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RNA editing plays an important role in organelle gene expression in various organisms, including flowering plants, changing

the nucleotide information at precise sites. Here, we present evidence that the maize (Zea mays) nuclear gene

Pentatricopeptide repeat 2263 (PPR2263) encoding a DYW domain–containing PPR protein is required for RNA editing in

the mitochondrial NADH dehydrogenase5 (nad5) and cytochrome b (cob) transcripts at the nad5-1550 and cob-908 sites,

respectively. Its putative ortholog, MITOCHONDRIAL EDITING FACTOR29, fulfills the same role in Arabidopsis thaliana.

Both the maize and the Arabidopsis proteins show preferential localization to mitochondria but are also detected in

chloroplasts. In maize, the corresponding ppr2263 mutation causes growth defects in kernels and seedlings. Embryo and

endosperm growth are reduced, leading to the production of small but viable kernels. Mutant plants have narrower and

shorter leaves, exhibit a strong delay in flowering time, and generally do not reach sexual maturity. Whereas mutant

chloroplasts do not have major defects, mutant mitochondria lack complex III and are characterized by a compromised

ultrastructure, increased transcript levels, and the induction of alternative oxidase. The results suggest that mitochondrial

RNA editing at the cob-908 site is necessary for mitochondrion biogenesis, cell division, and plant growth in maize.

INTRODUCTION

One of the distinctive features of vascular plant genomes is the

marked expansion of the pentatricopeptide repeat (PPR) family,

with 450 members in Arabidopsis thaliana and 477 in rice (Oryza

sativa) compared with 103 members in the moss Physcomitrella

patens, six in humans (Homo sapiens), and two in Drosophila

melanogaster (Lurin et al., 2004; O’Toole et al., 2008). The family is

characterized by the PPR domain, a degenerate sequence of 35

amino acids characteristic of each familymember that is repeated

on average 12 times in the protein sequence. Although the three-

dimensional structure of this motif has not been determined

experimentally, in silico modeling guided by the crystal structure

of the related tetratricopeptide repeat (TPR) domain (Das et al.,

1998) suggests that the PPR motif is arranged in a pair of

antiparallel a-helixes (Small and Peeters, 2000). In both the TPR

and PPR domains, the repetition of numerous TPR/PPRmotifs is

thought to form a super-helix with a central groove that hosts the

target molecule, protein in the case of the TPR domain (D’Andrea

andRegan, 2003) or RNA in the case of the PPRdomain (Delannoy

et al., 2007). RNA binding of PPR proteins has been demonstrated

bygel shift, cross-linking, andaffinity assays (reviewed inDelannoy

et al., 2007).

In Arabidopsis, PPR proteins have been divided into two

classes of roughly equal size based on structural criteria.

P-class proteins contain canonical PPR motifs (P-motifs, 35

amino acids) in tandem repeats, whereas PLS-class proteins are

characterized by the presence of longer (L-motifs, 36 amino

acids) and shorter (S-motifs, 31 amino acids) motifs forming

tandemly repeated PLS triplets (Lurin et al., 2004). The PLS class
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is further subdivided into three subclasses on the basis of the

successive additionof theE,E+, andDYWdomain at theC terminus

(Lurin et al., 2004). Independently of the subclass, three-quarters of

thePPRproteins are predicted tobe targeted to eithermitochondria

or chloroplasts, whereas no clear prediction is made for the rest. In

addition to numerous experimental localizations in plastids and

mitochondria, nuclear (Ding et al., 2006) or dual localization to

mitochondria and nuclei (Hammani et al., 2011) has been demon-

stratedexperimentally.WhereasPPRproteinshavebeen implicated

in a wide range of biological processes, including photosynthesis,

pollen development, and embryogenesis, there seems to be a

common underlying molecular function in the form of sequence-

specific associations with RNA that govern various steps in RNA

metabolism, such as cleavage, splicing, stability, editing, and trans-

lation (Schmitz-Linneweber and Small, 2008; Fujii and Small, 2011).

The termRNAeditingdescribes aset ofmechanisms that change

the nucleotide sequence of an RNAmolecule from that of the DNA

template encoding it. It was first used to describe insertions and

deletions of uridines in mitochondrial mRNAs of Trypanosoma

brucei (Benne et al., 1986). Subsequently, its use was extended to

describe posttranscriptional base substitutions in themitochondrial

mRNA of mammals (Powell et al., 1987) and plants (Covello and

Gray, 1989). In plants, the modification of specific cytidines (C) to

uridines (U) and the reverse U-to-C editing are limited to organelles,

whereas adenosine (A) to inosine (I) modification also occurs in

cytosolic tRNAs (Chateigner-Boutin and Small, 2010). Complex

thalloid liverworts of the subclass Marchantiidae are the only

examined land plants in which the editing of organellar transcripts

has not been observed (Steinhauser et al., 1999). In the model

species Arabidopsis, RNA editing affects 34 well-defined sites in

chloroplasts (Chateigner-Boutin andSmall, 2007) and;450sites in

mitochondria with variations due to the methods and organs used

(Giegé and Brennicke, 1999; Bentolila et al., 2008). Editing sites are

only partially conserved, even between closely related species

(Handa, 2003). In addition, RNA editing at a given site is not always

complete, and the editing efficiency can vary between ecotypes

(Zehrmann et al., 2008).

Whereas it is now commonly agreed that the specificity of the

C-to-U editing is provided by PPR proteins that bind 10 to 25

nucleotides upstream of the C that will be edited (Okuda et al.,

2006), the protein(s) responsible for the actual editing by cytidine

deamination remains to be formally identified (Chateigner-Boutin

and Small, 2010). The C-terminal DYW domain of the respective

PPR proteins may possess catalytic editing activity as proposed

initially by in silico analyses demonstrating a strict correlation of the

phylogenetic distribution of the DYW domain and RNA editing as

well as sequence similarities with cytidine deaminases (Salone

et al., 2007; Rüdinger et al., 2008). Similarly, the E/E+ domain has

been hypothesized to be involved in the binding of a nonidentified

editing enzyme. These hypotheses have been corroborated sub-

sequently by the fact that all of the over 30 editingmutants identified

to date carry lesions in PPR proteins of the E/E+ or DYW class

(Chateigner-Boutin andSmall, 2010). However, exceptions seem to

exist since the DYW domains of the plastid-located CRR22,

CRR28, and OTP28 and of the mitochondrial factor MITOCHON-

DRIAL EDITING FACTOR11 (MEF11) are not essential for RNA

editing in vivo (Okuda et al., 2009, 2010; Zehrmann et al., 2011) and

since CRR2 and OTP70 belong to the DYW- and E-subclass,

respectively, without being involved in RNA editing (Hashimoto

et al., 2003; Chateigner-Boutin et al., 2011).

The maize (Zea mays) genome is estimated to harbor more than

450PPR genes (Fujii and Small, 2011), and functional data exist for a

few of them (Schmitz-Linneweber and Small, 2008). The majority of

the characterized maize PPR proteins are targeted to plastids, such

as Chloroplast RNA processing1 involved in translation (Schmitz-

Linneweber et al., 2005),PPR2,PPR5, andPPR10 important forRNA

stability (Williams and Barkan, 2003; Beick et al., 2008; Prikryl et al.,

2011), and PPR4 and PPR5 responsible for RNA splicing (Schmitz-

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

functionally characterized PPR protein targeted to maize mitochon-

dria is Empty Pericarp4 (Emp4) necessary for normal endosperm

development. AlthoughEmp4has been shown to be required for the

correct expression of a small group of mitochondrial genes, neither

its mode of action nor its molecular target(s) is known (Gutiérrez-

Marcos et al., 2007). So far nomember of theRNAeditingmachinery

in maize mitochondria or chloroplasts has been identified despite

more than 400 edited sites (Takenaka et al., 2008; Fujii and Small,

2011).

Here, we report the phenotypic and molecular characterization

of the pentatricopeptide repeat2263 (ppr2263) mutant character-

ized by a reduced kernel size and a severely stunted vegetative

apparatus. Transposon tagging and transgenic complementation

demonstrate that a mutation inPPR2263 coding for a PPR protein

of the DYW subclass dually targeted to mitochondria and chloro-

plasts is responsible for the phenotype. PPR2263 and its ortholog

MEF29are required forRNAediting at the nad5-1550 and cob-908

sites in maize and Arabidopsis, respectively. The ppr2263mutant

harbors mitochondria that lack complex III and have a compro-

mised ultrastructure, generally increased transcript levels, and

higher levels of alternative oxidase protein.

RESULTS

Phenotypic Characterization of the ppr2263Mutant

The ppr2263 mutant was isolated in the course of a systematic

forward genetics approach aimed at the cloning of 300mutations

responsible for kernel phenotypes in the Mutator-induced Bio-

gemma mutant collection (Martin et al., 2006; Cossegal et al.,

2008). The ppr2263mutation behaved as amonogenic recessive

trait since the frequency of mutant kernels on segregating ears of

self-pollinated heterozygote plants was on average 23.7% (Fig-

ure 1A). The observed reduction in kernel size involved both the

embryo and endosperm (Figure 1B), and the seed was viable. A

more detailed characterization during early kernel development

was achieved by measurements of cytological sections and

revealed that the sizes of both the embryo and the endosperm

were greatly reduced at 9, 16, and 24 d after pollination (DAP;

Table 1, Figure 1C).

Mutant kernels were not only smaller than wild-type kernels,

they also showed a developmental delay. This was most evident

for embryo development, which offered clear-cut morphological

criteria. At 9 DAP, wild-type embryos had reached the coleoptilar

stage characterized by clearly established bilateral symmetry,

the separation of the scutellum from the embryo axis, and the
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formation of the shoot apical and the root meristem (Figure 1D).

On the contrary, mutant embryos had just reached the transition

stage, which marks the shift from radial to bilateral symmetry.

There was no sign of the formation of the scutellum, the shoot

apical meristem, or the root meristem (Figure 1D).

Atmaturity,ppr2263 kernels had an averagemass of only 0.08 g,

which represented one-third of the average mass of wild-type

kernels (Table 1). The germination frequency of ppr2263 kernels

wasnormal,but they tookonaverage2d longer togerminate thandid

heterozygous or wild-type kernels from the same ear. The emerging

ppr2263 seedlings were reduced in size and their leaves were both

shorter and narrower than those of the wild type (Figures 1E and 1F).

In maize, leaf epidermal cells are arranged in parallel cell files along

the proximal-distal axis. In the mutant, the number of cell files was

reduced to half, both in the growing (bottom) and the elongation zone

(middle) of the leaf blade (Table 1). By contrast, cell size was affected

only in the growing zone, where a slight but significant reduction was

observed in ppr2263 leaves (Table 1). Taken together, these results

indicate that the mutant seedlings are mainly affected in cell division

rather than cell expansion.

The size difference between wild-type and ppr2263 plants

persisted and increased throughout vegetative development until

flowering, which mutant plants reached with a delay of 35 d. At

sexual maturity, there was a nearly threefold difference in plant

height and a nearly twofold difference in leaf number between wild-

typeandmutantplants (Figure 1G,Table 1). In addition, theppr2263

plantscarrieda very small butwell-formedearwith immatureovules

and silks and very small tassels with poor, if any, pollen, rendering

self-pollinations impossible.

Cosegregation between the ppr2263 Phenotype and a

Mutator Insertion in a PPR Gene

To isolate flanking sequences of theMutator transposon respon-

sible for the ppr2263 phenotype, the novel MuExpress technique

was used (see Methods and Supplemental Figure 1 online). The

principal difference with classical transposon display methods,

such as amplification of insertion mutagenized sites (AIMS)

(Frey et al., 1998), thermal asymmetric interlaced (TAIL) PCR

(McCarty et al., 2005),Mutator TAIL and AIMS (Yi et al., 2009), or

Figure 1. Kernel and Plant Phenotype of Mutant ppr2263.

(A) Maize ear segregating for the ppr2263 mutation at 24 DAP. wt, wild type.

(B) Front view (top) or sagittal cut (bottom) of mature wild-type (left) or ppr2263 (right) kernel.

(C) Schiff stain of sagittal cytological section of wild-type (left) or ppr2263 (right) kernel at 9 DAP.

(D) Schiff stain of sagittal cytological section of wild-type (left) or ppr2263 (right) embryo at 9 DAP.

(E) Wild-type (left) or ppr2263 (right) seedlings at 21 DAS.

(F) Wild-type (left) or ppr2263 (right) fully expanded leaf #5.

(G) Wild-type (left) or ppr2263 (right) plant at sexual maturity.

e, embryo; end, endosperm, ep, embryo proper; RM, root meristem; SAM, shoot apical meristem; sc, scutellum; su, suspensor. Bars = 5 cm in (A), 1 cm

in (B), 1 mm in (C), 200 mm in (D), and 20 cm in (E) to (G).
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digestion-ligation-amplification (DLA) (Liu et al., 2009), was the use

of cDNA rather than genomic DNA for the display, which captured

only genes expressed in the kernel and consequently diminished

the number of bands displayed. The nested 59 rapid amplification

of cDNA ends (RACE) reaction on 13-DAP kernel cDNA yielded a

candidate band of ;800 bp that was present only in two inde-

pendent ppr2263 mutant samples but not in the corresponding

wild-type sample (see Supplemental Figure 1 online). This band

was cloned and sequenced. Alignment of the 681-bp Mutator

flanking region with the maize genome placed the insertion

unambiguously on the top of chromosome 9 in the middle of the

intronless gene model AC215198.3_FG002 (Figure 2A). BLAST

analysis of the deduced amino acid sequence revealed high

similarity to the conserved domains pfam01535 and TIGR00756,

classifying the encoded protein as a member of the PPR domain

family. The underlying gene will be called PPR2263 hereafter.

Toestablishagenetic linkbetween theppr2263phenotypeand the

Mutator insertion in PPR2263, cosegregation analysis was under-

taken. A total of 142 small (ppr2263) and normally sized kernels were

germinatedand the resultingplantswerephenotypedandgenotyped

with primers PPR2263-4F and PPR2263-4R flanking the Mutator

insertion (Figure2A),bothasapair and incombinationwithaprimer in

the terminal repeat of Mutator. The phenotypic evaluation demon-

strated that all plants originating from ppr2263 seeds not only

showed strongly retarded growth but also were homozygous for

the insertion. After self-pollination of the remaining plants, a perfect

correlation was observed between heterozygosity for the insertion

and the presence of approximately one-quarter small kernels on

selfed ears on theonehand and the absence of the insertion and fully

normal ears on the other. These data established a close genetic link

between the ppr2263 phenotype and the Mutator insertion in

PPR2263.

Complementation of the ppr2263Mutation with a

PPR2263 Transgene

Since our attempts to find independent alleles in maize mutant

collections were not successful, we decided to complement the

ppr2263 mutant with a transgenic construct to obtain proof that

the mutation in PPR2263 was indeed responsible for the ppr2263

phenotype. To this end, the entire coding sequencewas amplified

from genomic DNA and placed under the control of the constitu-

tive riceActin1 promoter (McElroy et al., 1990). Since themutation

was not in a genetic background that can be easily transformed

(F252), we transformed the inbred line A188 and then pollinated

single copy T0 plants with pollen from heterozygous +/ppr2263

plants with F252 background. T1 plants were genotyped to

identify individuals hemizygous for the PPR2263 transgene and

heterozygous for the Mutator insertion in PPR2263, the latter

serving as a marker for the ppr2263mutation. Self-pollinated ears

of double heterozygotes were analyzed for the frequency of small

kernels to distinguish complementation (1/16 small) from absence

of complementation (1/4 small). At 5.7%6 1.9%, the frequency of

small kernels was much closer to the 1:16 (6.25%) ratio expected

in the case of complementation than to the 1:4 (25%) ratio

expected otherwise.

To assure that not only the kernel phenotype but also the vege-

tative phenotype was complemented, 50 randomly chosen kernels

from three complemented ears were germinated and the resulting

seedlings analyzed for their genotype and phenotype. All plants

carrying the transgene and homozygous for the Mutator insertion in

PPR2263 exhibited normal morphology and size, demonstrating

complementation of the reduced growth phenotype. Taken together,

all these results provided convincing evidence that the Mutator

insertion inPPR2263was indeed responsible for theppr2263mutant

phenotype.

PPR2263, a Member of the DYW Subclass

PPR2263 encodes a predicted protein of 787 amino acids.

Analysis of the 13 PPR domains guided by the annotation of

the Arabidopsis and rice orthologs in FlagDB (http://urgv.evry.

inra.fr/projects/FLAGdb++/HTML/index.shtml) revealed an al-

ternation of canonical (P), long (L), and short (S) PPR domains

and assigned PPR2263 to the PLS family (Lurin et al., 2004).

Moreover, the C terminus of PPR2263, which is highly conserved

Table 1. Measurements of Vegetative and Reproductive Organs in Mutant ppr2263

Trait Wild Typea ppr2263 Significanceb

Embryo length (9 DAP) 1.32 6 0.06 mm 0.63 6 0.08 mm **

Embryo length (16 DAP) 1.72 6 0.14 mm 1.09 6 0.12 mm **

Embryo length (24 DAP) 6.11 6 0.70 mm 2.30 6 0.30 mm **

Endosperm surface (9 DAP) 10.7 6 0.4 mm2 3.8 6 0.4 mm2 **

Endosperm surface (16 DAP) 31.7 6 2.7 mm2 23.0 6 0.8 mm2 **

Endosperm surface (24 DAP) 62.7 6 7.5 mm2 34.1 6 4.2 mm2 **

Kernel mass (maturity) 243 6 13 mg 89 6 13 mg **

Leaf epidermal cell file number (bottom)c 451 6 34 204 6 24 **

Leaf epidermal cell file number (middle)c 819 6 84 429 6 47 **

Leaf epidermal cell surface (bottom)c 2596 6 571 mm2 2080 6 589 mm2 **

Leaf epidermal cell surface (middle)c 1991 6 428 mm2 2107 6 383 mm2

Flowering time 56 6 0.9 DAS 91 6 4.1 DAS **

Plant height (sexual maturity) 185 6 6 cm 66 6 2 cm **

Leaf number (sexual maturity) 14 6 0.5 8 6 0.5 **

aValue 6 SD.
bStudent’s t test: **P value < 0.01; P value > 0.05.
cFully expanded leaf #3 harvested from the wild type at 14 DAS and from ppr2263 mutant at 24 DAS.
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compared with its putative Arabidopsis (At4g30700) and rice

orthologs (Os06g08600), contains an E, an E+, and a DYW

domain (Figure 2D; see Supplemental Figure 2 online).

In the ppr2263mutant, PPR2263 was predicted to be truncated

in the sixth P domain (Figure 2D). This prediction was based on

nucleotide sequence analysis of mutant leaf cDNA, which sug-

gested a noncanonical splicing event eliminating 18 nucleotides of

PPR2263 and adding 10 nucleotides of Mutator to the mature

transcript (Figure 2B). The consequence at theprotein levelwas not

only the insertion of Mutator derived residues but, more impor-

tantly, a frameshift introducing a premature STOP codon (Figure

2C). Consequently, the mutant PPR2263 protein lacked not only

three PPR domains but also the terminal E, E+, and DYW domains

(Figure 2D), likely rendering the mutant protein nonfunctional.

Constitutive Expression of PPR2263

Despite the wealth of EST data available for maize (Messing and

Dooner, 2006), none corresponded to PPR2263, in contrast with

rice where a full-length cDNA (accession number AK120685) cov-

ered the entire sequence of the ortholog Os06g08660. To provide

evidence for active transcription of PPR2263, quantitative RT-PCR

(qRT-PCR) experiments with gene-specific primers (see Supple-

mental Table 1online)wereperformedonmajor organsof themaize

plant and during kernel development (Figure 3). PPR2263 was

expressed at very low levels in all vegetative and reproductive

maize organs tested. Relative mRNA levels were highest in imma-

ture and mature ears, intermediate in juvenile leaf sheaths, seed-

lings, tassels, silks, and kernels andweak in leaves, roots, and stem

(Figure 3A).PPR2263wasalso expressed in unfertilizedovaries and

during all stages of kernel development from 1 to 70 DAP, with a

peak at 9 DAP and the lowest expression at 15 DAP (Figure 3B). In

the light of the very low overall expression level, the biological

relevance of the observed variations was probably not very high,

leading to the conclusion of a ubiquitous expression pattern of

PPR2263 consistent with a basic cellular function, such as RNA

editing in organelles.

Figure 2. Molecular Characterization and Domain Composition of

PPR2263.

(A) Schematic drawing of the intronless PPR2263 gene indicating the

position of the Mutator insertion in ppr2263 and of primers used for

genotyping and qRT-PCR.

(B) Alignment of wild-type and mutant cDNA sequences around the

Mutator insertion point highlighting the replacement of 18 bp of native

cDNA by 10 bp of Mutator-derived sequence (white lettering). The 9 bp

duplicated upon Mutator insertion are marked with a box (black letters).

(C) Alignment of wild-type and mutant amino acid sequences around the

Mutator insertion point pinpointing the frameshift caused by the insertion of

Mutator-derived sequence (white lettering) resulting in a premature stop codon.

(D) Schematic diagram and comparison of domain composition between

wild-type and mutant PPR2263 proteins. The mutant PPR2263 is trun-

cated in the sixth P-domain. L, PPR long motif; P, PPR P-motif; S, PPR

short motif; the E, E+, and DYW domains are also indicated in the

diagram. aa, amino acids.

[See online article for color version of this figure.]

Figure 3. Expression Pattern of PPR2263.

(A) Relative expression levels of PPR2263 in the maize organs indicated.

12, 12 DAP; 35, 35 DAP; a, aerial parts; ba, blade adult; bj, blade juvenile;

imm, immature; m, mature; mat, mature; sa, sheath adult; sj, sheath

juvenile; y, young.

(B) Relative expression levels of PPR2263 during maize kernel develop-

ment on a time scale in DAP.

qRT-PCR values for PPR2263 are means of three technical replicates

normalized with the 18S gene. Error bars represent the SD.

[See online article for color version of this figure.]
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Dual Targeting of PPR2263 to Mitochondria

and Chloroplasts

To obtain predictions for the subcellular localization of PPR2263,

weused thePredotar (Small et al., 2004) andTargetP (Emanuelsson

et al., 2000) tools. In contrast with many other members of the PPR

domain superfamily, the probability for localization in mitochondria

(0.01/0.34 with Predotar/TargetP) or plastids (0.00/0.18) was lower

than for other parts of the cell (0.95/0.58). Use of the SignalP tool

(Emanuelsson et al., 2007) resulted in low signal peptide cleavage

probability and conflicting cleavage site predictions by neural net-

works (after position 30) and hidden Markov models (after position

58).

To obtain experimental evidenceof the subcellular localization of

PPR2263, we generated a translational fusion of the full-length

PPR2263 cDNA with the green fluorescent protein (GFP) reporter

gene under the control of the 35S promoter, which was used for

transient expression studies in Nicotiana benthamiana leaves via

infiltrationwithAgrobacterium tumefaciens. To unequivocally iden-

tify mitochondria, the leaves were coinfiltrated with an FDH:red

fluorescent protein (RFP) marker construct carrying a translational

fusion of the mitochondrion-located formate dehydrogenase from

potato (Solanum tuberosum; Ambard-Bretteville et al., 2003). Con-

focal laser scanning microscopy demonstrated colocalization of

the green fluorescent signal of PPR2263:GFP both with the red

mitochondrial signal of FDH:RFP and the autofluorescent signal of

chloroplasts (Figures 4A to 4D). It should be noted that the green

signal intensity was generally stronger in mitochondria than in chlo-

roplasts and that in many cells only mitochondria, but not chloro-

plasts, produced green fluorescence.

Dual localization in mitochondria and chloroplasts was also

observed for the putativeArabidopsis ortholog At4g30700. Trans-

lational fusions of the RFP reporter gene to the first 300 bp of the

coding sequence or the full-length cDNA both led to fluorescence

in mitochondria and in plastids of Agrobacterium-infiltrated N.

benthamiana protoplasts (Figures 4E to 4H). In conclusion, both

PPR2263 and its Arabidopsis ortholog showed dual localization

with a preference for mitochondria.

Loss of nad5-1550 Editing in ppr2263 andmef29-1

Guided by the hypothesis that many if not all PPR proteins of the

DYWsubgroup play a role in RNA editing (Salone et al., 2007), we

set out to test if PPR2263 was involved in organelle RNA editing.

Since the SNaPshot assay, a multiplexed single nucleotide

extension protocol (Takenaka and Brennicke, 2009), was avail-

able only for Arabidopsis, we obtained homozygous plants from

the SALK_096438 (BN) line that carries a T-DNA insertion in the

coding sequence of the intronless gene At4g30700, the putative

Arabidopsis ortholog of PPR2263. RNA editing was investigated

at 383 individual sites in mitochondria and revealed a complete

Figure 4. Subcellular Localization of Maize PPR2263 and Arabidopsis MEF29.

Transient expression in Agrobacterium-infiltrated N. benthamiana leaves ([A] to [D]) or protoplasts ([E] to [H]) demonstrated dual localization of

PPR2263 and MEF29 (At4g30700) in mitochondria and chloroplasts. Fluorescent signals were visualized using confocal laser scanning microscopy.

(A) PPR2263:GFP (green).

(B) Mitochondrial marker protein FDH from potato (FDH:RFP; red).

(C) and (G) Chlorophyll autofluorescence (blue).

(D) and (H) Merged images.

(E) MEF29:RFP (red).

(F) Mitochondrial marker protein FDH from potato (FDH:GFP; green).
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loss of detectable editing at site nad5-1550 (Figure 5A). No other

editing defects in the same transcript or in other mitochondrial

transcripts were detected in this mutant. Since both the Arabi-

dopsis and the maize protein showed dual targeting, we also

analyzed 34 known editing sites in the Arabidopsis chloroplasts

but found all of these sites to be edited as in wild-type plants. We

accordingly renamed the identified Arabidopsis protein MEF29.

Guided by the results in Arabidopsis, we focused the investi-

gation of editing defects in maize on the mitochondrial NADH

dehydrogenase (nad) gene family. The only defect detected by

direct sequencing of RT-PCR products concerned nad5, where

editing at nad5-1550, the same position as in Arabidopsis, was

not detectable in ppr2263 seedlings (Figure 5A). No editing

defects were observed in the remaining family members nad1,

Figure 5. RNA Editing of the nad5-1550 and cob-908 Sites in Maize ppr2263 and the Arabidopsis mef29 Mutants.

(A) Analysis of RNA editing in nad5 (left) and cob transcripts (right). RT-PCR products containing the nad5-1550 or cob-908 editing sites (dashed frame)

were directly sequenced.

(B) Partial alignment of amino acid sequences deduced from genomic DNA of nad5 or cob. The amino acids affected by RNA editing in some of the

species are indicated by arrows. Editing information was retrieved from the GenBank/EMBL sequence annotations, from the RNA Editing Database

(Picardi et al., 2007), and from dedicated publications (Mower and Palmer, 2006; Alverson et al., 2010; Picardi et al., 2010; Salmans et al., 2010).

(C) Partial alignment of nad5 and cob mitochondrial genomic DNA sequences from maize and Arabidopsis around the editing site recognized by

PPR2263/MEF29 (arrow). Stars indicate bases conserved between nad5 and Zm-cob but not At-cob.
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nad2, nad3, nad4, nad4L, nad6, nad7, and nad9. Editing of the

nad5-1550 site was restored in ppr2263 mutants after comple-

mentation with the PPR2263 transgene.

Both in maize and in Arabidopsis, the nad5-1550 editing event

led to thepresenceof an Ile rather thanaThr residue in thededuced

amino acid sequence. An alignment of amino acid sequences

deduced from genomic DNA of 17 plant species showed that this

replacement improved conservation at this residue (Figure 5B). In

fact, an Ile residue was encoded in the green alga Chara vulgaris;

the liverwort Marchantia polymorpha, a member of the only plant

family not exhibiting RNA editing (Rüdinger et al., 2008); the moss

Physcomitrella patens, which does not show editing at this site

(Rüdinger et al., 2009); and the gymnosperm Cycas taitungensis.

Angiosperms encoded a Thr residue triplet that was edited to an Ile

codon in all species with information available regarding nad5

editing (Figure 5B).

Normal Complex I Activity, Complex III Deficiency, and

Alternative Oxidase Induction in ppr2263

To investigate whether the lack of nad5-1550 editing affected the

activity of complex I, mitochondrial protein complexes isolated

from 10-d-old etiolated wild-type or ppr2263 seedlings were

separated on blue native gels and subjected to activity stains for

complex I (Figure 6A). No notable difference was observed be-

tween the wild type and mutant. However, the band likely corre-

sponding to complex III was unexpectedly missing in the ppr2263

mutant. To identify unambiguously the missing band, a blot was

assayed for thewell-documentedperoxidase activity of complex III

(Figures 6B and 6C). Indeed, peroxidase activity was extremely

reduced, indicating amajor deficiency of complex III in theppr2263

mutant.

A well-characterized defense mechanism against a permanent

block of the electron transfer chain is an increase in the alternative

respiratory pathway characterized by alternative oxidase (AOX),

for example, in maize nonchromosomal stripe (ncs) mutants

(Karpova et al., 2002). Indeed, an immunoblot with a monoclonal

anti-AOX antibody (Finnegan et al., 1999) demonstrated among

other changes a strong induction of AOX2 in the ppr2263 mutant

(Figures 6D and 6E).

Alteration of cob-908 Editing in ppr2263 andmef29-1

Intrigued by the deficiency of complex III, the cob gene coding for

cytochrome b, the ccmB, ccmC, ccmFC ,and ccmFN genes in-

volved in cytochrome c maturation, and the cox1, cox2, and cox3

genes coding for cytochrome c oxidase were checked for editing

defects in the ppr2263maizemutant. The only observed defect was

a lack of detectableC-to-Uediting at site cob-908 (Figure 5A), which

was restored in the presence of the PPR2263 transgene. Sequenc-

ingof this site in theArabidopsismef29-1mutant showed thatediting

was diminished but clearly detectable, explaining why this site had

not been picked up by the SNaPshot assay.

The editing ofcob-908 changed aPro residue to a Leu residue in

thededucedaminoacid sequenceof cytochromeb (Figure 5B). As

in the case of the nad5-1550 site, this change enhanced conser-

vation at this position. Nonvascular plants known to lack cob-908

editing encoded a Leu residue, whereas all vascular plants for

which we could find editing information showed Pro-to-Leu

editing.

An alignment of the putative PPR2263/MEF29-1 target se-

quences in nad5 and cob revealed an identity of 49%, a value

substantially higher than the 25% expected between unrelated

sequences (Figure 5C). Interestingly, the conservation between the

Figure 6. Protein Gels of Mitochondrial Extracts from Etiolated Wild-

Type and ppr2263 Seedlings at 10 DAS.

(A) Blue native (BN) gel after activity stain for complex I and coloration

with Coomassie blue.

(B) PVDF membrane after blotting of BN gel and coloration with

Coomassie blue.

(C) PVDF membrane after blotting of BN gel and detection of peroxidase

activity.

(D) SDS-PAGE after staining with Coomassie blue.

(E) Immunoblot of SDS-PAGE gel with anti-AOX antibody.

[See online article for color version of this figure.]
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nad5 and cob cis-sequences was higher for cob from maize than

cob from Arabidopsis when compared with either nad5 gene.

Expression of Representative Organelle Genes in ppr2263

To investigate whether the ppr2263 mutation had an effect on

organelle gene expression, we compared the transcript levels of

selected mitochondrial, plastid, and nuclear genes representing

different gene classes between ppr2263 and wild-type seedlings

(see Supplemental Figure 3 online). All mitochondrial genes tested

had increased transcript levels in themutant: nad3, nad4, and nad5

encoding different subunits of NADH dehydrogenase (complex I),

cox2 encoding a subunit of cytochrome c oxidase (complex IV),

atp1 and atp6 encoding subunits of ATP synthase (complex V), and

rpl16 and rps3 encoding proteins of the large and small ribosomal

subunits. In chloroplasts, psbA and petA transcribed by the plastid-

encoded plastid RNApolymerase had decreased expression levels

in the ppr2263 mutant, whereas rpoB and clpP transcribed by

nuclear-encoded plastid RNApolymerase showeda slight increase

and no significant change, respectively (see Supplemental Figure 3

online). Investigating the possibility of a retrograde signal on nuclear

genes, we detected a twofold upregulation of TRANSLATIONALLY

CONTROLLED TUMOR PROTEIN but no change in TARGET OF

RAPAMYCIN expression in the mutant (see Supplemental Figure 3

online). Taken together, these results led to the conclusion that the

lesion in PPR2263 affected transcription in all tested cellular com-

partments and had a generalized, positive effect on mitochondrial

transcript levels as previously observed in respiratory mutants

(Meyer et al., 2009; Sung et al., 2010; Kuhn et al., 2011).

Compromised Mitochondrial Ultrastructure in ppr2263

To determine if the observed defects in mitochondrial and chloro-

plast RNA metabolism had repercussions on the morphology of

these organelles, we compared their ultrastructure in wild-type and

ppr2263 seedlings at 15 d after sowing (DAS) by transmission

electron microscopy (Figure 7). No striking differences in the

number of mitochondria per cell or in mitochondrial sizes were

observed between the wild type andmutant. However, themajority

of the mutant mitochondria had a strongly altered ultrastructure in

which the granules were a lot less abundant and the cristae formed

by the inner membrane strongly reduced or completely missing

(Figures 7A to 7D).Whereas such aberrantmitochondria accounted

for <10% in wild-type leaves, they were predominant in mutant

leaves where they constituted up to 70% of the population. One

may hypothesize that the structurally altered mitochondria were

likely nonfunctional or at least less functional thanmitochondriawith

a normal ultrastructure.

A parallel examination of the chloroplast ultrastructure in the

samewild-type andmutant leaf cells did not reveal any differences

in size, structure, or inner or outer membrane organization, neither

in mesophyll nor bundle sheath cells (Figures 7E and 7F). Taken

together, the data suggested that the main cellular defect of the

ppr2263 mutant concerned mitochondria and not chloroplasts.

Altered Electron Transport but Normal Gas Exchange

in ppr2263

Since mitochondria are the center of the cellular respiration, it

was tempting to explain the reduced growth of the ppr2263

mutant by a lack of energy furnished by mitochondria through

cellular respiration. To test this hypothesis, we used the 2,3,5-

triphenyltetrazolium chloride (TTC) reduction assay (Gibon et al.,

2000). TTC has a high redox potential and can be reduced by

mitochondrial dehydrogenases to triphenylformazan (TF), reflect-

ing to some extent mitochondrial activity (Zapata et al., 1991). Leaf

discs cut from 12-DAS wild-type seedlings produced 2.44-fold

more TF than leaf discs of ppr2263 seedlings of the same age and

2.35-fold more TF than leaf discs of ppr2263 seedlings of compa-

rable size (28 DAS; Figure 8A).

Subsequent experiments evaluating the gas exchange of 28-

DAS ppr2263 seedlings with wild-type seedlings of the same age

(28 DAS) or the same size (12 DAS) did not reveal any significant

differences in photosynthesis (Figure 8B; see Supplemental Figure

4 online), day respiration (Figure 8C), or respiration at the end of the

night (Figure 8D). These findings suggested that the altered electron

Figure 7. Organelle Ultrastructure in Wild-Type and ppr2263 Leaves.

Transmission electron micrographs of leaves from wild-type ([A], [C],

and [E]) and ppr2263 ([B], [D], and [F]) seedlings 16 DAS. Samples were

taken at mid-morning.

(A) Normally structured mitochondria (arrows) in a bundle sheath cell (Bs)

close to a mesophyll cell (Me).

(B) Mitochondria with altered ultrastructure (arrows) in a mesophyll cell

close to a bundle sheath cell.

(C) Magnified view of a mitochondrion with normal ultrastructure.

(D) Magnified view of a mitochondrion with altered ultrastructure.

(E) Bundle sheath and mesophyll chloroplasts in the wild type.

(F) Bundle sheath and mesophyll chloroplasts in ppr2263.

Bars = 1 mm in (A) and (B), 0.25 mm in (C) and (D), and 2 mm (E) and (F).
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transport did not have a major impact on CO2 gas exchange, as

previously reported for certain respiratory mutants (Meyer et al.,

2009).

DISCUSSION

The maize mutant ppr2263 carries a Mutator insertion leading to a

truncated protein lacking three of its 13 PPR repeats as well as the

C-terminal E/E+ and DYW domains. The reduced growth of veg-

etative and reproductive organs as well as the changes in mito-

chondrial ultrastructure, gene expression, and AOX levels are

correlated with and possibly caused by a lack of detectable RNA

editing at the cob-908 site and the resulting loss of mitochondrial

complex III (cytochrome c reductase; EC 1.10.2.2), whereas the

lack of detectable RNAediting at the nad5-1550 site does not seem

to affect mitochondrial complex I (NADH:ubiquinone oxidoreduc-

tase; EC 1.6.99.3).

Maize Kernel and Plant Growth Retardation in ppr2263

Isolated in a screen for defective kernel andminiaturemutants, the

ppr2263 mutant fulfills only part of the definition of miniature

mutants (Lowe and Nelson, 1946). While the mutant presents the

kernel phenotype with smaller but morphogenetically normal ker-

nels capable of germination, it does not fit the vegetative pheno-

type, since ppr2263 mutants grow slower than wild-type siblings,

exhibit reduced plant height, and hardly reach sexual maturity, in

contrast with typical miniature mutants, such as miniature1 (mn1)

(Cheng et al., 1996) or reduced grain filling1 (Maitz et al., 2000).

Consequently, one may expect that the mutation affects a general

cellular function rather than a kernel-specific function such as the

cell wall invertase IncW2 in the mn1 mutant (Cheng et al., 1996).

Although the ppr2263 mutant shares the reduced plant height of

themaizedwarf1 todwarf8mutants (Olson, 1954; Phinney, 1956), it

does not possess the other attributes of these dwarf mutants that

are all affected in the biosynthesis of gibberellic acid. The absence

of broad, erect, dark-green leaves, reduced internode length, and

fully developed anthers in the ear suggests that ppr2263 is not

affected in gibberellic acid metabolism.

In the vegetative apparatus of the ppr2263 mutant, the leaves

formed are not only smaller and less numerous than in wild-type

siblings, they also take longer to appear. With regard to seed

development, embryo and endosperm are not only smaller at

maturity, they also take longer to reach a given developmental

stage. Such generalized growth defects independent of organ or

age are reminiscent of mitochondrial mutants. This view is rein-

forced by physiological defects, such as the deficiency in mito-

chondrial complex III and the reduction in electron transport to

;40%of the wild-type rate, as well as cellular defects, such as the

loss of inner mitochondrial membrane organization.

Evolutionary Conservation of nad5-1550 and cob-908

Editing Activity between PPR2263 and MEF29

On the molecular level, maize ppr2263 and Arabidopsis mef29-1

share the lack of detectable editing at the nad5-1550 site, whereas

cob-908editing is not detected inppr2263 and strongly reduced in

mef29-1. The target site conservation between maize and Arabi-

dopsis as well as the next-neighbor position in phylogenetic trees

show MEF29 and the PPR2263 to be true functional orthologs.

Thus, we identified an orthologous RNA editing factor pair sharing

their target sites between a monocot and a dicot plant. The high

similarity observed between the two PPR proteins suggests them

to be derived from a common ancestor and to have been con-

served by functional constraints. This selective pressure may be

due to the need for RNA editing at nad5-1550 and/or cob-908.

Figure 8. Electron Transport, Photosynthesis, and Respiration in Wild-

Type and ppr2263 Leaves.

(A) Mitochondrial electron transport measured by TTC assay. FW, fresh

weight.

(B) Net photosynthetic rate measured with infrared gas analyzer at a PAR

of 1500 mmol photons m�2 s�1.

(C) Day respiration measured as the y-intercept of the photosynthesis

versus PAR curve.

(D) Night respiration measured at the end of the night.

Error bars represent the SD with n = 3 in (A) and n = 5 in (B) to (D).

Photosynthesis versus PAR response curves can be found in Supple-

mental Figure 4 online.

[See online article for color version of this figure.]
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Editing at nad5-1550 causes a Thr-to-Ile change in the con-

served C-terminal domain (pfam06455) of NAD5, whereas editing

atcob-908 is responsible for aPro-to-Leuchange in the conserved

C-terminal domain (pfam00032) of cytochrome b. In both cases,

the residue obtained by editing (Ile or Leu) seems to be ancestral

because it is present in nonvascular plants, and in particular inM.

polymorpha not exhibiting any RNA editing (Rüdinger et al., 2008),

and inP. patens not showing editing at these sites (Rüdinger et al.,

2009). All vascular plants for which editing information is available

encode the same nonedited residue (Thr or Pro) and convert it to

the edited residue (Ile or Leu). The evolutionary conservation of an

Ile residue in NAD5 and a Leu residue in cytochrome b points

to functional constraints and suggests that nad5-1550 and cob-

908 editing is important for NAD5 and cytochrome b function,

respectively.

The nucleotide sequences around the nad5-1550 and cob-908

editing sites show elevated similarity as expected for conserved

target sites of bona fide RNA binding proteins, such as PPR2263/

MEF29. Interestingly, conservation is higher between nad5 and cob

from maize than between nad5 and cob from Arabidopsis. This

finding may indicate that in ArabidopsisMEF29 is in the process of

losing its capacity to edit the cob-908 site and that this function is

taken over by another PPRprotein, explaining the fact that cob-908

editing is only partially lost in the mef29-1 mutant. Alternatively,

mef29-1 may not be a complete knockout line, since the T-DNA

insertion is located in the C-terminal DYW domain. The truncated

proteinmaybe sufficient to edit the cob-908 site partially but not the

nad5-1550 site.

Absence of nad5 and cob Editing and Reduced Growth

in ppr2263

The ppr2263mutation is the first reportedmaizemutation respon-

sible for an editing defect; consequently, there is no precedent of

associated phenotypes in maize. The only other monocot editing

mutant is the riceopaqueandgrowth retardation1mutant,which is

affected in the correct editing of the mitochondrial nad2 gene and

is characterized by delayed seed germination, retarded growth,

dwarfism, and sterility (Kim et al., 2009). Similarly, the Arabidopsis

slow growth1 mutant with altered editing of nad4 and nad9

displays late germination, slow growth, and delayed development

phenotypes and produces shrunken seed (Sung et al., 2010).

Finally, in P. patens, the disruption of PPR79 led to no detectable

editing at the nad5-598 site and resulted in severe growth retar-

dation of protonemata colonies (Uchida et al., 2011).

By contrast, the majority of the mitochondrial editing mutants in

Arabidopsis do not show any notable growth defects, and the

mutants mef1 (Zehrmann et al., 2009), mef9 (Takenaka, 2010),

mef11/loi1 (Verbitskiy et al., 2010; Tang et al., 2010), mef14

(Verbitskiy et al., 2011), reme1 (Bentolila et al., 2010), and mef18

to mef22 (Takenaka et al., 2010) display no gross disturbance in

their growth or development patterns. This is also the case of the

Arabidopsis mef29-1 mutant sharing disturbed nad5-1550 and

cob-908 editing with ppr2263. Whereas development is slightly

delayed (e.g., bolting and flower set start ;1 to 2 d later than in

wild-type plants), the analysis of the global mitochondrial activity

by the TTC analysis did not reveal any clear difference between

mutant and the wild type.

Several alternative scenarios can explain the different growth

behaviors of Arabidopsis mef29-1 and maize ppr2263, the most

plausible ones attributing the severe growth phenotype of the

maize ppr2263mutant to the lack of detectable nad5-1550 and/or

cob-908 editing. Formally it cannot be excluded that the severe

growth phenotype in maize is caused by additional functions of

PPR2263 and in particular editing of additional sites. However, the

simplest hypothesis compatible with all data suggests that loss of

nad5-1550 editing has no or very little effect on plant growth both

in maize ppr2263 and Arabidopsis mef29-1, whereas loss of cob-

908 editing causes a severe deficiency in mitochondrial complex

III, which in turn is responsible for reduced growth in maize

ppr2263. In Arabidopsis mef29-1, the residual cob-908 editing is

sufficient to assure normal growth.

It is not trivial to exclude a contribution of the nad5-1550 editing

defect to the ppr2263 phenotype since slow growth has been

reported for numerous complex I mutants, for example, inNicotiana

sylvestris (Gutierres et al., 1997), rice (Kim et al., 2009), and

Arabidopsis (Meyer et al., 2009; Sung et al., 2010; Yuan and Liu,

2012). The maize mutant with the most similar plant phenotype to

ppr2263 is a homoplasmic ncs2 mutant, which carries exclusively

mutantmitochondriawith a small deletion in thenad4geneencoding

a subunit of NADH dehydrogenase (Yamato and Newton, 1999).

Electron transport in the nad4-deficient mutant seems to occur via a

partially assembled complex I (Karpova and Newton, 1999) as well

as by an increase of the alternative respiratory pathway via aox2

(Karpova et al., 2002), whereas there is no evidence for a compen-

satory increase of exogenous NADHdehydrogenases. The ppr2263

mutant shareswith the homoplasmicncs2mutant nearly all reported

phenotypic traits, which consist of very narrow and short leaves, an

;2.5-fold decrease in plant height, an approximately twofold de-

crease of leaf number, and the development of a small tassel with

underdeveloped anthers. The only exception is the formation of a

small ear on the ppr2263 mutant, whereas there is no indication of

ear formation in thehomoplasmicncs2mutant (YamatoandNewton,

1999). However, the normal activity of complex I in maize ppr2263

and the absence of strong growth defects in Arabidopsis mef29-1

fully sharing the nad5-1550 editing defect argue against an effect of

this editing defect in complex I on plant growth.

On the other hand, the near absence of complex III was the only

detected difference in mitochondrial complexes and the lack of

detectable cob-908 editing the only observed editing defect

concerning complex III or IV. Strongly reduced electron transport

through complex III has been reported to cause a semidwarf

growth habit in the Arabidopsis ppr40-1 mutant (Zsigmond et al.,

2008). In addition, in ppr40-1, AOX was induced just like in

ppr2263. All these observations can be synthesized in a model

inwhich lack of cob-908 editing causes the absence of complex III

and altered electron transport from complex I and complex II

directly to AOX as terminal electron acceptor. Oxidation of NADH

by complex I and FADH2 by complex II are intact, and O2 is

consumed by AOX. Due to the lack of electron transport through

complex III and IV, two-thirds of theproton translocation is lost and

the proton gradient driving complex V (ATP synthase) strongly

diminished leading to reduced ATP production, explaining the

general growth deficit observed in ppr2263. For future research,

the ppr2263 mutant provides a powerful tool to investigate the

biochemical and physiological consequences of complex III
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deficiency in isolated mitochondria and at the whole-plant level,

both under normal and stress conditions.

METHODS

Plant Material and Culture

Themaize (Zeamays) inbred lines A188 andF252 (gifts of AlainCharcosset,

Le Moulon, France), the ppr2263 mutant (Mutator-induced Biogemma

mutant collection; this study), and the transgenic plants overexpressing

PPR2263 were grown in an S2 greenhouse with a 16-h illumination period

(100 Wm22) at 24/198C (day/night) and without control of the relative

humidity as described (Javelle et al., 2010). The culture conditions for

mutant mef29-1 (SALK_096438 BN) and wild-type (ecotype Columbia)

Arabidopsis thaliana plants have also been described (Takenaka and

Brennicke, 2007).

Light Microscopy of Cytological Sections

Immaturewild-type andmutant kernelswere harvested from the ear of a self-

pollinated heterozygous plant at 9 and 24 DAP and cut along the longitudinal

axis in three equal parts. Thecentral slice containing theembryowasfixed for

1 h at room temperature in 100 mM Dulbecco’s phosphate buffer (Lonza

Walkersville) with 1% paraformaldehyde and 3% glutaraldehyde. The fixed

material was dehydrated in a graded ethanol series (10, 30, 50, 70, 90, and

100% ethanol), embedded in Technovit 7100 resin (Kulzer Heraeus) accord-

ing to themanufacturer’s instructions, sectioned at 6 to 8mmwith a HM3555

microtome (Microm Microtech), and stained with Schiff reagent (Sigma-

Aldrich). The sections were observed with an Axio Imager M2 microscope

(Zeiss) coupled with an Axio Cam MRC digital camera (Zeiss).

Transmission Electron Microscopy

Wild-type andmutant leaf squares or embryos were fixed overnight at room

temperature in 0.2Mcacodylate buffer, pH7.1,with 2%glutaraldehyde. The

fixed tissue was then washed in cacodylate buffer and treated for 1 h with

1% osmium tetroxide, followed by dehydration in a graded ethanol series

(see above) and embedding in agar low viscosity resin (Agar Scientific).

Ultrathin sections of 80 nm were cut using a diamond knife and lifted onto

2-mmcopper grids. Grids were stained in 2%uranylacetate and lead citrate

prior to observation with a JEOL 1200EX transmission electronmicroscope.

cDNA Display of Genes withMutator Insertions (MuExpress)

Mutant andwild-typekernelswereharvested from theppr2263mutants at 13

DAP, the first stage when mutant kernels of all 300 mutants of the collection

can be distinguished unambiguously from wild-type kernels. RNA was

isolated from twomutant pools and onewild-type pool, each pool consisting

of three kernels, followingpreviously describedmethods (Javelle et al., 2010).

TheRNAwassubjected to 59and39RACE reactions using theSMARTRACE

cDNA amplification kit (Clontech), with nested primers in the highly con-

served inverted repeats ofMutator in combination with nested primers in the

adapters ligated to either the59or 39end (seeSupplemental Figure1Aonline).

The RACE products were separated on LI-COR gels according to the

recommendations of the supplier (LI-COR Biosciences) to detect bands

present only in the two mutant samples and absent in the wild-type sample

(see Supplemental Figure 1B online). Candidate bands were isolated from

high-resolution agarose gels, cloned, and sequenced. Based on the flanking

sequence, additional primers were designed and used in combination with a

primer in the terminal inverted repeat of Mutator to confirm the differential

expression in the cDNA samples that had served for the RACE reaction. All

primers used are listed in Supplemental Table 1 online.

Subcellular Localization of PPR2263

Togenerate a translational PPR2263:GFP fusion, the full-length open reading

frame ofPPR2263 lacking its stop codonwas amplified by PCRwith primers

PPR-E2263-attB1 and PPR2263w/oSTPattB2 (see Supplemental Table

1 online) on genomic DNA from maize inbred line B73 and recombined via

the entry vector pDONR-Zeo into the binary vector pK7FWg2 (Karimi et al.,

2002) by GATEWAY site-specific recombination (Invitrogen). The binary

construct, in which the PPR2263:GFP chimera was under the control of the

cauliflower mosaic virus 35S promoter, was transferred into Agrobacterium

tumefaciens strain C58pMP90. Using established protocols (van Herpen

et al., 2010), the resulting strain was coinfiltrated intoNicotiana benthamiana

leaves with a strain harboring the 35S:P19 plasmid expressing the silencing

suppressor p19 of tomato bushy stunt virus (Voinnet et al., 2003) and a third

strain containing the mitochondrial marker construct FDH:RFP2 (courtesy of

Catherine Colas des Francs-Small). In the latter construct, formate dehydro-

genase from potato (Solanum tuberosum; Ambard-Bretteville et al., 2003)

had been amplified with primers ATG1 and FHD-R (see Supplemental Table

1 online) and cloned into pGreen (Vain et al., 2003). GFP, RFP, and

chloroplast autofluorescence were detected 3 d after infiltration on an LSM

710 inverted confocal spectral microscope (Zeiss), with two sequential

excitations for everyacquisition: thefirst at 488nmwithanemissioncollected

from 501 to 548 nm for the GFP signal, and the second at 561 nm with two

collected emissions from 569 to 608 nm for the RFP signal and from 638 nm

to 742 nm for autofluorescence.

The full-length open reading frame or the 300 bp encoding the first 100

amino acids ofMEF29wereamplified (seeSupplemental Table 1 online) and

recombined via the entry vector pDNR207 to the pGreen 0229 destination

vector containing theGFP orRFP gene under the 35S promoter (Lurin et al.,

2004). Transformed C58C1 Agrobacterium strains were used for infiltration

of N. benthamiana protoplasts, which were observed under a confocal

microscope (Leica TCS-NT) allowing the detection of GFP (excitation/

emission: 479 nm/509 nm; filter BP530/30) and RFP (DsRed2: excitation/

emission: 558 nm/583 nm; filter BP580/80).

RNA Extraction and Reverse Transcription

Approximately 250mg of fresh tissuewas quick frozen in liquid nitrogen and

ground to powder with a mortar and pestle. Total RNA was extracted with

1 mL TRI reagent according to the instructions of the supplier (Molecular

Research Center). After ethanol precipitation, the RNA was resuspended in

30 mL RNase-free water and treated with RNase-free DNase. The DNase

was inactivated according to the instructions of the supplier (Ambion).

Approximately 5 mg of total RNA were reverse transcribed using random

hexamers (Amersham Biosciences) and reverse transcriptase without

RNaseH activity (Fermentas) in a final volume of 20 mL. For RT-PCR

experiments, 2 mL of a 50-fold dilution of the cDNA in water were used in a

volume of 20 mL.

SNaPshot Assays and Mutant Analysis

Arabidopsis DNA or RNA was prepared from leaves as described

(Takenaka and Brennicke, 2007). The status of RNA editing at specific

sites was screened by multiplexed single-base extension (Takenaka and

Brennicke, 2009). Sequence analyses were obtained commercially from

4base lab (Reutlingen, Germany) or from Macrogen (Seoul, Korea).

qRT-PCR

The cDNA was diluted 50 times and 2 mL used in a volume of 20 mL

containing 10 mL Platinum SYBR Green qPCR SuperMix UDG according

to the instructions of the supplier (Invitrogen) to carry out quantitative PCR

on an Applied Stepone Plus (Applied Biosystem). Dilutions series (2n with

n = 0 to 7) of amixture of all cDNAwithin a comparisonwere used to fix the
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CT (threshold cycle). Each reaction was made in a duplicate, and the gene

expression levels relative to the nuclear 18S rRNA reference gene were

calculated by the DDcycle thresholdmethod (Schmittgen and Livak, 2008).

All the primers used are listed in Supplemental Table 1 online.

Plant Transformation for ppr2263 Complementation

The plasmid used for the production of PPR2263-OE plants contained the

backbone of vector pSB11 (Ishida et al., 1996), a Basta resistance cassette

(rice [Oryza sativa] Actin promoter and intron,Bar, andNos terminator) next

to the right border, and the PPR2263 coding sequence (primers PPR-

E2263-attB1and PPR-E2263-attB2, including a 6-HIS tag before the STOP

codon; see Supplemental Table 1 online) under the control of the rice Actin

promoter next to the left border. Agrobacterium-mediated transformation

of maize inbred line A188 was executed according to a published protocol

(Ishida et al., 2007). For each transformation event, the number of T-DNA

insertions was evaluated by qRT-PCR, and the integrity of the transgene

was verified by PCR with primers situated in the AtSac66 terminator

downstream of PPR2263 next to the left border.

Blue Native Gels and Activity Stains

Mitochondria were isolated from 10-DAS etiolated seedlings on Percoll gradi-

ents (Wittig et al., 2006). After separation of mitochondrial protein complexes

with the NativePAGE Bis-Tris Gel system (Invitrogen), the gels were either

stained for complex I activity prior to staining with Coomassie Brilliant Blue

(Wittig et al., 2006) or transferred to polyvinylidene fluoride (PVDF) membranes

(Millipore). Peroxidase activity was visualizedwith the AmershamECLWestern

Blotting Detection Reagents (GEHealthcare) prior to staining of themembrane

withCoomassieBrilliantBlue. For immunoblotting,mitochondrial proteinswere

separated by SDS-PAGE, transferred to nitrocellulose membranes, incubated

with a monoclonal anti-AOX antibody (Finnegan et al., 1999) provided by

Etienne Meyer (CNRS, Strasbourg), and revealed by electrochemical lumines-

cence by use of the iBlot Western Detection Kit (Invitrogen).

TTC Reduction Assay

The TTC assay was based on the protocol of Steponkus (Steponkus and

Lanphear, 1967) with the modifications of Gibon et al. (2000). The TTC

reduction was expressed as absorbance at 520 nm per g fresh weight.

Gas Exchange Measurements

Gas exchange measurements were performed in the greenhouse on the

youngest ligulated leaf (generally leaf #7 of 28-DAS wild-type or ppr2263

plants or leaf #5 of 12-DAS wild-type plants) with a 23 3-cm leaf chamber

of a Li-6400 infrared gas analyzer (LiCor)with a red-blue light-emitting diode

light source. Prior to themeasurements, leaveswere equilibrated for 30min

at an ambient CO2 of 400 mmol mol21, a PAR of 1500 mmol photons m22

s21, and a leaf temperature of 288C. Measurements were taken at de-

creasingPAR (typically 1500, 1000, 800, 100, 75, 60, 45, 30, 15, and 0mmol

photons m22 s21) allowing equilibration at each step. Day respiration was

estimated as the y-intercept of the photosynthesis/irradiance curve,

whereas night respirationwas estimated from the gas exchange rate during

the last 2 h of the night.

Accession Numbers

Sequence data corresponding to the genes described in this article can be

found in the Arabidopsis Genome Initiative or Maize Sequence databases

under the following accession numbers: MEF29, At4g30700; PPR2263,

AC215198.3_FG002. The GenBank/EMBL accession numbers for mitochon-

drial genomic nad5 and cob sequences are as follows: Chara vulgaris,

AY267353.1; Physcomitrella patens, AB251495.1; Marchantia polymorpha,

M68929.1; Cycas taitungensis, AP009381.1; Arabidopsis, JF729202.1; Bras-

sica napus, FR715249.1; Nicotiana tabacum, BA000042.1; Vitis vinifera,

GQ220325.1; Silene latifolia, HM562727.1; Beta vulgaris, BA000024.1; Cucu-

mis sativus, HQ860792.1; Cucurbita pepo, GQ856148.1; Citrullus lanatus,

GQ856147.1; O. sativa, DQ167400.1; Triticum aestivum, GU985444.1; Z.

mays, DQ490952.1.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1.Mutator cDNA Display (MuExpress Technique).

Supplemental Figure 2. Alignment of PPR2263 with Its Putative

Orthologs in Rice and Arabidopsis.

Supplemental Figure 3. Expression of Mitochondrial, Plastid, and

Nuclear Genes in the ppr2263 Mutant.

Supplemental Figure 4. Photosynthesis and Respiration in Wild-

Type and ppr2263 Leaves.

Supplemental Table 1. Primers Used for the Study.
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