
Abstract Transcripts of most plant mitochondrial pro-
tein-coding genes exhibit C-to-U RNA editing events. In
Petunia, two co-transcribed genes, nad3 and rps12, exhibit
transcripts which are not fully edited at all potential edit-
ing sites. We investigated the nad3/rps12 transcript popu-
lation in four different genotypes. In one pair of genotypes,
the nuclear genome is identical but the nad3/rps12 genes
are in different transcriptional contexts. Both the nad3/
rps12 genes and the plant mitochondrial genomes are iden-
tical in a second pair of genotypes, but the nuclear back-
ground is derived from two different Petunia species. We
found that the overall extent of editing varied greatly be-
tween genotypes and is affected by nuclear genotype but
not by the global transcriptional context. Local sequence
context around a particular site does affect editing fre-
quency. In all genotypes, certain sites exhibit high editing
frequency, but these sites do not share obvious primary se-
quence characteristics. In all genotypes examined, editing
sites which do not affect the encoded amino acid are less
frequently edited than sites which alter codons to non-syn-
onymous forms. All these data indicate that an unidenti-
fied property of the sequences immediately surrounding a
cytosine affect its selection as a target in the editing pro-
cess.
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Introduction

In higher plant mitochondria, C-to-U RNA editing occurs
in transcripts from every examined open reading frame en-
coding a conserved functional polypeptide (Gray and Co-

vello 1993; Hanson et al. 1993; Araya et al. 1994). The ex-
tent to which all transcripts of a gene are edited varies
greatly among genes. For example, when the cDNAs cor-
responding to mRNAs from wheat cox3, wheat nad4, and
Petunia atp9 were sequenced, all cDNAs displayed edits
at each expected location (Gualberto et al. 1990; Lamat-
tina and Grienenberger 1991; Wintz and Hanson 1991).
These transcripts can be considered fully edited; any trans-
lated proteins would include every expected amino acid
change. The sequencing of cDNAs corresponding to other
genes, such as wheat cox2, Oenothera nad3, Petunia atp6,
and wheat nad3 and rps12, has revealed a very different
profile (Covello and Gray 1990; Schuster et al. 1990; Gual-
berto et al. 1991). Individual transcripts from these genes
display various degrees of editing, ranging from unedited
to edited at every identified editing site.

We previously used a reverse transcription/polymerase
chain reaction (RT/PCR) technique to examine the editing
extent in mitochondrial nad3 transcript populations from
cytoplasmic male-sterile (CMS) lines. We showed that the
extent of editing at three assayed editing sites varies with
nuclear background. After performing sexual crosses, we
found that a single nuclear gene affects the extent of nad3
transcript editing in Petunia (Lu and Hanson 1992). Thus,
we identified nuclear genotypes which can be termed
“high-editing extent” or “low-editing extent” depending
on the presence or absence of this particular gene.

We were interested in further characterizing the partial
editing of nad3/rps12 transcripts by sequencing individual
cDNA clones. In addition to examining editing in plants
with different nuclear backgrounds, we examined the ed-
iting of transcripts from two nad3/rps12 loci located in dif-
ferent transcriptional contexts. In lines containing the
CMS-encoding mitochondrial genome, the nad3/rps12
loci are co-transcribed with pcf, an abnormal CMS-asso-
ciated gene. In contrast, wild-type Petunia lines do not con-
tain the pcf gene and the nad3/rps12 loci are transcribed
with a 5′ flanking region that differs from that found in
CMS lines.

Analyzing individual cDNA clones allowed us to deter-
mine whether overall editing at all sites in nad3/rps12 tran-
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scripts is high in plants identified by the RT/PCR assay as
“high-editing extent” and low in those identified as “low-
editing extent.” As shown in this paper, we find that the
overall extent of editing is affected by the nuclear geno-
type but not by the transcriptional context. In addition, the
sequenced cDNA clones allowed us to examine the fre-
quencies with which individual sites are edited in partially
edited transcripts. We hoped that an analysis of factors af-
fecting the site-specific editing frequency would provide
insights about the unknown determinants which specify Cs
to be edited. By sequencing a number of nad3/rps12 cDNA
clones from four different genotypes, we were able to de-
termine whether editing at the 27 sites is affected by nu-
clear genotype, transcriptional context, or both. We find
that there are sites exhibiting high editing frequency in all
lines, but these sites do not share obvious primary sequence
characteristics. Additionally, we show that global tran-
scriptional context (i.e., the other sequences or coding re-
gions present on the transcript) does not affect the fre-
quency of editing of individual sites, but that local se-
quence context around a particular site does affect editing
frequency. In addition, editing sites which alter codons to
non-synonymous forms (specifying a different amino acid)
are more frequently edited than silent sites in all nuclear
genotypes and transcriptional contexts examined.

Materials and methods

Plant material. Tissue was obtained from the P. hybrida isonuclear
pair 3704/11127 and from the P. parodii isonuclear pair 3699/3988.
Lines 3704 and 3699 are male fertile. Lines 3688 and 11127 contain
the same male-sterility encoding mitochondrial genome. The mito-
chondrial genomes of lines 3688 and 11127 differ in organization
and gene content from the mitochondrial genome of line 3704 (Fol-
kerts and Hanson 1991). Accession numbers are as follows: M16770
(pcf), U30458 (3704 nad/rps12), and U29764 (3699 nad3/rps12).

Oligonucleotides. The following oligonucleotides were used:

Petunia nad3:
(Male-sterile lines)

primer ste5′ 5′ GCCTTGACAAGTTAGTACGGGTACTG 3′
(Fertile lines)

primer fer5′ 5′ GAAGGAGCAGGCTCTCTTGGATATG 3′
(All lines)

primer nad3′ 5′GGAATTCCTTTGTCCTTGTCCTTCCCCCT 3′
primer rps3′ 5′ GTCGACTTCGTACCTATCCTTACC 3′

RNA isolation. Total leaf RNA was prepared using standard proce-
dures (Ausubel et al. 1989), scaled down for 3 g of frozen plant tis-
sue. Total bud RNA was prepared by freezing 10–30 3–5-mm buds
in liquid nitrogen, grinding in 5 ml of buffer (0.18 M Tris pH 8.2,
0.09 M LiCl, 4.5 mM EDTA, 1% SDS) adding 2 ml of phenol and
grinding for another 2 min, adding 2 ml of chloroform, incubating
at 65°C for 20 min, spinning at 5000 rpm for 5 min, extracting with
phenol/chloroform three times, and precipitating with NaAcetate and
ethanol.

cDNA sequence analysis. A few cDNA clones containing nad3 and
rps12 were isolated from cDNA libraries prepared using random hex-
amers as primers for suspension cell total mitochondrial RNA of
3704 or 3688 (C. Sutton, personal communication). These cDNAs
were cloned into the Lambda ZapII vector using the protocol sug-
gested by Stratagene. RNA from leaves or buds was precipitated in

3 vol of ethanol. DNA was removed using RQ1 DNase (Promega).
cDNAs were made by adding 5 mg of total RNA to 400 ng of prim-
er rps3′, 15 U of RNasin (Promega), 0.5 mM of each deoxynucleo-
tide, 10 mM DTT, 1 × M-MLV-reverse transcriptase buffer (Life
Technologies) in the presence of 200 units of M-MLV-reverse tran-
scriptase (Life Technologies) at 37°C. After 1 h, these reactions were
phenol/chloroform-extracted and ethanol-precipitated. PCR reac-
tions were performed in a 100-ml vol by re-suspending each first-
strand synthesis reaction in water and adding 0.2 mM of each deoxy-
nucleotide, 600 ng of primer ste5′ or 600 ng of primer fer5′, 600 ng
of primer rps3′, 1×Taq DNA polymerase buffer (Cetus) in the pres-
ence of Taq DNA polymerase. The polymerase chain reaction was
performed in a Hybaid cycler using the following conditions: cycle 1,
5 min 92°C, cycle 2, 30 s 92°C, 1 min 54°C, 1 min 72°C (repeat 30x,
cycle 3, 10 min 72°C. To ensure that amplification was from RNA
and not from DNA, control PCR reactions were minus the reverse
transcription step. PCR products were chloroform-extracted, etha-
nol-precipitated, and cloned into the TA cloning vector (Invitrogen)
using the recommended Invitrogen protocol. Primers used included
M13 (–20), M13 (reverse), ste5′, ste3′, rps3′, and nad3′. Only one or
two cDNAs from each PCR reaction were sequenced. Usually only
one strand was sequenced and only C and T lanes were prepared to
determine editing sites.

Results

Determination of RNA editing sites in nad3 and rps12
from different mitochondrial genomes

In CMS line 3688, nad3 and rps12 are co-transcribed with
an abnormal open reading frame termed pcf (Hanson et al.
1989; Rasmussen and Hanson 1989; Pruitt and Hanson
1991). In wild-type lines 3704 and 3699, nad3 and rps12
are co-transcribed, but no pcf gene is present. The 5′ tran-
scribed regions upstream of nad3 in wild-type and CMS
lines are homologous only for 106 nt (Fig. 1). Primers 5′
and 3′ to the nad3/rps12 regions found in the two differ-
ent transcription units were used to produce PCR-ampli-
fied cDNAs from all four Petunia genotypes (Fig. 1).

Comparisons of cDNA sequences with the nad3/rps12
genomic sequences from the two different mitochondrial
genomes allowed the identification of edited nucleotides.
Nineteen editing sites were found in the nad3 coding re-
gion and five editing sites were found in the rps12 coding

Fig. 1 Comparison of the region containing pcf, nad3, and rps12 in
lines 3688 and 11127 with the region containing nad3 and rps12 in
lines 3704 and 3699. The vertical line represents a major point of di-
vergence. The locations of PCR primers are shown by arrows

Lines 3688 and 11127:

Lines 3704 and 3699:



region (Fig. 2). Every observed coding-region editing site
was found edited in at least one transcript from each ana-
lyzed line. Non-coding-region editing sites were also found
on the nad3-rps12 transcript leader (Fig. 2).

An interesting difference in editing was detected be-
tween transcripts from the two different nad3/rps12 loci in
the two Petunia mitochondrial genomes. There are three
editing sites upstream from the nad3 gene present in the
mitochondrial genome carried by wild-type lines 3699 and
3704. A 10-nt segment encompassing the second edit
(underlined in Fig. 2) is missing from male-sterile lines
3688 and 11127. The wild-type lines contain a third edited
C upstream of nad3, but in the CMS lines the correspond-
ing C was never found to be edited. The sequence surround-
ing the unedited C is identical 8 nt 5′ (Fig. 3) and at least
900 nt 3′ to the sequence surrounding the edited C in the
wild-type lines (Fig. 1). It is therefore possible that the
small 5′ sequence alteration in the CMS line has resulted
in the loss of an editing site in this line.

Analysis of partial editing of nad3 and rps12
in four different genotypes

Individual cDNAs were sequenced from four lines; two
contain the same pcf/nad3/rps12 transcriptional unit but
differ in nuclear genotype, while another two lines carry
wild-type nad3/rps12 loci but also differ in nuclear geno-
type. Lines 3688 and 3699 carry the nuclear allele previ-
ously found to encode low-editing extent at sites in codons
49, 72, 83 in nad3, while the nuclear genome of lines 11127
and 3704 encode high-editing extent at these three sites.
As shown in the diagram of individual cDNAs (Fig. 4),
nad3/rps12 transcripts from lines carrying the low-editing
extent allele are overall less edited than transcripts from
lines carrying the high-editing extent allele. These data
show that the effect of the allele is not limited to the three
sites previously assayed. Inspection of these individual
cDNAs also reveals no clear 5′ to 3′ or 3′ to 5′orderly pro-
gression of editing; edited sites and unedited sites are inter-
spersed.

Some sites are edited more frequently in the population
of transcripts than other sites. We grouped together the 
cDNAs from the isonuclear lines with high-editing extent
(3704 and 11127) and the cDNAs from lines with low-ed-
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Fig. 2 RNA editing sites in Petunia mitochondrial nad3 and rps12.
The deduced amino-acid sequences are shown directly above the ge-
nomic nucleotide sequence. Amino acids altered by editing are en-
closed in parentheses, with the new amino acid written above. Aste-
risks mark the 27 edit sites. Some editing has been found in all lines
at every site resulting in the creation of a non-synonymous codon.
Sterile line 3688 and sterile line 11127 do not contain the underlined
nucleotides upstream from the nad3 coding region, so only fertile
lines 3704 and 3699 contain the edit site in this region. The numbers
adjacent to the nucleotide sequences refer to the distance from the
nad3 start codon. The numbers adjacent to the amino acid sequenc-
es refer to the distance from either the first nad3 amino acid or the
first rps12 amino acid

Fig. 3 Similar sequences with different editing cues. The sequenc-
es surrounding a frequently edited site C 55 bases upstream from the
start of nad3 in wild-type Petunia mitochondrial lines 3704 and 3699
compared to a similar never-edited site C 55 bases upstream from
the start of nad3 in CMS Petunia mitochondrial lines 11127 and
3688. The Cs marked with arrows are edited equally often in CMS
and wild-type genotypes
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Fig. 4 Edited sites in cDNAs
prepared from RNA isolated
from iso-nuclear lines 3704 and
11127 and iso-nuclear lines
3699 and 3688. Filled circles
represent edited residues, 
unfilled circles represent un-
edited residues. Numbers indi-
cate codons in nad3 and rps12.
cDNAs were derived from 
either suspension cultures,
leaves, or buds. No differences
in the degree of nad3/rps12
transcript editing have been de-
tected between different tissues
(Lu and Hanson 1992 and un-
published)

Line 3704
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iting extent (3688 and 3699). Then we compared the fre-
quency of editing at each editing site in the population of
transcripts from the two different nuclear backgrounds
(Fig. 5). We found that the sites most likely to be edited in
the high-editing-extent lines were also the sites most likely
to be edited in the low-editing-extent lines. When the pri-
mary sequence of the most highly edited sites was in-
spected carefully, we did not detect any motifs or common
features. When we examined the sites that were least likely
to be edited, we observed that sites in which editing re-
sulted in silent codon alterations – in which the encoded
amino acid was not affected – were less likely to be edited
in partially edited transcripts (Fig. 5). Except for the gen-
eral low level editing of silent sites, we found no obvious
features of primary sequence which could predict whether
a site would be highly edited or rarely edited.

Effect of editing on the predicted amino acid sequence

The translation of Petunia transcripts edited at all non-si-
lent sites would result in NAD3 and RPS12 proteins very

similar to the proteins predicted from other higher-plant
nad3 and rps12 edited transcripts (Fig. 6). Remarkably, the
Petunia and wheat RPS12 proteins predicted from fully ed-
ited transcripts are identical, despite the evolutionary dis-
tance between this dicot and monocot. In addition, the
NAD3 protein predicted from the edited Petunia transcript
would be very similar to the protein predicted from the ge-
nomic nad3 sequence of the lower plant Marchantia poly-
morpha, in which RNA editing has never been observed
(Fig. 6). The high degree of amino acid conservation sug-
gests that most codon alterations resulting from editing
could be important for the production of a functional pro-
tein. However, transcripts that are fully edited at all non-
silent sites are rather low in abundance. Only 6 out of 
22 transcripts represented by cDNAs from line 3704, and
only 1 out of 24 cDNAs from line 3688 (Fig. 4), could en-
code the NAD3 protein shown in Fig. 6. Thirteen cDNAs
out of twenty-two from wild-type line 3704 but only 3 out
of 24 cDNAs from line 3688 (Fig. 4) represent transcripts
that could encode the RPS12 protein shown in Fig. 6.

Many of the same editing events resulting in changes
to non-synonymous codons occur in nad3 transcripts of
Petunia, Oenothera, and wheat (Figs. 6,7). In contrast, si-
lent editing positions are less conserved (Fig. 7). The two
dicots share two silent sites and each contains an additional
unshared site. The monocot does not share any of these
four silent sites with the dicots, but contains four other un-
shared silent sites. One other silent site is shared by Petu-
nia and wheat but not Oenothera.

Discussion

Despite the identification of hundreds of editing sites in
the transcripts arising from dozens of genes in many plant
species, the actual mechanism for editing-site recognition
is not known. Our study of nad3/rps12 transcript editing
in isonuclear lines containing divergent mitochondrial ge-
nomes supports the hypothesis that the sequence immedi-
ately surrounding an edited C is more important than dis-
tant features. Though the 5′ portion of the nad3/rps12 tran-
script in lines containing the CMS-encoding mitochondrial
genome differs greatly from that found in wild-type lines,

Fig. 5 Comparison of the frequency of editing at individual sites.
The bars indicate the percentage of edited residues at each editing
site in cDNAs from highly edited isonuclear lines 3704 and 11127
and from less highly edited isonuclear lines 3699 and 3688. Num-
bers refer to codons in nad3 and rps12

Fig. 6 Predicted mitochondrial
NAD3 and RPS12 amino-acid
sequences in Petunia, Oenothe-
ra (Schuster et al. 1990), wheat
(Gualberto et al. 1988) and Mar-
chantia (Yamato et al. 1993).
Oenothera does not contain a
complete mitochondrial rps12
gene. The sequences presented
for Petunia, Oenothera, and
wheat would result from the
translation of transcripts edited
at all identified editing sites.
Amino acids altered by editing
are underlined. RNA editing has
not been detected in Marchantia



507

there is remarkable consistency in the Cs selected for ed-
iting and the frequency of editing at each particular site in
the transcript population. Most partially edited transcripts
from all lines are edited at certain editing sites – for exam-
ple, codons 15, 49, 106, and 117 in nad3 are always highly
edited. These sites are distributed throughout the tran-
script; there does not seem to be a localized “hot spot” for
editing.

The editing sites identified when transcripts of similar
sequences within divergent loci are compared also support
the hypothesis that surrounding sequences affect the like-
lihood that a C will be edited. Similar sequences present
in both coxII and pcf transcripts in Petunia exhibit identi-
cal editing except at one site where the homologous C is
edited in coxII but not in the aberrant coxII-homologous
portion of pcf transcripts (Nivison et al. 1994). Inspection
of the sequence around the unedited C in pcf reveals al-
tered nucleotides at –19 and +18 from the C edited in coxII.
In Fig. 3, we show that a C upstream of the nad3 coding
region in two different mitochondrial genomes is edited
when a 10-nt sequence is present at –9 but has never been
observed to be edited when this sequence is absent, even
though the sequences 3′ are identical for at least 900 nt.
This example suggests that the 5′ sequence may be more
critical than the 3′ sequence in editing-site recognition.

While nuclear genotype does affect the overall editing
extent of nad3/rps12 transcripts, the nuclear genotype does
not affect the relative editing frequency of one site versus
another site in the same transcript. Highly edited sites in a
genotype displaying a highly edited transcript population
were also the sites most likely to be edited in a genotype
with a less-edited transcript population. We have previ-
ously determined that a single nuclear allele is correlated
with both the editing extent and the transcript abundance
of nad3, but is not correlated with the editing extent of sev-
eral other mitochondrial genes, coxII, nad1, atp6, or atp9
(Lu and Hanson 1992). When plants segregating for this
allele were examined, those containing more abundant
nad3 transcripts exhibited transcripts with a higher editing
extent than plants with less abundant transcripts. In Fig. 5
we show that the presence of this allele does not affect
which sites are most likely to be edited. One interpretation
of the correlation between abundance and editing extent is
that most transcripts are turned over before editing is com-
pleted in the genotypes exhibiting low transcript abun-
dance, resulting in a transcript population exhibiting a low
editing extent. In this scenario, in genotypes with abundant

transcripts, the half-life of a transcript is longer, resulting
in a greater degree of completion of editing. The editing
mechanism would have a longer period of time during
which to encounter marginally or transiently vulnerable
editing sites. An alternative hypothesis is that less-efficient
editing actually causes greater RNA turnover; transcripts
are less abundant because the lack of editing de-stabilizes
them.

As shown in Fig. 6, editing restores codons for con-
served amino acids. If editing is required to produce a func-
tional protein, then there should be selection for conserva-
tion of those features of a transcript which make a site sub-
ject to the editing machinery. Because far more unedited
Cs occur in plant mitochondrial transcripts than edited Cs,
the sequence requirements for editing of a site must be
rather exacting. In the absence of selection, mutations oc-
curring at locations reducing the likelihood of editing at a
site can accumulate. These mutations could either be prox-
imal to the site itself, or in genes for unidentified trans-act-
ing factors that might participate in site recognition. There
should be no selection against mutations that destroy the
efficiency of editing at a site where the alteration of C to
U has no effect on the encoded protein. Due to this, the lo-
cation of silent editing sites should be less conserved than
the location of editing sites which alter a critical amino
acid, as we have observed in nad3 and rps12 (Fig. 7). Fur-
thermore, in genes that exhibit partially edited transcripts,
lack of selection for editing efficiency would be expected
to result in lower editing frequency at silent sites. We ob-
served that silent sites in nad3 and rps12 were relatively
less edited in all genotypes (Fig. 5). Most silent editing
sites were also less frequently edited than non-silent sites
in 51 atp6 cDNAs from four sorghum lines, except that one
unusual site was found to be edited in 25 of the cDNAs.
Kempken et al. (1995) noted that this unusual silent edit-
ing site had a high sequence similarity to another site in
the atp6 gene where editing increases protein conserva-
tion. Perhaps a trans-acting factor can recognize both the
non-silent and the silent editing site, resulting in the main-
tenance of a high level of editing of the silent site.

Our data is consistent with the unordered selection of
editing sites by the editing machinery. Interspersion of
completed editing events with unedited sites on the same
transcript of nad3/rps12 (Fig. 4) and other genes (Conklin
et al. 1991; Sutton et al. 1991; Yang and Mulligan 1991)
indicates that there is no obligatory 5′ to 3′ or 3′ to 5′ order
of editing. That certain sites are more frequently edited

Fig. 7 Nad3 editing sites in
Petunia, Oenothera, and wheat.
Edits which change a codon to
a non-synonymous form are
represented by a circle. Silent
edits are represented by a
square. Some codons have both
a silent edit site and an editing
site that changes the codon to a
non-synonymous form
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than others in all examined transcriptional contexts and nu-
clear backgrounds indicates that the editing activity is more
effective at these positions than at others within the se-
quence. Perhaps some feature of these sites results in a
greater affinity for one or more components of the editing
machinery, causing these sites to be edited first in a new
transcript. Other editing sites – especially silent sites – are
rarely edited, and appear less vulnerable to the editing
mechanism. Testing this hypothesis will require dissecting
the editing complex in vitro and determining how effi-
ciently deliberately altered editing substrates are edited.
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