
The discovery of RNA editing in plant mitochondria

resulted from the comparison between genes and their

corresponding cDNA sequences by three independent

research teams [1�3]. Two years later, this process was

described in chloroplasts [4]. In both organelles, some

cytosines are changed into uracils on RNAs (Fig. 1; see

color insert). The evidence that proteins are translated

from edited RNAs came from direct sequencing of the

mitochondrial encoded ATP9 [5]. While some RNAs are

partially edited in the steady�state pool of transcripts in

plant organelles [6, 7], the corresponding proteins derive

from totally edited RNAs [8, 9]. RNA editing seems to be

essential for the production of functional proteins, since

it restores highly conserved amino acids [10]. Indeed, it

has been shown that the mitochondrial accumulation of

ATP9 proteins arising from unedited mRNAs (u�ATP9)

results in a mitochondrial dysfunction leading to a male

sterile phenotype in tobacco and Arabidopsis transgenic

plants [11, 12]. This phenotype disappeared when the

expression of the u�ATP9 protein was abolished [13, 14].

Similarly, the synthesis of an unedited psbF mRNA in

chloroplasts resulted in a deficiency in photosystem II

[15].

RNA editing has been found in all land plant lineag�

es analyzed to date, except in marchantiid liverworts [16�

18]. As some liverwort groups edit their organellar RNAs,

the lack of editing in the subclass of marchantiid liver�

worts is probably a consequence of a secondary loss [19].

There is no evidence for RNA editing within green alga

organelles, which are the closest relative of the land

plants. Thus, it is probable that RNA editing is a derived

trait appearing with the emergence of land plants.

RNA EDITING IN PLANT ORGANELLES

Typically, 300 to 500 C residues (henceforth referred

to as editing sites) are edited in most plant mitochondria

transcriptomes [20�24]. The number of editing sites can
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even exceed 1000 in the gymnosperm Cycas taitungensis

[25] and reached 1782 in the fern Isoetes engelmannii [26].

Most of the editing sites are located in the first and sec�

ond position of codons, changing the identity of the

encoded amino acid [20, 27]. A consequence of the

codon modifications produced by RNA editing is an

increase in the hydrophobicity of the encoded proteins

[20, 27]. Interestingly, in some cases, RNA editing can

create start and stop codons, thus restoring an ORF

absent from the gene [26]. In such cases, RNA editing

directly affects the translation process.

A peculiar situation is the modification of the silent

position of codons since these changes have no effect on

the protein sequence. This is in agreement with the fact

that the partially edited mRNAs found in plant organelles

mainly concern the third position of the codon.

Interestingly, it has been described that, in a single plant,

the number of editing sites varies between different organs

[28]. These differences are also essentially found in the

silent position. The putative involvement of these residues

in the regulation or other events during RNA maturation

remains to be elucidated.

The general picture for chloroplast transcripts is sim�

ilar, except that the number of editing events is drastical�

ly reduced to between 20 to 50 depending on the species

[29�38]. As in mitochondria, editing sites are mainly

located in the first and second codon position, silent posi�

tions remaining very rare [39]. Some ORF are restored by

conversion at the RNA level of an ACG codon to AUG by

editing [4, 37].

U�to�C TRANSITION CAN COEXIST

WITH C�to�U EDITING

In addition to C�to�U editing, some plants possess a

second RNA editing mechanism, U�to�C editing, total�

ing several hundreds of base changes on the transcrip�

tome. This kind of event, described by some authors as

“reverse editing”, is particularly abundant in mosses of

the Anthoceros formosae family [40, 41] and in ferns [26,

42]. A striking observation is that many U�to�C transi�

tions change UAA, UAG, and UGA stop codons into

CAA, CAG, and CGA coding for Gln and Arg, respec�

tively (Fig. 1). Thus, U�to�C RNA editing corrects the

reading frame of organellar�encoded pseudogenes and

appears to be essential for the production of functional

proteins [41]. While knowledge is still scarce concerning

the mechanism of U�to�C transitions, it should be noted

that this process is concomitant with C�to�U RNA edit�

ing and concerns both mitochondria and chloroplast

transcripts. One important question is to know whether

the two events are related, or if they occur independently.

Analyses of editing intermediates from fern mRNAs sug�

gest that the two events may be autonomous (D. Bégu,

personal communication).

C�to�U RNA EDITING OCCURS

BY A DEAMINATION MECHANISM

An essential step for the understanding of the mech�

anism of C�to�U RNA editing was the creation of an in

vitro editing assay with mitochondrial extract [43].

Radioactive labeling of the C residues at either the α�5′�
phosphate or the base with 3H on the RNA substrate has

shown that the phosphate�ribose backbone and the base

are not eliminated [44�46]. A concomitant labeling on

the base and the phosphate led to the final conclusion

that C�to�U RNA editing was a deamination in plant

mitochondria. Similar experiments have provided strong

evidence that the same reaction occurs in chloroplasts

[47]. In fern and mosses, where C�to�U and U�to�C edit�

ing coexist, it has been speculated that the latter is the

reversal reaction of C�to�U conversion. If so, the pres�

ence of an enzyme able to perform both reactions, such as

a transaminase, seems to be the most plausible explana�

tion. However, the residues involved in the direct or

reverse reactions are not the same. The only unambiguous

way to solve this problem is to isolate the gene(s) fulfilling

the catalytic function. The search for gene candidates

using the conventional cytidine deaminase signature has

not been conclusive [48]. Current studies aim at search�

ing for deaminase activity associated with a particular set

of genes coding for pentatricopeptide protein repeat

(PPR) proteins [49].

RNA EDITING IN NON�CODING REGIONS

Although the vast majority of RNA editing sites is

located in coding regions, some of them concern untrans�

lated sequences. In Arabidopsis thaliana, eight out of 456

editing sites are located in introns [20]. However, a recent

study by RNA deep�sequencing technology showed that

the number of editing events in introns could be higher

than previously thought [24]. If the editing events in non�

coding regions are not in perfect line with the idea that

RNA editing is essential for the production of functional

proteins, it is obvious that the splicing reaction is required

to produce translatable mRNAs. The vast majority of

introns in plants are group II introns, which are charac�

terized by a well�conserved secondary structure [50].

Interestingly, RNA editing sites in introns are located in

highly structured domains that are important for the

splicing reaction. This is particularly true when the edit�

ing event results in the correction of mismatches in dou�

ble�stranded regions required for intron folding [26, 50,

51]. Thus, RNA editing in these domains may be postu�

lated as a prerequisite for intron removal. This hypothe�

sis, for which evidence was first indirect [51], was recent�

ly demonstrated by expressing mutant constructs into iso�

lated mitochondria [52]. A similar situation seems to

apply to group I introns in fern mitochondria, where
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RNA editing restores structural motifs involved in the

folding and catalytic reaction (D. Bégu, personal com�

munication). In species that carry out both C�to�U and

U�to�C RNA editing conversions, both events are also

found in the intronic region [26].

Base modifications by RNA editing are also observed

in leaders or trailer sequences on the transcripts [20, 53].

Although the editing changes in these regions are thought

to be involved in mRNA translation, no experimental evi�

dence has yet been reported.

Some organellar tRNAs are edited. As in introns,

RNA editing corrects mismatches in the stem�loop

domains that allow the secondary structure folding [24,

54�56]. Although the RNA editing process does not seem

to be tightly linked to tRNA aminoacylation, only the

edited version of the transcript can undergo maturation in

vitro, indicating a major role of tRNA editing in efficient

precursor processing [54, 56�58]. Unsurprisingly, ferns

edit their tRNAs with the two types of base conversion

mechanisms [26].

Cis�RECOGNITION ELEMENTS

As plants possess hundreds of editing sites, the reac�

tion needs to be very specific to ensure the production of

functional proteins. One major question was to under�

stand the cis elements defining the C residue to be edited.

Indeed, an examination of the neighboring region of the

target Cs does not show any consensus element, either in

sequence or secondary structure. In both organelles,

bioinformatic analyses have suggested that the informa�

tion for editing site recognition is contained in the prox�

imity of the C residue, with a bias for a pyrimidine in –1

and a purine in +1 position [20, 59, 60].

The production of transplastomic plants has facili�

tated the search for editing cis elements in chloroplast

RNAs. The use of transgenes bearing nucleotide deletions

has shown that a short sequence encompassing the target

C residue is essential to the reaction [61�64]. The cis ele�

ments contain 22 nucleotides, 16 upstream from the edit�

ing site and 5 downstream, the upstream region being

more important [62, 64]. Site�directed mutagenesis on

individual nucleotides has shown that the residues imme�

diately adjacent to the editing site have an important role

in target recognition [61, 62, 64, 65]. These results were

later confirmed by in vitro assays [32, 66�68]. Moreover,

mutagenesis analyses revealed short upstream sequences

essential for the reaction conserved in different plants [69,

70].

The first information on the mitochondrial cis ele�

ments was obtained by analyzing the editing of natural

chimera. It was reported that changes upstream from the

editing site could abolish editing, whereas changes down�

stream had slighter effects [71, 72]. The lack of a trans�

formation system for mitochondrial genomes has led to

the creation of an alternative in organello strategy [73]. It

is a powerful tool to study RNA editing and other matu�

ration processes such as splicing [74]. The introduction of

foreign DNA into mitochondria isolated from wheat,

potato, maize, sorghum, and cauliflower has been report�

ed [75�77]. With this strategy, it was demonstrated that

mitochondrial cis elements reside in the region –16 to +6

encompassing the editing site [78, 79]. Single mutants

along this sequence revealed a different role played by

individual residues [78]. The extent of the recognition

region was confirmed by in vitro experiments using pea

and cauliflower mitochondrial extracts [80, 81]. In most

cases, the upstream sequence was found essential for the

editing reaction, the downstream nucleotides playing a

role in the efficiency but not in the reaction itself [80�82].

However, spacing up� and downstream regions by more

than two nucleotides results in complete loss of the edit�

ing ability [78, 79].

Distal elements have been revealed by deletion

experiments upstream of an editing site, which resulted in

a concomitant decrease in RNA editing of a second site

50�70 nucleotides downstream [83]. The effect of modifi�

cations in remote regions from the –16/+6 cis�acting ele�

ments on RNA editing has been confirmed by both in

vitro and in organello approaches, but the mechanisms

responsible for these effects are still a matter of debate

[83, 84]. A major concern with the in vitro test is the low

efficiency of C�to�U conversion. The use of an RNA sub�

strate with duplicated cis elements greatly increased the

reaction efficiency, thereby confirming the role of this

sequence in the editing site recognition [85].

Trans�ACTING FACTORS

Different from the trypanosome editing model, in

plant organelles a particular class of proteins has been

proposed to play the role of trans�recognition elements.

Albino mutants containing chloroplasts unable to per�

form protein synthesis are able to sustain the editing reac�

tion, demonstrating that trans�acting factors are not

encoded by the chloroplast genome [86]. Similar results

have been obtained for mitochondria using in organello

editing assays, since the inhibition of organellar protein

synthesis did not abolish the reaction [87]. This indicates

that the factors involved in the recognition of cis elements

are nucleus�encoded. The existence of trans�acting fac�

tors was the initial explanation for the editing inhibition

of an endogenous site in transgenic plants expressing a

competitor sequence [63]. Using chloroplast extracts in in

vitro competition experiments, it was suggested that some

trans elements could recognize more than one cis element

[88, 89].

The binding of trans�acting factors to the target

sequence was demonstrated by UV cross�linking experi�

ments using tobacco chloroplast extracts [47, 66, 90].
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Moreover, a strong correlation was observed between the

editing efficiency and the binding capacity of one of the

proteins, suggesting a direct link between binding and the

editing reaction [68]. From competition experiments, it

was inferred that a single trans�acting factor could bind to

two different editing sites [90]. However, in vitro experi�

ments have not yet allowed the identification of the cross�

linking proteins.

Immunodepletion of CP31, a protein containing two

RNA recognition motifs, has shown that it is involved in

RNA editing in tobacco [47]. These results were later

confirmed by Arabidopsis mutant analyses. However, it is

difficult to conclude in a direct role in RNA editing reac�

tion as the accumulation of most of the mRNA is lowered

in these mutants [91].

The direct identification of trans�acting proteins was

achieved by screening nuclear mutants of the model plant

Arabidopsis thaliana based on the analysis of a failure of

the cyclic electron transport in the chloroplast NDH

complex. The first gene identified was crr4. The product

of this gene is essential for one RNA editing site on the

ndhD transcript (ndhD�1), which creates the AUG initia�

tion codon [92]. Following this discovery, several proteins

were identified by analyses of Arabidopsis nuclear mutants

[93�101]. Another trans factor was identified with a dif�

ferent strategy by using a comparative genomics approach

[102].

The identification of mitochondrial factors is ham�

pered by the difficulty to isolate mutants. The observation

that amino acid sequence of trans�acting factors influ�

ences editing efficiency [103] leads to an alternative strat�

egy to identify the genes involved in RNA editing. It is

based on the idea that differences in editing efficiency for

a particular site between different plant ecotypes reflect

modifications on the trans�acting genes [28, 104].

Reciprocal crosses of ecotypic RNA editing variants can

be used to identify the locus responsible for the editing

variations. With this strategy, the first trans�acting factor

associated with mitochondrial editing events, MEF1, was

identified [105]. The use of a high throughput method to

screen for editing variations [106] facilitated the identifi�

cation of other mutants [107]. Several other proteins have

now been identified in different organisms [107�115].

The proteins involved in RNA editing described so far are

indicated in table.

PENTATRICOPEPTIDE REPEAT PROTEINS

AS RNA EDITING trans�ACTING FACTORS

An important observation is the fact that all the trans

factors identified so far belong to the pentatricopeptide

protein repeat (PPR) family (table). These proteins are

characterized by the repetition of a 35�amino acid motif

(P motif) [116�118]. Most PPR genes code for proteins

possessing motifs defined as putative organelle�address�

ing sequences, suggesting that they may play an important

role in mitochondria and chloroplasts [117, 118]. It has

been shown that some of them are able to bind RNA in a

sequence�specific manner and that they are involved in

different stages of organellar genetic expression [117,

119]. Although present in all eukaryotes, this family has

greatly expanded in plants, which raises the question of its

involvement in plant�specific processes.

Interestingly, a subfamily of PPR proteins containing

longer (L) and shorter (S) motifs in addition to the P

(called PLS subfamily) is specific to land plants. In addi�

tion to the PLS domain responsible for the interaction

with RNA, they contain C�terminal extensions called E

and DYW domain that potentially bear catalytic activities

[117, 119]. In fact, the DYW domain contains conserved

amino acids equivalent to the one found in the active site

of cytidine deaminase [49]. Moreover, there is a striking

correlation between the occurrence of RNA editing and

the presence of PPR�DYW genes in land plants [49, 120].

Based on these observations, it was proposed that the

PPR�DYW proteins could act as the catalytic factor for

C�to�U conversion [49] (Fig. 2a). However, no deami�

nase activity has been detected in vitro for PPR�DYW

proteins. Additionally, it was demonstrated that the DYW

domain is not required for the editing reaction in vivo [96,

97].

All but one PPR proteins involved in RNA editing

identified so far contain the E domain in their C�terminal

Fig. 2. Putative function of PPR proteins in plant organellar RNA

editing. a) PPR�DYW protein may function in the recognition of

the target RNA, and the DYW domain catalyzes the deamination

of the C residue [49]. b) The PPR recognize the target RNA, and

the E domain participates in recruiting the catalytic factor [121].

Adapted from Okuda et al. [122].

a

b
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part. Complementation experiments have shown that this

domain is essential for RNA editing and that it can be

exchanged between different PPR proteins [96, 98]. It has

been proposed that the E domain participates in recruit�

ing the catalytic factor, either a PPR�DYW or another

accompanying factor [121] (Fig. 2b).

RECOGNITION OF THE RNA EDITING SITE

An unresolved question is how PPR proteins recog�

nize the cis�acting elements. It has been reported that a

single trans�recognition element can interact with differ�

ent cis elements. However, such an event has been exper�

imentally demonstrated only for an unidentified tobacco

protein [90]. Until now, the specific binding of two trans�

acting PPR factors to the respective target sequences has

been reported for mitochondria [115] and chloroplast

[121]. In both cases the proteins recognized a single cis

element.

While a growing number of PPR protein genes have

been shown to be related with the editing reaction, the

mechanism allowing the recognition of different cis ele�

ments by a single protein is still unknown. It has been
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hypothesized that not all the nucleotides belonging to the

cis elements play equivalent roles in the recognition of the

C residue. Site�directed mutagenesis has confirmed this

idea by showing that the nucleotides immediately adja�

cent to the target C play a major role [61, 62, 64, 68, 78�

80]. Moreover, bioinformatic analyses on chloroplast

RNA editing have suggested that the specificity of recog�

nition by trans�acting factors could be due to the ability to

discriminate between purines and pyrimidines, and in

some cases to choose one of the four nucleotides [95].

This mode of interaction is predictive and needs to be val�

idated.

Understanding the interaction between a PPR pro�

tein factor and its multiple target sequences needs better

knowledge of both cis and trans elements, by carefully

deciphering and validating their roles in the editing event.

Indeed, growing evidence suggests that the different mat�

uration processes inside plant organelles are tightly con�

nected [52, 76, 122]. As some PPR proteins may influ�

ence RNA editing without playing a direct role in it, cau�

tion is required when discriminating between a direct

contribution and a side effect in the process [108, 109].

An example of this concerns AtECB2 and RARE1 PPR

protein which are defined as trans�acting factors for one

editing site on chloroplast accD mRNA. Mutants of these

proteins induce different phenotypes, whereas the editing

defect is the same [100, 102]. It may be that, at least in

one case, the lack of editing is due to a side effect of the

mutation. Another discrepancy results from the analysis

of otp85 mutants. It has been described as a gene encod�

ing for a RNA editing chloroplast trans�acting factor with

no visible phenotype [95], whereas a severe phenotype

and mitochondrial location were observed by other

authors [123]. Thus, clear understanding of how a PPR

protein recognizes different specific RNAs first requires

thorough validation of the partners involved, as the edit�

ing response observed in mutants might reflect complex

interactions between several different proteins.

Since its discovery in 1989, knowledge of C�to�U

RNA editing has greatly expanded. In addition, U�to�C

RNA editing found in certain mosses and ferns act in

concert with the C�to�U editing, but their mechanism is

still poorly understood. A combination of in vivo, in vitro,

and in organello experiments has shown that the specifici�

ty of recognition resides in a short region fewer than 30

nucleotides encompassing the RNA editing site. These cis

elements are recognized by a large number of proteins

belonging to the PPR family. The picture emerging from

the different studies is that the RNA editing process

seems to be more complex than previously thought. To

date, three major problems remain unsolved. First, to

identify the enzyme responsible for C deamination.

Second, while it is clear that PPR proteins take part in

RNA editing, how they recognize their RNA target is still

unclear. Third, since different mechanisms of RNA pro�

cessing may influence each other, the precise role of pro�

tein factors in organellar gene expression processes

remains to be defined.
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