccmB and rps4 (Yang
et al., 2017). However, ZmGRS1/EMP9 can complement the growth
phenotype and RNA editing at the rps4 site in Arabidopsis grs1/emp9
mutant, suggesting that the editing defect in rps4 may be important for
the plants growth phenotypes.

Many additional RNA editing mutants in ribosomal protein en-
coding genes have been identified: two RNA editing mutants for rps4:
mef1 and mef20 (Takenaka et al., 2010; Zehrmann et al., 2009), and two
mutants for rpll6: otp72 and mef3 (Chateigner-Boutin et al., 2013;
Verbitskiy et al., 2012b). But none of them show any macroscopic
phenotypes when grown under normal climate chamber conditions. In
addition, a Physcomitrella mutant lacking PpPPR_78 displays altered
RNA editing of rps14 and cox1, though it does not show any macro-
scopic difference from wild type (Uchida et al., 2011; Riidinger et al.,
2011).
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3.5. Other mitochondrial protein genes

MatR (maturase-related protein) is encoded within intron4 of nad1l
in angiosperms. Knock-down analysis of the matR gene with designed
ribozymes and RIP-Chip analysis suggested that this protein associates
with many introns including that encoding matR itself (Sultan et al.,
2016). So far two RNA editing mutants for this gene have been de-
scribed, mef11 and mef14, neither of them display macroscopic phe-
notypes (Takenaka et al., 2013b; Verbitskiy et al., 2010, 2011).

The plant mitochondrial genome encodes a mttB gene. In bacteria,
MTTB is an essential integral membrane protein, which is involved in
membrane targeting and secretion of cofactor-containing proteins
(Weiner et al., 1998). In angiosperms, MTTB exhibits high similarity to
its ortholog in bacteria, and may have a similar function in the mi-
tochondrial membrane of plants (Unseld et al., 1997). However, the
function of this gene in plant mitochondria has not yet been identified
mainly due to the lack of appropriate mutants for analysis. So far only
two RNA editing mutants for mttB transcripts have been described.
Mutants of SLO2 show RNA editing defects at the two consecutive sites
144 and 145 in the mttB transcript, which convert an amino acid at
position 49 from serine to proline, in addition to some sites in nad
transcripts. Not only complex I but also complex III and IV in the mu-
tant lines are reduced in the mutant lines, implying the defect of RNA
editing in mttB may inhibit the mitochondrial import of essential pro-
teins for assembly of mitochondrial trans-membrane complexes and
consequently reduce the function of those complexes (Zhu et al., 2012).
The second mutant is mef31, which abolishes the editing site mttB-581,
but no visible macroscopic phenotype is observed (Arenas-M et al.,
2018).

Mutants for splicing have been used as surrogate knock-out lines if
target genes have introns as observed in many nad genes (Colas Des
Francs-Small and Small, 2014). However, absence of introns in these
two genes indicates RNA editing mutants are the only possible surro-
gate mutants. Thus, screening for RNA editing mutants for these genes
would be very useful to obtain a clue for their functional analysis.

4. Advantage and disadvantage of RNA editing mutants as a
source for surrogate mutants for mitochondrial genes

There are various advantages offered by RNA editing mutants. At
first, they offer independent single amino acid substituted mutants af-
fected in specific complexes at specific subunits and positions. Since
RNA editing events are generally well conserved, it is assumed that the
respective single amino acid substitution are most likely physiologically
important. The high conservation of editing sites allows comparing the
impact of an editing defect on mitochondrial proteins, protein com-
plexes, or plant phenotypes between different land plant species.
Secondly, they often provide milder, partial or conditional phenotypes
compared to knockout mutants of nuclear encoded proteins (Sung et al.,
2010; Zhu et al., 2012; Uchida et al., 2011; Hammani et al., 2011;
Sechet et al., 2015; Schallenberg-Riidinger et al., 2017). These mod-
erate phenotypes can be very useful for analysing essential functions
such as mitochondrial translation, ATP synthesis, splicing maturation or
mttB. Thirdly, the RNA editing mutants, which lost only a part of the
function of a single organelle-encoded subunit of a large complex allow
us to study the order and detailed conformation of assembly of the
different modules of the respective complexes. Consequently, it may
also allow us to analyse how the absence of an assembled complex
represses the synthesis of some or all of its subunits. This implies a
feedback loop from mitochondrial protein complex assembly to trans-
lation, whereby unassembled subunits may block translation of their
own mRNA.

One of the disadvantages of RNA editing mutants as a surrogate
mutant resource for mitochondrial genes is the multiple targetability
observed for some editing factors. Since many PPR type RNA editing
factors edit not only one cytidine but also several different ones located
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in different genes, it is hard to distinguish the effect of one editing
defect to the others (Zhu et al., 2012; Zehrmann et al., 2009; Verbitskiy
etal., 2010; Glass et al., 2015; Kim et al., 2009). To overcome this issue,
modification of PPR repeats in RNA editing factors following the “PPR
code” to increase target specificity would be very helpful (Barkan et al.,
2012; Yagi et al., 2013; Takenaka et al., 2013b). If a PPR protein tar-
geting multiple sites lost its ability to edit one of them, mutant lines
complemented with their respective modified PPR protein would be
useful to evaluate the effect of the respective uncomplemented RNA
editing site. However, so far no such attempts have been successful
(Kindgren et al., 2015). Cross competitions with orthologs from dif-
ferent plants may also allow specifying target editing sites, because the
targets of orthologs can vary even in closely related species (Edera
et al., 2018).

Embryo lethality observed in some RNA editing mutants is another
issue for utilizing them as surrogate mutants. RNAi or knock-down lines
for RNA editing factors might overcome this problem (Xiao et al.,
2018a; Ichinose et al., 2013), although the effect of the remained
proper functional proteins translated from edited mitochondrial tran-
scripts should be carefully considered.

5. Conclusions

As we reviewed here, many RNA editing mutants with variable
phenotypes have been characterized and have contributed to under-
stand mitochondrial biogenesis and functions, suggesting a high po-
tential of these mutants as a tool for further detailed analysis of mi-
tochondria. More comprehensive analysis of them would greatly
increase their value. For example, so far even Blue-Native gel analysis,
which is a standard method to evaluate mitochondrial complexes, has
not always been applied. It would be essential to analyse all editing
mutants with a standard set of experiments for comparison of them in
detail. Furthermore, reanalysis of many RNA editing mutants that have
been described as “no phenotype” may provide valuable outcomes
(Table 1). Although normal climate chamber condition did not lead to
any phenotypes, such mutants may show some interesting phenotypes
under different conditions or with a different view based on features
observed in other RNA editing mutants (e.g. hormone response, cell
wall synthesis etc.).
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