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Processing followed by complete editing of an altered
mitochondrial atp6 RNA restores fertility of cytoplasmic
male sterile rice
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Two atp6 genes were found in the mitochondrial genome
of cytoplasmic male sterile (CMS) rice carrying the
[cms-bo] cytoplasm. One (N-atp6) was identical to the
normal cytoplasmic gene, while the second (B-atp6) was
identified as a candidate CMS gene by Southern analysis
of the mitochondrial genome of CMS cybrid rice. The
coding sequence of B-atp6 was identical to the normal
N-atp6 gene but its 3'-flanking sequence was different
starting at 49 bases downstream from the stop codon.
Northern analysis showed that B-atp6 is transcribed into
a 2.0 kb RNA in the absence of the Rf-1 gene, whereas
two discontinuous RNAs, of - 1.5 and 0.45 kb, were
detected in the presence of the Rf-1 gene. Determination
of the 3' and 5' ends of these RNAs suggested that the
two discontinuous RNAs were generated from the 2.0 kb
RNA by RNA processing at sites within the B-atp6-
specific sequences by the action of the Rf-1 gene.
Sequence analysis of cDNA clones derived from the
N-atp6 RNA and the processed and unprocessed RNAs
of B-atp6 indicated that the processed B-atp6 RNAs were
edited as efficiently as the N-atp6, whereas unedited and
partially edited RNAs were detected among unprocessed
RNAs. RNA processing by Rf-I thus influences the
sequential post-transcriptional editing of the B-atp6
RNAs. Because the unprocessed RNAs of B-atp6 are
possibly translated into altered polypeptides, our results
suggest that interaction of RNA processing and editing
plays a role in controlling CMS expression and the
restoration of fertility in rice.
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Introduction
Cytoplasmic male sterility (CMS) is a widespread phenom-
enon in the plant kingdom (reviewed in Hanson and Conde,
1985; Newton, 1988; Levings and Brown, 1989). CMS
plants have normal female fertility but fail to shed functional
pollen, and the male sterility is maternally inherited. CMS
is caused by an incompatibility between nucleus and
cytoplasm and has been used to produce hybrid seed from
crop plants, because it eliminates the need for hand emascula-
tion. Nuclear-encoded genes which restore fertility (Rfgenes)
are necessary to obtain seeds by self-pollination from F1
plants.

Mitochondrial genes have been found to be associated with
CMS cytoplasms in maize, sunflower, Petunia, sorghum,
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and radish (Boeshoer et al., 1985; Bailey-Serres et al., 1986;
Dewey et al., 1986; Crouzillat et al., 1987; Young and
Hanson, 1987; Siculella and Palmer, 1988; Makaroff et al.,
1989; Rasmussen and Hanson, 1989; Levings, 1990;
Bonhomme et al., 1991). In maize, Petunia and sorghum
a chimeric mitochondrial gene which produces a novel
protein has been found in CMS plant mitochondria (Bailey-
Serres et al., 1986; Dewey et al., 1987; Nivison and Hanson,
1989). In the mitochondria of CMS sunflower a new open
reading frame (ORF) is co-transcribed with the atpl gene
(K6hler et al., 1991) and the protein supposed to be encoded
by this ORF is uniquely present (Laver et al., 1991). Among
these examples only the T-urf3 associated with maize cms-T
cytoplasm has been strongly correlated with the CMS
phenotype based on the analysis of a number of mutants
which are toxin resistant and fertile (Levings and Brown,
1989). Although novel proteins uniquely present in the CMS
mitochondria or altered gene expression caused by mito-
chondrial genome rearrangements are thought to be
responsible for CMS, the molecular mechanism underlying
CMS expression remains to be elucidated.
Nuclear-encoded factors required for normal mitochon-

drial gene expression have been described for several
mitochondrial genes in yeast (reviewed in Grivell, 1989).
They regulate the expression of mitochondrial genes at both
the transcriptional and post-transcriptional levels. It has been
shown that the size and the number of plant mitochondrial
transcripts are also influenced by the nuclear background
(Cooper et al., 1990; Gupta and Abbott, 1991), including
the nuclear Rf genes (Bailey-Serres et al., 1986; Dewey
et al.., 1986; Kennell et al., 1987; Kennell and Pring, 1989;
Makaroff et al., 1989; Kohler et al., 1991; Pruitt and
Hanson, 1991) suggesting that Rf genes may be involved
in transcriptional or post-transcriptional regulation of CMS
gene expression. It is not, however, understood how Rfgenes
change the mitochondrial gene expression and restore
fertility.
The analysis of plant mitochondrial genomes is usually

complex because of the multipartite genome organization and
frequent intramolecular recombination (Pring and Lonsdale,
1985). Mitochondrial genome organization and transcripts
are known to be altered by nuclear backgrounds (Escote-
Carlson et al., 1990; Gupta and Abbott, 1991). Furthermore,
the pattern of plant mitochondrial transcripts is complex due
to multiple sites of transcription initiation and post-
transcriptional processing (Mulligan et al., 1988). This
makes it difficult to identify genes responsible for the CMS
phenotype by the simple comparison of normal plants and
CMS plants. Many structural and/or transcriptional
variations that are not directly related to CMS expression
can be found in CMS plants. Thus, somatic hybrid plants,
which often contain recombinant mitochondrial genomes,
are valuable tools for the analysis of genes involved in CMS
expression (Boeshore et al., 1985; Bonhomme et al., 1991).
A number of CMS systems have been genetically defined
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by their distinct responses to different restorer genes in rice
(Virmani and Shinjyo, 1988). The [cms-bo] cytoplasm,
which is derived from an indica rice, Chinsurah boro II, is
one of these and its fertility is gametophytically restored by
a single, nuclear-encoded Rf-l gene (Shinjo, 1984). In
[cms-bo]Rf-J/rf-l plants 50% of the pollen is aborted. We
previously generated a CMS cybrid by asymmetric cell
fusion between male fertile japonica rice, Nipponbare and
Chinsurah boro II (Kyozuka et al., 1989). The CMS trait
of the cybrid was shown to derive from the [cms-bo] of
Chinsurah boro II and the mitochondrial genome of the
cybrid was a recombinant between the parents. Furthermore,
our study indicated that a small portion of the [cms-bo]
mitochondrial genome was transferred to the fertile
Nipponbare by cell fusion resulting in the CMS cybrid
(Kyozuka et al., 1989). Here we report the analysis of the
mitochondrial genome of this CMS cybrid. We found that
a second atp6 gene, B-atp6, which originated from
Chinsurah boro II, was uniquely associated with the CMS
cytoplasm. The predicted amino acid sequence of this
additional atp6 gene is identical to that of the normal type.
We found that the presence of the Rf-J gene influences the
processing and editing of the B-atp6 RNA. Based on this
observation we propose a novel model for the mechanisms
of CMS and for the restoration of fertility by the Rf-1 gene
in rice.

Results

B-atp6 is uniquely associated with the CMS
phenotype
The nuclear and cytoplasmic genotypes and phenotypes of
the plant materials used in this study are listed in Table I.

To search for a mtDNA region that correlates with CMS
we performed Southern analysis of the CMS cybrid [referred
to as C(r) in this paper] which carries a recombinant
mitochondrial genome of the fusion parents, Nipponbare
carrying normal cytoplasm [referred to as N(r)] and
Chinsurah boro II carrying [cms-bo] cytoplasm [referred to
as B(R)], using 10 cloned mtDNA fragments containing 13
genes as probes (Figure 1). Hybridization patterns of the
parental lines were virtually identical with seven probes
examined (Figure IA). For the atpl probe an additional faint
band was observed in N(r); however, because neither C(r)
nor B(R) carried this fragment (Figure IA) this could not
be related to the CMS phenotype. When the cox2, cob, rmn18
and atp6 genes were used as probes, N(r) and B(R) exhibited
different hybridization patterns (Figure 1B and C). The
hybridization pattern of C(r) with three of these four probes,
namely cox2, cob and rrnl8, was the same as that of N(r)

suggesting that they are not related to the CMS trait, but
atp6 was found to be uniquely associated with the CMS
cytoplasm (Figure IC). MtDNA isolated from both C(r) and
B(R) carried the 0.9 kb band in addition to the 1.3 kb band
found in N(r) which carries the normal atp6 gene (N-aip6).
Based on these observations, we identified the second atp6
gene (B-atp6), present in mitochondria of B(R) and C(r),
as a candidate for the CMS gene.

The nucleotide sequence organization of N-atp6 and
B-atp6
We isolated N-atp6 and B-atp6 genes from the three lines
N(r), B(R) and C(r). The physical maps of N-atp6 genes
isolated from the three lines were identical, and those of
B-atp6 genes isolated from B(R) and C(r) were also identical
(Figure 2). We then sequenced the two atp6 genes isolated
from C(r) and compared the nucleotide sequences. The
nucleotide sequence from -713 to 1062 was completely
identical in the two atp6 genes; this region includes the atp6
coding region deduced from the genomic sequence (Figure
3A and B). Divergence between N-atp6 and B-atp6 was,

however, found in the 3' region that starts at the nucleotide
49 bp downstream from the stop codon (Figure 3A and B).
Sequence analysis also revealed that the 3' region of the

B-atp6 gene could be generated by multiple recombinations
involving at least three mitochondrial gene regions, cox2,
tRNAfmet and coxl. As shown in Figure 3B, the proximal
region of the B-atp6-specific sequence contains - 120 bp
that are homologous to the 5' region of the cox2 gene (Figure
3B, underline 1) that partially overlaps with the sequence

which has a homology with the downstream region of the
tRNAmet gene (Figure 3B, underline 2, unpublished data).
Southern analysis with the tRNAfmet gene probe showed
that the hybridization pattern of C(r) was similar to that of
N(r) (data not shown), indicating that the tRNAfmet region
was not involved in CMS expression. Moreover, a stretch
of 80 bp having homology with the coxl coding _region is
present -20 bp downstream from the tRNA et region
(Figure 3B, underline 3). Thus, the 3' region of B-atp6
appeared to be generated by complex intermolecular recom-
binations of the mitochondrial genome. In addition, two sets
of inverted repeats (Figure 3B, arrows above the sequence)
were also found in this region, and were probably generated
by these recombination events.
We performed Southern analysis using the cloned atp6

genes as probes with the materials used in this study (Table
I). All the cybrid lines with different nuclear backgrounds
[C(r), CT(R) and CT(r)] contained the two atp6 genes
(Figure 4). The intensity of the 2.1 kb band relative to the
1.6 kb band was different between the plants with different

Table I. The plant materials used in this study

Genotype Nuclear background atp6 gene Phenotype

N(r) [+]rf-J/rf-J Nipponbare (N) N-atp6 fertile
B(R) [cms-bo]Rf-1lRf-I Chinsurah boroll N-atp6, B-atp6 fertile
C(r) [cms-bo]rf-l/rf-l Nipponbare N-atp6, B-atp6 sterile
CT(r) [cms-bo]rf-l/rf-l N/Taichung 65 N-atp6, B-atp6 sterile
CT(R) [cms-bo]Rf-llrf-l N/Taichung 65 N-atp6, B-atp6 fertile
Bm(R) [cms-bo]Rf-IlRf-1 Chinsurah boroll B-atp6

MtDNA and mtRNA used in this study were isolated from suspension culture cells of the plants listed. CT(R) and CT(r) are isogenic lines except
the Rf-J gene. Bm(R) ([cms-bo]Rf-JIRf-J) is a mutant derivative of suspension culture line originated from B(R). The symbols used for male-sterile
cytoplasm and fertility-restoring gene confonn to the suggestion by the committee on gene symbolization in rice (Virmani and Shinjyo, 1988).
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nuclear backgrounds. However, because CT(r) and CT(R),
which carry the same nuclear background except for the Rf-J
gene, exhibited identical hybridization patterns, it was

concluded that the structure of the atp6 genes was not
changed by the presence or absence of the Rf-J gene. The
observed stoichiometric difference of the two bands between
different plants (panels 1, 2 and 4 in Figure 4) could possibly
have arisen due to the multipartite nature of the plant mito-
chondrial genome (Palmer and Shields, 1984; Iwahashi
et al., 1992; Yamato et al., 1992). A mutant cell line,
Bm(R), carrying only B-atp6 arose in cultured B(R) lines
in which N-atp6 was deleted during the culture period of
2 years (Figure 4).

The B-atp6 RNA is regulated by the Rf-1 gene
Mitochondrial RNAs (mtRNAs) were hybridized with single-
stranded probes covering various regions of the atp6 genes
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Fig. 1. Analysis of mitochondrial genome organization. Southern blots
were hybridized with 10 cloned mtDNA fragments containing 13
genes. The mtDNAs were digested with TaqI for the atp6 probe, with
EcoRI for the atp9 probe and with BamHI for the others. Plant
genotypes are as follows: N(r), [+]rf-1/rf-1; B(R), [cms-bo]Rf-1IRf-1;
C(r), [cms-bo]rf-I/rf-1. (A) The hybridization patterns are identical in
the three lines. (B) The hybridization pattern of C(r) is identical to
those of N(r). (C) The hybridization pattern of C(r) is identical to that
of B(R).

(Figure 5). No transcript was detected with the sense-strand
probes of the atp6 gene (data not shown). Analysis of the
Bm(R) line carrying the B-atp6 gene alone (Figure 4)
indicated that the B-atp6 gene was transcribed into an

- 1.5 kb RNA similar in size to the N-atp6 RNA in the
presence of the Rf-J gene (Figure 5, probe 1). A 2.0 kb RNA
was detected in the CT(r) male-sterile line in addition to the
1.5 kb RNA (Figure 5, probe 1). The 2.0 kb RNA was
shown to derive from the B-atp6 by hybridization with probe
2 and 3 (Figure 5). On the other hand, a 0.45 kb RNA
derived from the 3' region of the B-atp6 was detected in
the Bm(R) line and CT(R) line carrying the Rf-J gene (Figure
5, probe 2 and 3). No transcripts were found with probes
4 and 5 (data not shown). Taken together, the B-atp6
generates a continuous 2.0 kb RNA in the absence of the
Rf-1 gene, but two discontinuous RNAs (1.5 and 0.45 kb)
in the presence of the Rf-J gene. Although the origin of the
1.5 kb RNA detected in CT(r) line was not precisely
identified, it is most likely to be derived from N-atp6 since
there is little possibility that it is not transcribed in this nuclear
background. Based on Southern and Northern analyses, it
is most likely that the 2.0 kb RNA of B-atp6 is processed
into the 1.5 and 0.45 kb RNAs at a site within the
B-atp6-specific region by the action of the Rf-J gene product
(Figure 2).

The B-atp6 RNA is processed by the Rf-1 gene
To study the processing phenomenon, we first determined
the 3' termini of the 1.5 kb RNA and the 5' termini of the
0.45 kb RNA derived from B-atp6. For the 3' mapping of
the RNAs, the mtRNAs were polyadenylated, then the
cDNAs were synthesized using an oligo(dT) primer. The
cDNAs including the 3' termini were amplified by the
polymerase chain reaction (PCR, see Materials and
methods). The amplified cDNAs had the expected sizes of
-0.6, 0.3, 0.2 and 0.15 kb (Figure 6A) using primers a,
b, c and d (Figure 2), respectively. Although two kinds of
cDNAs were expected to be amplified by PCR using primer
a in the CT(r) line (Figure 2); one with the 3' terminus of
the 1.5 kb N-atp6 RNA, and the other with the 2.0 kb B-atp6
RNA, the size of the cDNA species derived from the 2.0 kb
RNA was not clear on the gel (Figure 6A). We were,
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Fig. 2. Schematic diagram of atp6 region. The N-atp6 and B-atp6 genes were isolated from N(r), B(R) and C(r). The coding region is shown as a
black box. The probes used for nucleic acid hybridization are indicated by bars (1-5). The sizes of probes 1-5 are 0.55, 0.4, 1.3, 0.45 and
1.7 kb, respectively. The primers used for sequencing, PCR amplification and primer extension experiment are shown as arrowheads (a-j). The atp6
RNAs are represented by arrows. The transcript of B-atp6 is altered, whereas that of N-atp6 is not changed by the presence or absence of the Rf-1
gene (see the results of Northern analysis in Figure 5 and the 5'- and 3'-mapping of the atp6 RNAs in Figures 6 and 7). The restriction sites are
shown as E, EcoRI; H, HindI; P, PstI; T, EcoT22I; S, SalI; C, Clal; and V, EcoRV.
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A 713 GGTAGGAAATTCATCCCAACCAATAGCAGTGAGTTAGCTATAACTACTAGGGATCCTAGAGTAAAGTAGTAGGGCTTTCTGAGGAGTAAGCCTAATTCCGTTAATGCAGAAAGATCTTTC

- 593 CCAGTCCCAGATAGAAGAGTACCAACC AAAGAAGCCAAAA^GCAAGACCTCACTAGTA^AGGAAGGCACTTGCTGCCGGAGTTCAACAGGCAAAXTATAAGAAAACAAGCTCCTGTTCACTTCAT

- 473 CATCTGTGGGTTGTACTGCTTGAAGGTTCTTCTGAGGGGT AGAATTTGAATTCCTTCTTTGCTTGTGAGATAACCATTTCCAGAAACTCATATATAGAGAGCGGGTATCGGTCGA^AAATGG

- 35S3 ATCTTACCAGGAGTGGCATTGAATAGGCAGGCTCTGGGATGTAATCTCACTCAAGAGGTCATTTGTTGGCCCCGCCTTCACT AGACTAGAGTTTT AGGATAGGTTGGGGAACCTATACGT

- 2 33 CAAGCCCCTACGAAGATTGAGAAAAATCGATGCACATAAGCCATCCGAAACCAGTATTGGAAAGTGTTCAGTTTCGTTTTCCATTCTGAAATGTTCATAGTAGT ATAGTATGTTTTCCGT

-11 3 TGGGTCGACGCCATGTGATCGCTACTAAAGATAGAGTTTCCTTGGAAAAACCGAGGCCAGTTGAGATCAGTCTCCCTTTCTAGGAGCAGAGCTTAAAAXAGATGGGAAATTCCAATGAATT
M N F

8 TCGATCACAATCATGTGGTAAT AATGGGTTTGAATCAGAGAGACTCGATCTGGAAACTCCTCAATGATT ATAACGTGAACTCGTTGAAGAGAAGGAGACAAGCAGAAATAGACGCTTTTT
D H N H V V I M G L N Q R D S I W K L L N D Y N V N S L K R R R Q A E I D A F F

1 28 TTGAACCATTTGAGAGGGCGCAGCGTATCCGTTTCAATAACTGGCAGAACGGAATAGAGTTGTTAGATGGGGCTGAATGGAGGAACGGCGATAT AGTTATCCCTGGAGGCGGCGGACCAG
E P F E R A Q R I R F N N W Q N G I E L L D G A E W R N G D I V I P G G G G P V

248a TAATTTCAAGCCCCTTGGATCAATTTTTCATTGATCCATTATTTGGTCTTGATATGGGT AACTTTTATTTATCATTCACAAATGAATCCTTGTCTATGGCGGTAACTGTCGTTTTGGTGC
I S S P L D Q F F I D P L F G L D M G N F Y L S F T N E S L S M A V T V V L V P

3 68 CATCTTTATTTGGAGTTGTTACGAAAAAGGGCGGGGGAAAGTCAGTGCCAAATGCATGGCAATCCTTGGTAGAGCTTATTTATGATTTCGTGCTGAACCTGGTAAACGAACAAAT AGGTG
S L F G V V T K K G G G K S V P N A W Q S L V E L I Y D F V L N L V N E Q I G G

488 GAAATGTTAAACAAAAGTTTTTCCCTCGCATCTCGGTCACTTTTACTTTTTCGTTATTTCGTAATCCCCAGGGTATGAT ACCCTTTAGCTTCACAGTGACAAGTCATTTTCTCATTACTT
N V K Q X F F P R I S V T F T F S L F R N P Q G M I P F S F T V T S H F L I T L

608 TGGCTCTTTCATTTTCCATTTTT ATAGGCATTACGATCGTTGGATTTCAAXAGACATGGGCTTCATTTTTTTAGCTTCTTATTACCAGCGOGGAGTCCCACTGCCAtTTAGCACCTTTTTTAG
A L S F S I F I G I T I V G F Q R H G L H F F S F L L P A G V P L P L A P F L V

728 TACTCCTTGAGCTAATCTCTCATTGTTTTCGTGCATTAAGCTCAGGAATACGTTTATTTGCTAAT ATGATGGCCGGTCATAGTTCAGT AAAGATTTTAAGTOGGCTTCGCTTGGACTATGC
L L E L I S H C F R A L S S G I R L F A N M M A G H S S V K I L S G F A W T N L

848 TATTTCTGAATAAT ATTTTCTATTTCATAGGAGATCTTGGTCCCTTATTTATAGTTCTAGCATTAACCGGTCTGGAATT AGGTGTAGCTATATTACAAGCTCATGTTTCTACGATCTCAA
F L N N I F Y F I G D L G P L F I V L A L T G L E L G V A I L Q A H V S T I S I

9 68 TTTGTATTTACTTGAATGATGCTATAAATCTCCATCAAAATGAGTAATTTCATAATTGAATA^AAAACGAGGACCGAAGATTTTAGGGGCGCCGG AbAAAGGTCAAGTCTAAGCGACATA
C I Y L N D A I N L H Q N E *A-

1088 TGGCACGAAAAGGAAATCCAATTTCGGTAATCCGAAGCCCACCTTACCTTAATCCATTTTCTTGAGGATCTTGCATTCGTTTGTTCTCTGCCGACCTATTGTTTCCATCACTCCTGTTGC

12 08 TTCTTCCTTTCTCTATCCAACCCGAGCTCTATCGCCCATGGCTGAACTCTTCTCTGCAGCCTCATCGCCAACAAAAGGTCCACATCCTTCAATCGGCATGTACT ATGGAATGGCTTTAAT
1 328 GTTTCTATATCCGGAAGTAGGGAATCTCGTGCTTGCATATCTAAATCTAAGTTTTGAGACAGACCTTTCATGGGTTCAAAGAAAAGAAGAGTACGAGTGGGTGATGTGATTGACT AATAG

1 4 48 GAAAGTGATAGGAGTTGTGATCGGGTTTCTTTCTTTTTTTGCCAAGGATATTCTTATTCACTGCTCAGAGAAAATGA^AAAAAACAAACT AGGATTCTTCCGAACTCAACTCCGTGGCCA
1 5 68 AAACCATCTTCTCACTCTGACCCCCACATATCAGATCCCAGATGCAT AGGAAAAGCGGT ATCAAGAATAGTAGTATAAAGAAAGATAGT ACAGTACTCTTGTAAAT

- 713 GGTAGGAAATTCATCCCAACCAATAGCAGTGAGTTAGCT ATAACTACTAGGGATCCTAGAGTAAAGTAGTAGGGCTTTCTGAGGAGTAAGCCTAATTCCGTT AATGCAGAAAGATCTTTC

-5i93 CCAGTCCCAGATAGAAGAGTACCAACCAAAGAAGCAAAAGCAAGACCTCACTAGTAAGGAAGGCACTTGCTGCCGGAGTTCAACAGGCAAATATAAGAAAAGAAGTCCTGTTCACTTCAT

- 473 CATCTGTGGGTTGTACTGCTTGAAGGTTCTTCTGAGGGGT AGAATTTGAATTCCTTCTTTGCTTGTG AGATAACCATTTCCAGAAACTC ATATATAGAGAGCGGGTATCGGTGAAAATGG

- 3S53 ATCtTTACCAGGAGTGGCATTGAATAGGCAGGCTCTGGGATGTAATCTCACTCAAGAGGTCATTTGTTGGCCCCGCCTTC ACTAGACTAGAGTTTTAGGATAGGTTOGGGA^ACCTATACGT

- 2 33 CAAGCCCCTACGAA^GATTGAGAAAAATCGATGCACATAAGCCATCCGAAACCAGTATTGG^AAAGTGTTCAGTTTCGTTTTCCATTCTGAAATGTTCATAGTAGTATAGTATGTTTTCCGT

-11 3 TGGGTCGACGCCATGTGATCGCTACTAAAGATAGAGTTTCCTTGGAAAAACCGAGGCCAGTTGAGATCAGTCTCCCTTTCTAGGAGCAGAGCTTAAAAAGATGGGAAATTCCAATGAATT
M N F

8 TCGATCACAATCATGTGGTAATAATGGGTTTGAATCAGAGAGACTCGATCTGGAAACTCCTCAATGATTATAACGTGAACTCGTTGAAGAGAAGGAGACAAGCAGAAATAGACGCTTTTT
D H N H V V I M G L N Q R D S I W K L L .N D Y N V N S L K R R R Q A E I D A F F

12 8 TTGAACCATTTGAGAGGGCGCAGCGTATCCGTTTCAATAACTGGCAGAACGGAATAGAGTTGTTAGATGGGGCTGAATGGAGGAACGGCGATATAGTTATCCCTGGAGGCGGCGGACCAG
E P F E R A Q R I R F N N W Q N G I E L L D G A E W R N G D I V I P G G G G P V

2 48 TA^ATTTCAAGCCCCTTGGATCAATTTTTCATTGATCCATTATTTGGTCTTGATATGGGTAACTTTTATTT ATCATTCACAAATGAATCCTTGTCTATGGCGGTAACTGTCGTTTTGGTGC
I S S P L D Q F F I D P L P G L D N G N F Y L S F T N E S L S M A V T V V L V P

3 68 CATCTTTATTTGGAGTTGTTACGAAAAAGGGCGGGGGAAAGTCAGTGCCAAATGCATGGCAATCCTTGGTAGAGCTTATTT ATGATTTCGTGCTGAACCTGGTAAACGAACAAAT AGGTG
S L F G V V T K K G G G K S V P N A W Q S L V E L I Y D F V L N L V N E Q I G G

488 GAAATGTTA^AACAAAAGTTTTTCCCTCGCATCTCGGTCACTTTTACTTTTTCGTTATTTCGTAATCCCCAGGGTATGATACCCTTTAGCTTCACAGTGACAAGTCATTTTCTCATTACTT
N V X Q K F F P R I S V T F T F 5 L F R N P Q G M I P F S F T V T S H F L I T L

6 08 TGGCTCTTTCATTTTCCATTTTT ATAGGCATTACGATCGTTGGATTTCA AAGACATGGGCTTCATTTTTTTAGCTTCTTATTACCAGCGGGAGTCCCACT GCCATTAGCACCTTTTTTAG
A L S F S I F I G I T I V G F Q R H G L H F F S F L L P A G V P L P L A P F L V

728 TACTCCTTGAGCTAATCTCTCATTGTTTTCGTGCATTAAGCTCAGGAATACGTTTATTTGCT AATATGATGGCCGGTCATAGTTCAGT AAAGATTTTAAGTGGGTTCGCTTGGACTATGC
L L E L I S H C P R A L S S G I R L F A N M M A G H S S V K I L S G F A W T M L

848 TATTTCTGAATAATATTTTCTATTTCATAGGAGATCTTGGTCCCTTATTT ATAGTTCTAGCATTAACCGGTCTGGAATTAGGTGTAGCTATATTACAAGCTCATGTTTCTACGATCTCAA
F L N N I F Y F I G D L G P L F I V L A L T G L E L G V A I L Q A H V S T I S I

968 TTTGTATTTACTTGAATGATGCT ATAAATCTCCATCAAAATGAGTAATTTCATAATTGAATAAAAACGAGGAGCCGAAGATTTTAGGGGGCGGG AAACGCGGAAGTGTATTGCGTT AC
C I Y L N D A I N L H Q N E

l O88 AAAAAATGACAACTAGCATTTGTTTTTTCATTTCA7GT"TCGAATTCGTTTT.TCGTTGG^AAAAAC~CWACGCECGAICCCrAACAAGTCTCTCCAATATAAGGAGAG GGAUC-TAAAAATAT
12 08 TATTTTATTGTGCTATGGCAAATCTGGTCCGATGGCTCTTCTCCACTACCCGAGGGACTAACGGTCTTCCATATTTCATCTTCGGTGTCGTTGTAGGAGGCGCCTGTTGTTTGCTTTGCT

-593~~~~~~

l1328 AAAGTATCAGGCCCCTCTGTACGACCCGGCTTTAATGGAAAAAATCATAGATCATAAT ATAAAAGCCGGGCACCCTATAGAGGTTGACT ATTCGTGGTOGGGCCACCTCTATTCGTGTAGT

1 4 48 CTTTCCTAAGTAAGAAAGACAGGACAGTGGTGGTTTGCTCAT ACTTTCATTACAAAACCATACTATGGAATTCTGGTGGACCAGGCAAATATCCCACCCCTACAAGGTGGGAGGGCGGCC

l1S668 GGGAACCCGTGGTGGCGGTTCCTCCCGTGATGATCGACTA^ATGGATAAGTCGCAATGATCGACTAATGGATAAGTCGCATTGAGATATTGGTTCGAATCCAATTCATT ACGAGCTC

Fig. 3. The nucleotide and deduced amino acid sequences of N-atp6 and B-atp6. (A) N-atp6. The S' terminus (V) and the 3' termini (A) of N-atp6
RNA. (B) B-atp6. The S' termini of the 1.5 and 2.0 kb RNAs (V), the 3' termiini of 1.5 kb RNA obtained from Bm(R) (A), the S' terminus of
the 0.45 kb RNA (V) and the 3' termini of the 0.45 kb RNA and 2.0 kb RNA (A\). The 3' regions which are different in N-atp6 (A) and B-atp6
(B) are boxed. The deduced amino acid sequence is shown under the genomic nucleotide sequence. The underlined nucleotides represent the region
homologous to the S' region of co2 (underline 1, Kao et al., 1984), the downstream sequence of tRNAfMet (underline 2, data not shown) and the
N-termiinus of coxl (underline 3, Kadowaki et al., 1989). The nucleotides which form the inverted repeats are indicated by arrows above the

nucleotides.~~~~~~~~~~~~~~~~~~~~~~

however, able to detect the cDNAs derived from the 2.0 kb could be amplified more efficiently than that of the 2.0 kb
RNA by using sequence-specific primers (see Figure 8), RNA with the non-specific adaptor-(dT)17 primer. The
suggesting that the cDNA derived from the 1.5 kb RNA nucleotide at the 3' terminal position (Figure 3) was
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Fig. 4. Hybridization of mtDNAs with N-atp6 and B-atp6. The
mtDNAs were digested wtih EcoRI and hybridized with probes (1-4,
under photos) represented in Figure 2. Plant genotypes are as follows:
N(r), [+]irf-/rf-J; B(R), [cms-bo]Rf-lIRf-1; Bm(R), [cms-bo]Rf-J/Rf-1;
C(r), [cms-bo]rf-J/rf-1; CT(r), [cms-bo]rf-J/rf-1; CT(R),
[cms-bo]Rf-I/rf-1.
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Fig. 5. Hybridization of mtRNAs with N-atp6 and B-atp6.
Hybridization probes (1-3, under photos) are shown in Figure 2.
Plant genotypes are as follows: N(r), [+]rf-1/rf-J; Bm(R), [cms-
bo]Rf-lIRf-1; CT(r), [cms-bo]rf-J/rf-1; CT(R), [cms-bo]Rf-lrf-1.

determined by sequencing five cDNA clones for each RNA;
some examples are shown in Figure 6B. The 3' termini of
the 1.5 kb RNAs derived from B-atp6 in the Bm(R) line
were determined by sequencing cDNAs amplified with
primer a (Figure 2). Two cDNA clones were mapped at the
same position as the N-atp6 RNA, but three other cDNA
clones mapped at three different positions within the 3' region
of the B-aip6 (Figure 3B). The 5' terminus of the 0.45 kb
RNA as determined by the primer extension experiment
(Figure 7B) was found at a site downstream from the
determined 3' termini of the 1.5 kb RNA of the B-atp6
(Figure 3B).
Next we examined whether the 5' termini of the 1.5 and

the 2.0 kb RNAs, and also the 3' termini of the 2.0 and
the 0.45 kb RNAs are identical. We found that the 5' termini
of the 1.5 kb RNAs are the same by the analysis of N(r)
and Bm(R) lines (Figure 7A). In addition, primer extension
experiments indicated that the 5' terminus of the 2.0 kb RNA
is the same as that of the 1.5 kb RNAs because a single band
was found in CT(r) at the same position as in N(r) and Bm(R)
(Figure 7A). The 3' termini of the 2.0 and 0.45 kb RNAs
were determined by sequencing the cDNAs derived from
CT(r) and CT(R) which were amplified by PCR using
primers c and d, respectively and the adaptor-(dT)17 (Figure
6A). All the cDNAs carried the identical 3' terminus (Figures
3B and 6B). The results of 5' and 3' mapping of the
transcripts support the notion that the 1.5 and 0.45 kb RNAs
are generated from the 2.0 kb RNA by RNA processing
within the B-atp6-specific region.
To examine this possibility further, we next tried by PCR

to detect the unprocessed 2.0 kb RNA of the B-atp6 which
was not detected by Northern analysis in the presence of

Fig. 6. Determination of 3' termini of atp6 RNAs. (A) PCR
amplification of cDNAs containing 3' termini. The cDNAs were

synthesized using polyadenylated mtRNAs and were amplified with the
aqp6-specific primers (a-d, Figure 2) and the adaptor-(dT)17 primer.
(B) Representative sequencing gels of the cDNAs including the 3'
termini. The cDNAs amplified by using the atp6-specific primers (a, c

and d, under photos) and the adaptor-(dT)17 primer were ligated into
the BluescriptII and five cDNA clones for each RNA were sequenced.
These representatives are included in the 3' termini of atp6 RNAs
indicated by upward arrowheads in Figure 3 (the non-coding strands of
the atp6 can be read from the gels).
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Fig. 7. Mapping of the 5' termini by primer extension. (A) Results
with primer e (Figure 2) for mapping the 5' termini of the 1.5 and the
2.0 kb RNAs. (B) Results with primer g (Figure 2) for mapping the
5' terminus of the 0.45 kb RNA.

the Rf-I gene. In this experiment we first amplified cDNAs
with a sequence-specific primer (i, see Figure 3) and a

non-specific, adaptor-(dT)17 primer (data not shown), then
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the PCR product was further amplified by using primers i
and h (Figure 8). In all lines carrying [cms-bo] mitochon-
dria, the 1.6 kb band, the size of which was as expected
from the B-atp6 sequence, was detected, indicating that the
unprocessed RNA was indeed present in plants carrying the
Rf-1 gene although it was not detected by Northern analysis.
In addition to the 1.6 kb band, a 1.1 kb fragment was visible
in all lines examined. This band was derived from N-atp6
or processed B-atp6 RNA during the first round of
amplification with primer i and the adaptor-(dT)17 primer.
The result is consistent with our hypothesis that the B-atp6
is first transcribed into 2.0 kb RNA, then processed into 1.5
and 0.45 kb RNAs by the action of the Rf-1 gene.

The Rf- 1 gene indirectly normalizes RNA editing
through processing
The amplified cDNAs were examined for RNA editing by
partially sequencing 43 cDNA clones (Table II). RNA editing

was found at nine positions; all the changes observed were
transitions from C to U (Figure 9B). No RNA editing was

observed in the 3' non-coding region. We found six amino
acid changes within the analyzed sequence. The editing at

positions 5 and 6 does not result in amino acid exchange.
RNA editing at position 1 creates the stop codon instead of
glutamine encoded by the genomic sequence (Figure 9B).
The editing events at position 1, 2, 3, 4, 7, 8 and 9 are the
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Fig. 8. Detection of the unprocessed B-atp6 RNA by PCR. The
cDNAs were first amplified by PCR with primer i and the adaptor-
(dT)17 primer, and next with primers i and h, and electrophoresed as

described in Materials and methods. Plant genotypes are as follows:
N(r), [+]rf-I/rf-1; Bm(R), [cms-bo]Rf-JIRf-1; CT(r), [cms-bo]rf-1/rf-1;
CT(R), [cms-bo]Rf-1lRf-1.
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Table II. The editing patterns of the atp6 RNAs

cDNA Source Position No. of
1 2 3 4 5 6 7 8 9 cDNAs

N-atp6 N(r) + + + + - - + + + 7
+ + + + + - + + + I
+ + + + -+ + + + 2

B-atp6
processed Bm(R) + + + + - - + + + 9

+ + + + - - + - + 1
unprocessed CT(r) + + + + - - + + + 4

+ + + + - + + + + 2
+ + -+ --+ - + 2
_ _ _ + - - + + 1

._ _ _ - - + - + 1

.~~~~~~~~~2
unprocessed Bm(R) + + + + - - + + + 5

+ + + + + + + +
+ + + + -
___ _ - - + - + 1

+1
.~~~~~~~~2

For each atp6 RNA the cDNAs were obtained by two independent
amplifications with different sets of primers (see Figure 2). For the
N-atp6 RNA and the processed B-atp6 RNA, a sequence-specific
primer (a or j) and the adaptor-(dT)17 primer were used for
amplification. For the unprocessed B-atp6 RNAs, amplification was
performed with two sets of primers (a-g and j -g) by the procedure
described in Materials and methods.
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Fig. 9. The RNA editing of the atp6 RNAs. (A) Representative
sequencing gels of cDNAs of atp6 RNAs. The cDNAs derived from
the N-atp6 RNA, processed B-atp6 RNA and unprocessed B-atp6
RNAs were amplified by PCR, ligated into BluescriptIl and sequenced
as described in Materials and methods. The coding strand of atp6 can
be read from the gels. The edited nucleotides (transition from C to T
shown in the sequencing gels) are indicated by arrowheads: lower
arrowheads, position 8; upper arrowheads, position 9 (see Figure 9B).
(B) Positions of editing detected in the atp6 RNA. The cDNA clones
for each RNA were partially sequenced within the region downstream
from the arrowhead. The edited positions are numbered above the
genomic nucleotide sequence. The amino acids deduced from the
edited nucleotide sequence are represented below those deduced from
genomic sequence. (C) Comparison of amino acid sequences of ATP6
proteins from various organisms. The amino acid sequence deduced
from the edited nucleotide sequence of rice (downstream of the
arrowhead in B) is compared with the corresponding sequences of
sorghum (Kempken et al., 1991), yeast (Macino and Tzagoloff, 1980),
Chinese hamster (Breen et al., 1986) and human (Anderson et al.,
1981). The amino acids conserved in all five organisms are indicated
by asterisks.
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same as those found in sorghum atp6 and result in an
identical polypeptide in the two species (Figure 9C). RNA
editing causes insertion of three leucine residues instead of
serine which makes the polypeptide more hydrophobic
(Figure 9B). Amino acid changes occur at positions highly
conserved in other non-plant species (Figure 9C). To
compare the degree of editing between processed and
unprocessed B-atp6 RNAs, a total of 10-12 cDNA clones
for each RNA species obtained from two independent
amplifications with different sets of primers were sequenced.
The cDNAs derived from the processed 1.5 kb RNA of
B-atp6 were as efficiently edited as those of N-atp6, except
for one position in one of the cDNA clones (Table II). On
the other hand, various patterns of editing, from unedited
to completely edited, were found among the cDNAs derived
from the unprocessed 2.0 kb RNA of B-atp6 (Figure 9A,
Table II). No editing polarity was shown by partially edited
species. The processed RNA of B-atp6 encodes polypeptides
with amino acid sequences almost identical to that generated
by the normal 1.5 kb RNA of the N-atp6 (Table H), whereas
the unprocessed RNA species should produce altered amino
acid sequences. Comparison of degrees of editing in
unprocessed RNA in the presence and absence of the Rf-I
gene indicated that the Rf-i gene does not itself change the
editing efficiency but indirectly normalizes editing through
RNA processing (Table II).

Discussion
The second atp6 gene, B-atp6, which is uniquely present
in the CMS mitochondria, was identified as a candidate CMS
gene based on Southern analysis of the mitochondrial genome
of the CMS cybrid by using 10 cloned mtDNA fragments
containing 13 genes as probes. The coding sequence of
B-atp6 deduced from the genomic DNA sequence was
identical to that of N-atp6. However, its expression was post-
transcriptionally regulated by the nuclear Rf-i gene. The
nucleotide sequence of the N-atp6 gene present in normal
rice has previously been reported by Kadowaki et al. (1990);
however, part of the sequence was found to be different in
this study: the three bases at positions 151, 152 and 156 or
157 (Figure 3) are missing in the sequence of Kadowaki et
al., resulting in tyrosine (position 51) instead of arginine
(position 51) and isoleucine (position 52). In addition, the
transcription initiation sites determined by Kadowaki et al.
(1990) are also different from ours. However, the initiation
site determined in this study is supported by the following
observations. First, we determined the 3' termini and
calculated sizes of N-atp6 RNAs by 5' and 3' mapping as
1419-1515 nucleotides; this is consistent with the result of
Northern analyses. Second, the 5' termini determined in this
study contain a consensus motif (TCATA/CG/TANAAA)
similar to those found in the 5' ends of atp9, cob-i and
dicistronic or125/cox3 mRNAs of rice (E.Kaleikau, personal
communication).
Kadowaki et al. (1990) reported that [cms-bo] mitochon-

dria contain an extra atp6 gene, urf-nnc, which is a truncated
gene of the normal atp6 (N-atp6), and they discussed its
relationship to the CMS trait (Kadowaki et al., 1990).
Available evidence suggests, however, that urf-rmc is only
present in some [cms-bo] cytoplasms and not related to the
CMS phenotype. First, the 4.3 kb EcoRI fragment containing
the urf-rmc was recovered in [cms-bo] mitochondrial genome

with Taichung 65 nuclear background (Kadowaki et al.,
1990); however, the same authors did not detect this
fragment in a CMS rice carrying [cms-bo] mitochondrial
genome wtih Reimei nuclear background in the previous
study (Kadowaki and Harada, 1989). Similarly in the present
study, we were not able to detect this fragment in the
[cms-bo] mitochondrial genome we analyzed (Figure 4,
probe 1). Because Reimei [cms-bo] and our cybrid are both
male sterile despite the lack of urf-rmc, this gene is not likely
to be involved in CMS. In contrast to the study of Kadowaki
et al. (1990), our analyses indicated that the B-atp6 present
in the [cms-bo] mitochondria, which was identified as a
normal gene cloned in pOSB1 139 (Kadowaki et al., 1990),
is related to the CMS trait based on the analysis of the CMS
plants generated by cell fusion.

Results of Northern analyses suggested that the 2.0 kb
RNA derived from B-atp6 was processed into 1.5 and
0.45 kb RNAs by the action of the Rf-I gene. This
hypothesis is supported by the results of 5' and 3' mapping
of atp6 RNAs and by detection of the unprocessed RNA by
PCR in the presence of the Rf-I gene. The result is con-
sistent with the notion that the observed alterations of atp6
RNAs are due not to creation of novel transcriptional units
but to processing. However, we could not rigorously exclude
the possibility that alternative initiation and termination of
the transcripts create such changes in B-atp6 RNAs within
the processed region. The processed 0.45 kb RNA contains
a small ORF (35 amino acids) homologous to the N-terminus
of the coxl gene. It is not known whether this ORF is
functional and it is still possible that the 0.45 kb RNA
influences the restoration of fertility.
The 3' termini of the processed 1.5 kb RNA of B-atp6

were mapped at various positions within the B-atp6-specific
3' region and at similar positions to those of N-atp6 RNA
(Figure 3A and B). Both the 5' terminus of the 0.45 kb RNA
and the 3' terminus of the longest transcript among the
processed 1.5 kb RNAs of B-atp6 mapped within the stretch
including the two inverted repeat sequences present in the
3' region of the B-atp6 gene (Figure 3B). Therefore, it can
be envisioned that the B-atp6 RNA is first endonucleolytic-
ally processed at a specific site within the two inverted
repeats and then further processed in the 5' direction by
exonucleolytic reaction possibly due to lack of protection
of the 3' terminus. The stretch of the two inverted repeats
appears to have been generated by recombination between
the 5' region of cox2 and the 3' region of the tRNAfmet
gene (Figure 3B). It has been demonstrated that wheat
mitochondrial extracts contain 5'- and 3'-endonucleolytic
activities able to precisely process tRNA precursors in vitro
(Hanic-Joyce and Gray, 1990). Similar activities have been
detected in mammalian cells (Apirion, 1983) and yeast
(Hollingsworth and Martin, 1986; Chen and Martin, 1988).

Recently, a novel post-transcriptional modification, RNA
editing, has been reported in several organisms (Benne et al.,
1986; Powell et al., 1987; Thomas et al., 1988; Simpson
and Shaw, 1989), including plant mitochondria (Covello and
Gray, 1989; Gualberto et al., 1989; Hiesel et al., 1989) and
chloroplasts (Hoch et al., 1991). It has been shown that in
the cox2 genes of maize and Petunia, polysomal RNAs and
spliced RNAs were almost completely edited, while various
degrees of editing were detected in unspliced RNAs (Sutton
et al., 1991; Yang and Mulligan, 1991). Gualberto et al.
(1991) demonstrated that RNA editing correlates with RNA

1443



M.Iwabuchi, J.Kyozuka and K.Shimamoto

maturation of the transcription unit that contains the nad3
and rpsi2 genes and two unidentified ORFs in wheat. Our
results also demonstrate that structural changes in RNAs
influence the efficiency of editing. The processed B-atp6
RNA is edited as efficiently as N-atp6 RNA and encodes
a protein with a normal amino acid sequence whereas the
unprocessed RNA is not efficiently edited, presumably
generating altered proteins if they are translated (Table II).
The unprocessed B-atp6 RNAs from the rf-I and Rf-1 plants
are edited to a similar degree (Table II), indicating that the
Rf-1 gene does not directly influence editing. Northern
analyses show that the unprocessed RNA is not detectable
in the presence of the Rf-J gene, while in the absence of
the Rf-I gene no processing of the B-atp6 RNA takes place,
therefore a large amount of unedited B-atp6 RNA must be
present in the mitochondria of CMS plants.

It has been demonstrated that all or most of the RNAs
are fully edited in mitochondria (Begu et al., 1990; Lamattina
and Grienenberger, 1991) and that the major form of edited
RNA is translated into proteins in wheat atp9 (Begu et al.,
1990). It is not known, however, whether partially edited
and unedited RNAs, which are present in small amounts and
detected by PCR amplification, are translated into poly-
peptides. A large amount of unedited atp6 RNA present in
the CMS plants could theoretically be translated into proteins
because the 5' termini of both N-atp6 and B-atp6 RNAs are
identical. The amino acid sequence deduced from edited
nucleotide sequence is completely identical to that of
sorghum atp6 (Kempken et al., 1991) and amino acid
substitutions were observed at positions highly conserved
in eukaryotes (Figure 9C). The analyzed sequence is
therefore a functional part of the protein and RNA editing

ATG STOP

i B-atP6 j

transcription

Rf- 1 2.0kb

processing

1.5kb

| editing

normal polypeptide

rf- 1

no processing

2.0kb
no or
partial editing

altered polypeptide

appears to be essential for production of the functional ATP6
protein. Three of the six cases of amino acid changes are
serine to leucine. As leucine is a hydrophobic residue, the
ATP6 protein translated from unedited or partially edited
RNAs may be different from the normal ATP6 protein in
function and structure. A large amount of altered ATP6
polypeptides may result in CMS expression by either
competing with normal ATP6 protein or inhibiting the
assembly of functional ATPase proteins. A model to explain
CMS and fertility restoration by the Rf-J gene is summarized
in Figure 10. Chu et al. (1972) described that pollen mother
cells of [cms-bo]rf-J/rf-1 plants are normally produced and
that meiosis is normal. The microspores, however, fail to
develop and disintegrate after release from tetrads. We
propose that the altered ATP6 polypeptides which do not
have normal function interfere with sequential maturation
of the pollen by decreasing the ATPase activity. It is not
known, however, why the altered protein affects only pollen
production. Both the 13 kDa protein associated with cms-T
maize (Dewey et al., 1987) and the Petunia 25 kDa protein
(Nivison and Hanson, 1989) are known to be expressed in
non-reproductive tissues, but only affect pollen production.
Our hypothesis that CMS is caused by synthesis of the altered
ATP6 protein could be experimentally tested by targeting
the altered atp6 polypeptide generated by the unedited atp6
RNA and the normal polypeptide produced from the edited
atp6 RNA into mitochondria of normal rice plants by
transformation and subsequent examination of their pheno-
types, because rice transformation (Shimamoto et al., 1989)
and targeting polypeptides into plant mitochondria in vivo
(Boutry et al., 1987) are possible.

In this study we demonstrated that RNA processing
influences sequential post-transcriptional editing. The nuclear
Rf-1 gene, which could code for an RNA processing enzyme,
is shown to promote the production of functional protein
post-transcriptionally. Furthermore, we also showed a novel
post-transcriptional regulation of mitochondrial gene
expression in which interaction of RNA processing and
editing plays a role in controlling CMS expression and the
restoration of fertility in plants. Although this type of
regulation was uncovered through the analysis of rice CMS
expression, it is possible that alteration of RNA processing
in conjunction with editing may be a means to regulate
expression of other plant mitochondrial genes.

Materials and methods
Isolation of mitochondrial DNA and RNA
Nucleic acids were extracted from isolated mitochondria of suspension culture
cells. MtDNA was extracted essentially by the method of Kyozuka et al.
(1989). MtRNA was extracted by the method of Chomczynski and Sacchi
(1987).

Fertile Sterile

Fig. 10. Proposed model of B-atp6 gene regulation. The second atp6
gene, B-atp6, which is uniquely present in [cms-bo] mitochondria, is
first transcribed into a 2.0 kb RNA. In the presence of the Rf-I gene

which may encode an RNA processing enzyme, the 2.0 kb RNA is
processed into 1.5 kb and 0.45 kb RNAs. The processed RNA is
efficiently edited and translated into the normal polypeptide. In
contrast, in the absence of the Rf-I gene, the 2.0 kb RNA is not
processed. The unprocessed RNA is not efficiently edited and is
translated into an altered polypeptide. A large amount of altered ATP6
polypeptides may cause CMS by competing with normal ATP6 protein
to reduce ATPase activity.
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Cloning and sequencing of atp6 genes
MtDNA was digested with restriction endonucleases and ligated into the
BluescriptIl plasmid vector (Stratagene). Mitochondrial genomic clones were
screened with the Oenothera atp6 gene (Schuster and Brennicke, 1987b).
Sequencing was performed by the chain-termination method of Sanger et al.
(1977). Nucleic and amino acid sequence analyses were performed by the
computer programs furnished by GENETYX (Software Development)
accessing the National Institute of Health (GenBank) and EMBL DNA
sequence libraries.

Gel electrophoresis and nucleic acid hybridization
The DNA fragments were electrophoresed on 0.8% agarose gels in TBE
buffer and transferred to nylon membrane (Reed and Mann, 1985). RNA
was heat-denatured and electrophoresed on 1.2% agarose gels containing
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6% formaldehyde in MOPS buffer [20 mM MOPS/5 mM sodium acetate
(pH 7.0)/1 mM EDTA]. RNA was transferred to nylon membrane in
20 x SSPE [3 M NaCl/0.2 M sodium phosphate (pH 7.2)/20 mM EDTA].
Double-stranded DNA was labeled with [a-32P]dCTP (NEN, 3000 Ci/mM)
using a random prime DNA labeling kit (Amersham). Single-stranded probe
was obtained by transcription of the nucleotide sequence cloned into the
BluescriptII by using T7 or T3 RNA polymerase with [a-32P]CTP (NEN,
3000 Ci/mM). Nucleic acid hybridization was peformed under the conditions
described by Maniatis et al. (1982). DNA and RNA ladder markers (BRL)
were used for estimation of the sizes of nucleic acids.
MtDNA genes used as hybridization probes are as follows: coxl, rpsl3

and nadl (Oenothera: Schuster and Brennicke, 1987a), atp6 (Oenothera:
Schuster and Brennicke, 1987b), cox3 (Oenothera: Hiesel et al., 1987),
atpl and atp9 (pea: Morikami and Nakamura, 1987), rrn26 (pea:
Morikami,A. and Nakamura,K., unpublished), rrnS and nadS (Oenothera:
Brennicke et al., 1985), rrnl8 (pea: Morikami,A. and Nakamura,K.,
unpublished), cox2 (maize: Fox and Leaver, 1981), cob (maize: Dawson
et al., 1984).

Oligonucleotide primers
The primers used for PCR amplification and primer extension experiment
are as follows: adaptor-(dT)17, 5'-GACTCGAGTCGACAAGCTTTTT-
TTTTTTTTTTTT-3'; primer a, 5'-GTGCCAAATGCATGGCAATCC-
TTG-3'; primer b, 5'-AAAGTATCAGGCCCCTCTGTACGA-3'; primer
c, 5'-GACTATTCGTGGTGGGGTACCTCTA-3'; primer d, 5'-TTTCCT-
AGGTAAGAAAGACAGGACA-3'; primer e, 5'-CCTCTTGAGTGA-
GATTAC-3'; primer f, 5'-CAGAGGGGCCTGATACTT-3'; primer g,
5'-CCTCGTlIl-TATTCAATT-3'; primer h, 5'-GGGAGGATCCGCCAC-
CACGG-3'; primer i, 5'-TCTCCCTTTCTAGAAGCAGAGC-3'; and
primer j, 5'-TCCCACTGCAGCATTAGCAC-3'. Primers a -j are
atp6specific primers. The underlined nucleotides were replaced or inserted
to create restriction sites for cloning.

Primer extension analysis
The experiment was performed as described by Geliebter (1988) with some
modifications. Labeled oligonucleotide (1 pM) was annealed with 10 /g
of mtRNA in 12 jd of 250 mM KCl, 10 mM Tris-HCl (pH 8.3) for 3
min at 800C and 45 min at 500C. Then 1 1l of H20 and 3.3 11 of extension
mixture [24 mM Tris-HCl (pH 8.3), 16 mM MgCl2, 8 mM dithiothreitol,
0.4 mM dNTPs, 5 U of AMV reverse transcriptase] was added to 2 1d of
annealing mixture, and extension was allowed to proceed for 45 min at 500C.
After 3 min at 950C in 24% formamide, the products were electrophoresed
in an 8% acrylamide-8 M urea gel. For the 5' mapping of the 1.5 and
2.0 kb RNAs, primer e was used; and for the 0.45 kb RNA primer g was
used.

Construction of cDNAs and PCR amplification for 3' mapping
of RNAs
MtRNAs were treated with RNase-free DNase I (Pharmacia) and the
ATP:RNA adenyltransferase was used under the conditions recommended
by the supplier (Takara) to add poly(A) tails to RNAs. cDNA was synthesized
with an oligo(dT) primer using a cDNA synthesis system (Amersham). In
PCR amplification, 5 ng of cDNA was amplified in 50 mM Tris -HCl
(pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 0.01% gelatin, 200 yM of each
of the four dNTPs with 2.5 U of Taq polymerase (Takara) and 100 pM
of the adaptor-(dT)17 primer and 100 pM of an atp6-specific primer. Each
of the first 10 cycles of 35 cycles included 1 min at 940C, 2 min at 400C
and 3 min at 72°C; the following 25 cycles included 1 min at 94°C, 2 min
at 450C and 3 min at 720C with a 10 min extension at 72°C of the final
cycle. Amplified cDNAs were digested with restriction endonucleases and
ligated into the BluescriptIH plasmid vector. The cloned cDNAs were
sequenced with T3 primer and SK primer (Stratagene).

Detection of unprocessed RNA by PCR
5 ng of cDNA was amplified by PCR under the conditions described above
using a sequence-specific primer and the adaptor-(dT)17 primer. One-
twentieth of the PCR product was further amplified using sets of the
sequence-specific primers under the following conditions. Each of the 35
cycles included 1 min at 940C, 2 min at 550C and 3 min at 72°C with
a 10 min extension at 720C of the final cycle. Amplified cDNAs were cloned
and sequenced with primer for T3 primer for detecting the editing of the
unprocessed RNA.
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