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Abstract  

As part of a strategy to define differences in genome organization and expression between cytoplasmic 
male-sterile (CMS) and male-fertile (MF) sugar-beet mitochondria, cDNA libraries from both mito- 
chondrial genotypes were constructed. Preliminary screening with ribosomal RNA gene probes identi- 
fied candidate cDNA clones corresponding to structural genes. In addition, reciprocal hybridization 
experiments were performed using labelled first-strand cDNA to identify uniquely transcribed sequences. 
One cDNA clone (pYC700) is unique to CMS mitochondria and is located upstream of the FoF1-ATPase 
subunit 6 gene (atp6). Another cDNA clone (pYC130), when used as a probe in northern hybridization 
analysis, revealed novel transcript profiles in CMS sugar-beet mitochondria. Sequence analysis of this 
cDNA showed strong homology with the FoF1-ATPase subunit e (atpA) coding sequences from several 
higher plants. The atp6 and atpA loci from each genotype were cloned and the genomic organization, 
DNA sequence and transcription of each locus was studied. Differences in the transcript profiles of each 
gene are a consequence of genomic rearrangements 5' to the coding sequence. 

Introduction 

Cytoplasmic male sterility (CMS) is a maternally 
inherited trait widely exhibited in higher plants 
and is routinely used in the large scale production 
o fF  1 hybrid seed in several crops including sugar- 
beet. Molecular analysis of CMS from several 
plant species has suggested that genes respon- 
sible for CMS reside in mitochondrial DNA 
(mtDNA) [ 12]. The detailed analysis of CMS in 

Zea mays CMS-T and Petunia hybrida has led to 
the identification of CM S-inducing genes. A novel 
mitochondrial gene (T-urfl3) in maize CMS-T 
[9] and a chimeric mitochondrial gene (S-pcf) in 
somatic hybrid plants of Petunia [38] are associ- 
ated with CMS. These genes are either deleted [7, 
26] or their transcription altered in plants restored 
to fertility [17, 25, 34]. In addition, chimeric se- 
quences resulting from inter- and intramolecular 
recombinational events are associated with CMS 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession numbers X55076 (MF atp6, X54722 (CMS atp6), X68690 (MF atpA) and X68691 (CMS atpA). 
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in many other plant species, for example, sor- 
ghum, common bean, sunflower, 'Ogura' radish 
and rapeseed [12] and rice [15]. In most cases 
there is no definitive evidence to support the sug- 
gestion that these genes are involved in expres- 
sion of the CMS phenotype. 

All commercially used CMS lines in sugar-beet 
are thought to contain the Owen type CM S which 
arose spontaneously in a natural population [23]. 
Differences in the genomic organization and tran- 
scription of CMS and male-fertile (MF) mtDNA 
have been identified by restriction enzyme map- 
ping [24], heterologous probing [10] and limited 
DNA sequence analysis [30, 31]. In addition, 
restriction enzyme mapping of overlapping 
cosmid clones of the mitochondrial genome of 
CMS sugar-beet has revealed a complex multi- 
circular organization generated by homologous 
recombination across repeated DNA sequences 
derived from a putative 'master chromosome' of 
386 kb [4]. In order to define a possible molecular 
basis for CMS in sugar-beet we have constructed 
cDNA libraries from CMS and MF lines. La- 
belled first-strand cDNAs have been used in re- 
ciprocal hybridization experiments to identify 
uniquely transcribed loci in each mitochondrial 
genotype. One cDNA clone (pYC700) was de- 
rived from a uniquely transcribed sequence in 
CMS mitochondria and is located upstream of 
the FoF~-ATPase complex subunit 6 gene (atp6). 
A second cDNA clone (pYC130) when used as 
a probe in northern hybridization analysis de- 
tected different transcription patterns between 
CMS and MF mitochondria. This clone is de- 
rived from the gene encoding the c¢-subunit of the 
FoF1-ATPase complex (atpA). Both loci were 
cloned from each mitochondrial genotype and 
subsequently characterized by northern and 
Southern hybridization analysis and DNA se- 
quencing. 

Materials and methods 

Isolation of mitochondrial nucleic acids 

MtDNA and mtRNA were isolated from the 
sugar-beet lines I 13M4 (MF) and 01 I 13M4 

(CMS) as described previously [33]. Southern 
and northern hybridization analysis and $1 
nuclease mapping were also performed as de- 
scribed [33]. 

Preparation of 32p-labelled probes 

Plasmid DNA and gel-purified DNA fragments 
were labelled by nick translation for Southern 
and northern hybridizations as described by 
Sambrook et al. [27]. First-strand cDNAs used 
for reciprocal screening of mt cDNA libraries 
were synthesized as follows. Five/~g of mtRNA 
was incubated in a reaction volume of 50 #1 con- 
taining 50 mM Tris-HC1 pH 8.3, 45 mM KC1, 
10 mM MgC12, 20 mM DTT, 7.5/zg d(N)6 oli- 
gomer primer, 1.5/Jg actinomycin D, 1 mM each 
of dATP, dGTP and dTTP, 40/~Ci c¢32p-dCTP 
and 10 U AMV reverse transcriptase (Pharma- 
cia) for 1 h at 42 ° C. The unincorporated label 
was removed by chromatography through Sepha- 
dex G-50. 

Preparation of mitochondrial cDNA and genomic 
libraries 

Prior to cDNA synthesis purified mtRNAs were 
polyadenylated. Five /~g of mtRNA was incu- 
bated in a reaction volume of 50 /~1 containing 
50 mM Tris-HC1 pH 7.9, 10 mM MgCI2, 2.5 mM 
MnCI2, 50 mM NaC1, 250 mM ATP, 500 #g/ml 
BSA, 20 /~Ci 3H-ATP (40 Ci/mmol) and 4 U 
poly(A) polymerase (BRE) for 2 h at 37 ° C. Poly- 
adenylated mtRNA was purified by two phenol/ 
chloroform extractions and ethanol-precipitated. 
The extent of polyadenylation was estimated by 
monitoring AMP incorporation into the mtRNA 
sample. Synthesis of cDNAs was performed 
using a kit essentially as described by the manu- 
facturer (Amersham). The cDNA products were 
blunt-ended by treatment with T4 DNA poly- 
merase and cloned into Sma I-digested pUC19 
[27]. 

Mitochondrial genomic libraries were con- 
structed by ligating restriction enzyme-digested 
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mtDNAs (Eco RI, Bam HI and Hind III) with the 
appropriately digested pUC 19 vector DNA which 
had been previously treated with calf alkaline 
phosphatase. All ligated DNAs were used to 
transform Escherichia coli JM109 [27]. Recom- 
binant clones were screened by the lac comple- 
mentation assay [27]. 

Reciprocal screening of cDNA libraries was 
carried out by in situ colony hybridization using 
Hybond N membrane filters. The filters were 
first hybridized with the CMS cDNAs and then 
reprobed with the MF cDNAs after removal of 
the CMS probe according to the manufacturer 
(Amersham). The cDNA libraries were also hy- 
bridized with nuclear, chloroplast and mitochon- 
drial rRNA gene probes. Wheat mitochondrial 
5S and 18S rRNA genes and 26S rRNA genes 
were kindly provided by Dr D. Falconet. Two 
clones containing pea nuclear rRNA genes (26S, 
18S and 5.8S) or barley chloroplast rRNA genes 
were supplied by Dr T.H.N. Ellis. 

DNA sequence analysis 

DNA sequences were determined on both strands 
by the dideoxy terminator technique after sub- 
cloning into the phagemid pBluescript vector 
(Stratagene). Ordered deletions of large restric- 
tion fragments were created with exonuclease III 
[13]. Single-stranded templates were isolated 
after superinfection with the helper phage K07. 

probes of nuclear, plastid and mitochondrial ori- 
gin indicated that about 50 of cDNA clones were 
non-ribosomal (results not shown). Clones which 
did not hybridize to rRNA gene probes were 3Zp_ 
labelled and used sequentially to probe Southern 
and northern blots of both mitochondrial geno- 
types to detect differences in genomic organiza- 
tion or transcript profiles. One cDNA clone, 
pYC130, containing a 143 bp insert, hybridized to 
Hind III fragments which distinguished each 
genotype (results not shown). In northern hybrid- 
ization analysis, genotypic differences in tran- 
script profiles were observed (Fig. 1). Sequence 
analysis revealed that the cDNA clone corre- 
sponds to an internal region of the atpA gene (see 
Fig. 9). 

Additionally, clones unique to each mitochon- 
drial genotype were detected by reciprocal screen- 
ing of 1500 randomly selected clones from each 
cDNA library. One clone hybridized specifically 
to CMS first-strand cDNAs but not MF cDNAs. 
The cDNA clone (pYC700) hybridized to two 
major transcripts of 3.3 kb and 3.1 kb from 
CMS mtRNAs (Fig. 2A). Southern hybridization 
analysis showed that pYC700 hybridized exclu- 
sively to CMS mtDNA (Fig. 2B). When pYC700 
was used to probe Sma I digests ofcosmid clones 
derived from CMS mtDNA it hybridized to a 

Results 

Analysis of cDNA libraries from CMS and MF mi- 
tochondria 

Higher-plant mtRNAs lack a poly(A) tail to fa- 
cilitate oligo dT primed cDNA synthesis. There- 
fore, total mtRNAs from each genotype were first 
polyadenylated prior to cDNA synthesis and 
cloning as described in Materials and methods. 
The size o f c D N A  inserts ranged from 0.1 to 1.5 
kb (results not shown). Screening of 500 ran- 
domly selected cDNA clones with rRNA gene 

Fig. 1. Northern hybridization analysis of CMS and MF 
mtRNA using pYC130 as a probe. Four #g of mtRNA from 
MF (F) or CMS (M) genotype were loaded in each lane and 
electrophoresed on a 1.4% agarose gel containing 6.6% form- 
aldehyde. The sizes of transcripts are indicated in kb. 
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Fig. 2. Northern and Southern hybridization analysis of CMS 
and MF mitochondrial nucleic acids using pYC700 as a probe. 
A. 4/zg of mtRNA from CMS (M) or MF (F) mitochondria 
were loaded in each lane and electrophoresed on a 1.4% 
agarose gel containing 6.6% formaldehyde. B. Mitochondrial 
DNA (1/lg) from MF (F) and CMS (M) mitochondria were 
digested with Eco RI and electrophoresed on a 0.8 % agarose 
gel. The size of transcripts and DNA fragments are indicated 
in kb and kbp respectively. 

4 kb Sma I fragment encompassing the atp6 gene 
(T. Brears and D.M.  Lonsdale,  personal  commu-  
nication). 

Fig. 3. Southern hybridization analysis showing that se- 
quences on pMB796 are reiterated in CMS mitochondria. 
DNAs (1/~g each lane) from CMS (M) or MF (F) mitochon- 
dria were restriction enzyme digested and electrophoresed on 
0.8% agarose gels. Lanes 1 and 2, Bam HI-digested DNAs 
probed with pMB796; Lanes 3 and 4, Eco RI-digested DNAs 
probed with pMB796; lanes 5 and 6, Eco RI-digested DNAs 
probed with pMB358; lanes 7 and 8, Sma I-digested DNAs 
probed with pMB796; lanes 9 and 10, Xho I-digested DNAs 
probed with pMB796. The sizes of DNA fragments are indi- 
cated in kb. 

Molecular cloning of  the atp6 locus from C M S  and 
M F  mitochondria 

The c D N A  clone pYC700 was used to isolate 
overlapping clones from Eco RI and Bam HI  li- 
braries of  CMS m t D N A .  One clone from the 
Barn HI  library (pMB796)  contained an insert of  
3.45 kb (see Fig. 4). Southern hybridization 
analysis of  Bam HI-digested CMS and M F  mtD-  
NAs using pMB796 as a probe showed that it 
hybridized to itself and a 2.17 kb Barn HI  frag- 
ment  which was subsequently cloned (pMB358, 
see Figs. 3 and 4). This result demonstra tes  that 
sequences in pMB796 are repeated in CMS 
m t D N A .  Only single Bam HI  and Eco RI frag- 
ments of  6.5 kb and 4.1 kb respectively were de- 
tected in M F  m t D N A  (Fig. 3). Southern hybrid- 
ization analysis ofEco  RI digested C M S  m t D N A  

showed that pMB796 hybridized to three frag- 
ments  of  3.0, 4.8 and 5.15 kb (Fig. 3). The clone 
pMB358 also hybridized to two of  these frag- 
ments (4.8 and 5.15 kb) due to the presence of  the 
repeat  sequence. However ,  only the 5.15 kb Eco 
RI fragment hybridized to pYC700 (results not 
shown) demonstrat ing that the 3.0 kb and 5.15 kb 
Eco RI fragments share homologous sequences 
with pMB796;  these fragments were subsequently 
cloned (pMR115 and pMR397).  Restriction en- 
zyme mapping and Southern hybridization analy- 
sis were used to construct  a locus map (Fig. 4). 

Cosmid mapping of  the mitochondrial  genome 
of  CMS sugar-beet has demonst ra ted  that atp6 
and atp9 loci are flanked by a repeat  sequence, 
repeat II [4]. When pMB796 was used as a probe 
to Sma I- and Xho I-digested DNAs,  fragments 
of  a similar size to those previously reported at 
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Fig. 4. Genomic organization of the atp6 and atp9 loci in CMS and MF sugar-beet mitochondria. The location and extent of re- 
peat II [4] upstream o f C M S  atp6 and CMS atp9 is represented by a broken hatched box. The full extent of repeat II is not shown 
to scale here. The extent of repeat II homologous sequences upstream of the MF atp9 locus is also shown by a hatched box. Clones 
isolated from CMS and MF mtDNA to construct maps are shown below the appropriate locus. The location of atp6, atp9 and 
had2 genes relative to repeat II are shown and the direction of transcription indicated by arrows. The mapped 5' termini of atp6 
are indicated by triangles ( • ) .  The location of pYCT00 homologous sequences upstream of the CMS atp6 gene are indicated along 
with restriction enzyme sites employed in mapping; B, Barn HI; Bg, Bgl II; E, Eco RI; H, Hind Ill;  P, Pst I; S, Sma I; X, Xho I. 

atp6 and atp9 loci were observed (Fig. 3 [4]). In 
CMS mtDNA two Sma I fragments of 9.0 kb and 
4.0 kb were detected. The latter fragment hybrid- 
izes with pYC700 and encompasses the atp6 gene 
(see below). Analysis of cosmid clones suggested 
that repeat II extends for ca. 4.0 kb [4]; however, 
pMB796 hybridizes approximately twice as 
strongly to the Sma I fragment of 9.0 kb (Fig. 3), 
suggesting repeat II is larger than reported and 
extends for at least 9.0 kb upstream of atp6 and 
atp9 loci. Sequence analysis has confirmed the 
presence of repeat II upstream of CMS and MF 
atp9 genes ([36], see below) and downstream of 
the M F  nad2 locus. The M F  atp6 locus was iso- 
lated on a 4.1 kb Eco RI fragment (pFR21) using 
an Eco RI clone from CMS mtDNA (pMR397) 
as a hybridization probe. The organization ofatp6 
and atp9 loci in CMS and MF mitochondria is 
summarized in Fig. 4. 

DNA sequence analysis of the atp6 locus in CMS 
and MF sugar-beet 

The D N A  sequence of M F  nad2 and atp9 loci 
have been reported previously [36, 37]. The DNA 
sequence of ca. 5.8 kb of the CMS atp6 locus 
extending from the Bam HI site in repeat II to the 
Eco RI site 1.3 kb downstream of the atp6 gene, 
was determined as described in Materials and 
methods. The DNA sequence of pFR21 (Fig. 4) 
encompassing ca. 4.0 kb of the M F  atp6 locus 
was also determined for comparison. The relevant 
sequence information is summarized in Fig. 5. 

When both sequences were translated each 
showed extensive homology to ATP6 from the 
maize [8], soybean [11 ], tobacco [2], Oenothera 
[29], wheat [3], radish [ 18, and EMBL accession 
number M24672], sorghum [16] and rice [15] 
counterparts. The deduced M F  ATP6 protein 
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M GGATCCTTAAGGTACTGTGGACTCT -2872 

M TGCACCTTTCTCTTTAT•TAATGAATTGTCTCCGATATCGGCTACCAGGAAGGGTTTCCTATTTTGACTTTTAGATTGCCCAGATGGGAT -2782 
M ATAGGTTGGATACTTTTATTCGTGTCTGATCTTTTTAGTACAGATAGGATCAATTGATTTGATGGAATCAAagc c c t gct ggaggct t t c -2692 
M gcgcagct caat caat ccct t gct tgt t cccaaaat t cccatgt ct t t ctggattggtaaacccaaccagcgat t tacaacaaacaagt c -2602 
M ttt cct cttgt tgaggtggggggagcagagcagtt caaaaatgaaccccaagaaatgagct ct t t t ctgcgat ctatgctttttgtaact -2512 
M t ccatgagttt tgt t cccttt catgact tt cttaactgcagccccccccaatgct cttatt cctacttgcggattct ctccatctaggaa -2422 
M agaaagccaacgcttaattaaggtagttgacttactgagtgcttgcat taaggaactttctttcggcgagtgattagcttcttcttagct -2332 
M t ggccat t cgat gt t ggt tct t t cggat cgagaaagagaact ct t at t cat t cggaat gact ggt t cgat agggccagggacgggaaggg -2242 
M cct tacaaat gagaaat agaagagat aagct aagcaggcaggcagact aggccact agcact t gat gagt t cagagcgatgaaagagcat -2152 
M tttcgggagaaggctcacaagggcaattgagaccaggaaagaaggcattttactgcatttgaaggtcactagttacattgacatgatagg -2062 
M gcttaagctggacttgttgctgaaaagaaagggtcgttgagacgatcaacctatggagatatagcttcttactcaacctaaagggatatt -1972 
M tccatcgagacacaatgctccattttatgggctagaccag•cgggctaggaagtagagctcacctaagcaggaaaagatctttacagagg -1882 
M ggaccggtgagggagtgggaagaaaagaggaat ggt at ageactatagggaatatggaaagatatagaaattaggaagcagatgggaat a -1792 
M ccataagagagatcaactagagcttatgccaaggatgactttcecaacactagaagtcctact catgcttgaaagggatat cgctaaaag -1702 
M ggggccaactagcaatcctgttacaggcggtggtgtatgtatttccacttattcgagggaaaaactcttggtcttcaattttgtatttaa -1612 
M gatttgtatattatgtatetattaaaaatctatacaatagtaggcggtaaaaagttgtatattttacttctatt ctgcttagtcaattac -1522 
M act t t aacgt cgtaaaat eccgggt t tat gcaaaaacagagtgt tat t aaaacatagaat caatat cggcaacaat gaaaggacgcctta -1432 
M gactt tgactcgggttgagtgctgt cagatacttgggataacaacgctgactttgtccgattcttct cacttct ctaggt cccaccacca -1342 
M tgttagttgatgcattcccagagcttctgacttttctcctcatcagagagatttttcgtcgaggaagtcgcgatttcgttagtgtaactg -1252 
M caactagagagtggataaggagctaatgaaagcagatatagaaaagttgcgctttccgtgagtgagaggtcaatcactctccagttcttc -1162 

$ 
M t t tgaacat gat gaagagct ct t at cggct t gaggt t tct t t t caagctgaatagaataatagaaat ct cgtaagagaagaaaggt t cac -1072 
M aga aggt t gagaagt agt acgc c cggCCCTCGTACAGTTTTTCGAAACAAATAGATATATATATATAACTATAAAAGAGATAAGAGGGGA -982 
M AGAAT C GAC AAAGAATGACGAACGAcGGTCTTTCTGAGATTATAGATATATATATAGGGCGATGGGCAATCTGAGTAAATACCTTACTCA -892 
M ACTCAGAGAAAGTCCCGGTCAATGTATGT AAAGCGAAGAGAGGCGCTCATAGATGTACCGATAAAGATTCAAACCTATCTAGAATTATAG -802 
M GAGGTTAAAACGTGATAAATTCGTTTTTGCGGTTATAAGTTTCCTGTTCTTAGCAGTATGGTTTTATGGTCTTTGGACAAA•AAGTGCCT -712 
M AGCCGAGACC AT ATTCTCAACCAATGCAACAAATGGCAAAAACAT AGTCTTTTTGTATAGTATAGAGTATGGTTGGATGGGCACTAGGAT -622 
M TACCCCTATCcTAGTGTcTTGATTGAAATTGATTTTATcAGTTAcAcAAGAATGCGTCTcTTATGGAAGAAAGCAATGcCcAAAACTcCC -532 

[pYC700] 
M ATTTCTTTCTTGGTTGGATCAACCCAACCGGTGATTTCGGACAAGCCTTTCTTTTTTGAGCGGACAGCAGA~C~TTAT -442 
M TATGATGAcTAAGTCTAAGAAGGAGATGATTGcTTATGCAAAGCAGATAATTACAAATGTCCCTCGACcTACATAGGCTTATTATTCGGA -352 
M CTCACTGCTCTTCACCCTCTTTTGGTCCGGGAGAAGCGGAATGGTTGAAACGAAATTAATTCTCCAAGCACTCTTTGGCATAGCAACAGC -262 
M GGCTGCTTTTTTGTTTTTTTGTTATTcccATTCCCGGACGCGGGAGCAcTTCCTCTATAcAATTCTAATAACGCTTTCTTTGGCTTTACT -1?2 
M CTTCAAAAAGGGGGCTTTCCCTCTTTTTGAATTCGCCCCTTTGGCTATATTGATcTTTTCGGTTTGCTTCTTTCcC~A~TGGACGATT -82 
M AcGGTATTCGCTAGAGAACTGTTcTTTTTTTCTcCTATTACTTTGGGGGGATTAcCGGCTTTTGGATACTCcGTGGTGTGAATGGGTACT 9 

atp6 M G T 
M CTCATGcTTTGTGGCCTCTTAACTTTATTCACGCTTCTTcAAGcGATGGTCCATCGAAAGGAGGAAGGGGTCGGC~GTTTCTTCTACCG 99 

L M L C G L L T L F T L L Q A M V H R K E E G V G K F L L P  
M GCTGCcTTCCTAATTAGTGACCTCGTGCTCCTTTGGCTTCACTCGGGGGCGATTcAGAATcCGCTGGGAAAGGcGGCCCTAACGGGCGcc 189 

A A F L I S D L V L L W L H S G A I Q N P L G K A A L T G A  
M GcAGTCCTAATACTCTTTAGCC~GCcTcCGccAGTCCAcAAGGcAGCGGGAGcTTGcAAATGGGGCGTTATCTCATGTGTATCcCTCcT 279 

A V L I L F S Q A S A E S T R Q R E L A N G A Y L M C I P P  
M ATACTATATATCATAGGAGGGGCcACGGATTGGCCGATTCGTAAACGAAcTcAccTTTTTTATTcTTATCCTCTGGCTAGTCTTAGTTTT 369 

I L Y I I G G A T D W P I R K R T H L F Y S Y P L A S L S F  
M TTGGGTTGTTACTTTGGAGGAcGAAAAAGAGCAGAAGGATCTGCTCCCGCTCcTATCTGCGATCTTCTCcG•TTTGGcGTcGCGAGTTAC 459 

L G C Y F G G R K R A E G S A P A P I C D L L R F G V A S Y  
M GGCCCCGACGTCTGGGTAAAAGAGTGGcTCCGCCGCTTTTccTTAACCATTGGGGCGGTTTTTTTGTTTGAGAAGGTAGGCTACCGCAAA 549 

G P D V W V K E W L A A F S L T I G A V F L F E K V G Y R K  
M GATAcccTTcCAGAAACGTCCCGTACTTGGGAACCTTGGTTTTGCTTTTTTGcTGTTCTTTCTTTTGGTGTTGCACTTAGTTTTTTTCAT 639 

D T L P E T S R T W E P W F C F F A V L S F G V A L S F F H  

F AT~CAA~TAGAAATTGAAT~GAGAAGAAAGCAATGCCCAAAGACT~ATG~TTT~TTGGT~GGA~CAA~CCAA~CGGTGATTTCCGA -118 

M GCATcAcCCGCccTAGGGGTGGGAAcTGAAAGTGAAGcTTTTcACGATGCGATTAATccAGcAGcGGGACGGATCCCCAGCCcCcTAGAG 729 
A S P A L G V G T E S E A F H D A I N ? A A G R I P S P L E  

F CAAGTCTTTCTTCATTTTTGAGCAAGAAGcGGAAcTAcAGGGATGAAATGAAAAGTGTTTATTACGATTACGCcC~cAGCcCACTTGAG -28 
T 

M CAATTTTCCATTCTCCCATTGATT~CTATGAAAATAGGAAACTTGTATTTCTCATTcAcAAATCCATCTTTGTTTA~GcTGcTAACTCTC 819 
Q F S I L P L I P M K I G N L Y F S F T N P S L F M L L T L  

M K I G N L Y F S F T N P S L F M L L T L  
F cAATTTTCCATTCTCCCATTGATTcCTATGAAAATAGGAAACTTGTATTTcTCATTcACAAATccATCTTTGTTTATGcTGCTAACTCTc 63 

M/F AGTTTGGTccTACTTCTGCTTcATTTTGTTACTAAAAAGGGAGGAGG~AcTCAGTAccAAATGTTTGGCAATccTTGGTAGAGcTTATT 909/153 
S L V L L L L H F V T K K G G G N S V P N V W Q S L V E L I  

M/F TATGATTTCGTGcTGAAcCTGGTAAAcGAACAAATAGGTGGTCTTTCCGGAAATGTTAAACAAAAGTTTTTCCCTTGcATcTTGGTCACT 999/243 
Y D F V L N L V N E Q I G G L S G N V K Q K F F P C I L V T  

M/F TTTAcTTTTTTGTTATTTCGTAATCTCcAGGGTATGATACCCTATAGCTTTACAGTTACAAGTCATTTTCTcATTACTTTGGGTCTTTCA 1089/333 
F T F L L F R N L Q G M I P Y S F T V T S H F L I T L G L S  

M/F TTTTCCATTTTTATTGGCATTACTATAGTGGGATTTCAAAGAAATGGGCTTCATTTTTTAAGCTTCTCATTACCTGCAGGAGTCCcGCTG 1179/423 
F S I F I G I T I V G F Q R N G L H F L S F S L P A G V P L  

M/F CCGTTAGCACCCTTTTTAGTACTCCTTGAGCTAATccCTCATTGTTTTCGcGcATTAAGcTCAGGAATACGTTTATTTGCTAATATGATG 1269/513 
P L A P F L V L L E L I P H C F R A L S S G I R L F A N M M  

M/F GCCGGTCATAGTTCAGTAAAGATTTTAAGTGGGTTCGCTTGGACTATGCTATGTATGAATGATCTTTTATATTTCATAGGAGATCTTGGT 1359/603 
A G H S S V K I L S G F A W T M L C F N D L L Y F I G D L G  

M/F CCTTTATTTATAGTTcTTGCATTAACcGGTcTTGAATTAGGTGTAGCTATATTACAAGcTCATGTTTTTACGATcTTAATCTGTATTTAC 1449/693 
P L F I V L A L T G L E L G V A I L Q A H V F T I L I C I Y  

M TTGAATGATG~TACAAAT~TC~ATCAAAATTCTTTTTT~TTTTTATTAGAATTTTTATAATTGAACAA~GCGAGGAAAGTGTCTATTTT 1539 
L N D A T N L H Q N S F P F L L E F L *  

F TTGAATGATG•TA•AAATCT•CATCAAAATTCTTTTTT•TTTTTATTAGAATTTTTATAATTGAACAAAAGCGAGGTATTTATGCTTAAG 783 

M ccAGCGATACTATAAATTATAGAGGACTTAACTTAAATTAAATGTCcTcTATGTTccAcGTAcGTAGCGC~ATGTTATATAATGGcCTT 1629 
F TCAT•GCTTCAAATCCAATAAGGGATCAGAC••CTC•TCGTGTT•AAACTAGT•ATTAATGGTCGGCTTAATTGGTATC• .......... 863 

M TCTGTTCTTTTTTTCGGTATGCCGcTCCGCCTGCAAGGAGcGAGAAAACAAATTGGTCTGTGGTGATGTCAGAATTTTTCcTTTTGAAAT 1719 
F ........... TTTCGGTATGCCGCTCCGCCTGCAAGGAGCGAGAAAACAAATTGGTCTGTGGTGATGTCAGAATTTTTCCTTTTGAAAT 942 
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CMS sugarbeet 

MF sugarbeet 

Tobacco 

Soybean 

Ogura radish 

Normal radish 

Oenothera 

Maize 

Wheat 

Sorghum 

Rice 

M --- 219 --- VGTESEAFHDAINPAAGRIP SPLIE 

MKXA~FFITITPN SPLIE w 

M -- 75 -- M -- 32 -- LQQNGVGGEAYKDAVDLSKDLVS SPLIE 

M -- 19 -- MKFEWLFLTIAPCAADTIN SPLJD 

M -- 166 -- LDQVGQAAA SPLID 

X --- 75 --- MNQIGLVAQ SPLID 

M --- 24 --- MSSH SPLIE 

MMMM - M - 9 -M - 98 - MERNGEIVNNGSIIIPGGGGPVTE SPLiD 
* i 

M - 6 - M - 4 - M - i00 - MDNFIQNLPGAYPE TPLjD 
i 

i 

MMM - 7 - M - 9- M - I0 - M - 80- LYAEWERTGELLIP sPLOD 
i i 
i 

M - i0 - M - 66 - PGGGGPVIS SPL[D 

~ S '~-  LP LI PMKiIG 

, S LP LI PMKDIG 

QF!E I IL LI PMKIIG 

QF E I IP LI DMKIIG 

QF E I VP LI PMNIIG 

QF E I VP LI PMNRIG 

QF S I LP LI PMNIIG 

QF G I HP IL DLNiIG 

QF A IIP IL DLHIVG 

QF G I HP IL DLNIIG 

QF F I DP LF GLDIMG 

N 

N 

N 

D 

N 

N 

N 

K 

N 

N 

N 

Fig. 6. Alignment of the predicted N-terminal amino acid sequence of ATP6 in higher plants. In-frame stop codons in sugar-beet 
MF ATP6 is represented by X. The position of the N-terminal serine residue of the mature wheat protein is indicated with an asterisk 
(*). A discrepancy between the deduced amino acid sequence of wheat ATP6 [3] and the N-terminal protein sequence data [1] 
is also denoted by the same asterisk. The methionine present in the ATP6 polypeptides of all dicotyledonous species is indicted 
by a triangle (V)  and the leucine at an equivalent position in that of monocotyledonous species by an arrow (~). The identical 
amino acids between deduced ATP6 polypeptides are shown boxed. 

sequence, translated according to the universal 
genetic code, appears to be the shortest reported 
to date if translation were initiated at the first 
in-frame AUG.  The predicted ATP6 polypeptide 
from CMS sugar-beet (502 amino acids) appears 
to contain a large N-terminal extension compared 
to its MF counterpart. No homology has been 
detected between the nucleic acid or predicted 
polypeptide sequence of the N-terminal extension 
and database entries. The CMS and MF gene 
sequences diverge extensively 41 bp upstream of 
the first in-frame ATG codon of the MF sequence 
(Fig. 5), however, within this 41 bp region the 
predicted translation product shows extensive 
homology with the translation products of all 
higher-plant ATP6 polypeptides (Fig. 6) suggest- 

ing translation of the M F  gene may be initiated 
further upstream. 

Comparison of the restriction maps for the 
CMS and M F  atp6 locus suggests that sequences 
downstream of the coding sequence are very simi- 
lar (Fig. 4). Sequence analysis revealed that a 21 
bp sequence (positions 1620 to 1640 on the CMS 
sequence) 3' to the coding sequence is absent in 
the corresponding MF sequence; sequences im- 
mediately downstream of the proposed atp6 stop 
codon (nucleotides 1529 to 1619 on the CMS 
sequence) differ between the two genotypes. 
Downstream of this region both genes show ex- 
tensive homology for a further 1.3 kb to the Eco 
RI site (data not shown). 

Computer analysis revealed a region identical 

Fig. 5. Comparison of the DNA sequences of the atp6 loci from CMS (M) and MF (F) sugar-beet mitochondria. The amino acid 
sequence of atp6 genes were derived by translation according to the universal genetic code. Identical nucleotides between CMS 
repeat II and its MF homologue are shown in lower case. The DNA sequence corresponding to the cDNA clone pYC700 is un- 
derlined, atp6, the gene for subunit 6 of the Fo-ATPase complex. The points of sequence divergence between CMS and MF atp6 
genes are marked by triangles (A).  The amino acid sequences are shown between the nucleotide sequences. Mapped transcript 
termini are indicated by vertical arrows (~' and + for MF and CMS transcripts respectively). Nucleotides deleted in one sequence 
relative to the other are indicated by (-). The DNA sequences are numbered from the first in-frame ATG codon of each atp6 gene 
(position 1). 
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in sequence to pYC700, 462 bp upstream of the 
CMS atp6 gene (Fig. 5). The DNA sequence im- 
mediately downstream of the 3' terminal nucle- 
otide in the cDNA clone contains an A-rich 
sequence which probably facilitated oligo-dT 
priming for cDNA synthesis (Fig. 5). 

Fig. 7. Northern hybridization analysis of the atp6 locus in 
CMS (M) and M F  (F) sugar-beet mitochondria. Four ~g of 
mtRNA was loaded in each lane and electrophoresed on a 
1.4% agarose gel containing 6.6% formaldehyde. The blots 
were hybridized with pMB796 (A); an Eco RUSty I fragment 
of 724 bp containing the 5' end of CMS atp6 (B); and the 
probe pFR21 encompassing the MF atp6 gene (C). Transcript 
sizes are shown in kb. The locations of all relevant probes are 
illustrated in Fig. 4. RNAs from two different preparations 
were used in panels B and C which accounts for the different 
proportions of 3.3 kb and 3.1 kb transcripts present in CMS 
mtRNA samples. 

Transcription of the atp6 locus in CMS and MF 
mitochondria 

Northern hybridization analysis using pMB796 
as a probe detected transcripts exclusively in 
CMS mtRNA (Fig. 7), similar in size to those 
detected by pYC700 (Fig. 2A). When a probe 
containing the 5' end of the CMS atp6 was used 
as a probe (nucleotides -142 to 584, Fig. 5), it 
hybridized to the 3.3 kb and 3.1 kb transcripts, to 
a shorter transcript of 1.5 kb and to lesser extent 
a transcript of 1.3 kb (Fig. 7). No homologous 
transcripts were detected in MF mtRNA. A probe 
containing the MF atp6 gene hybridized to simi- 
lar sized transcripts in CMS mtRNA prepara- 
tions as the probe derived above and to a major 
transcript of 1.1 kb in MF mitochondria, in ad- 
dition to several transcripts of higher molecular 
weight (Fig. 7). Northern analysis with strand 

I 1.0 kb j 
t pOH121 I 

I 
I PO B35 I 

pOB81 } 

B E H E  H E E S B EH E B 
i I I I I / ,VII ~ ~  1,[I I I FatpA 

atpA 
B H E P E P I-tIE S B EH E B 

I I I I I I I IVI I I I MalpA 

pSB131 

atpA 

J 

I pSB246 I 

Fig. 8. Genomic organization of the atpA locus from CMS and MF mitochondria. Clones isolated from CMS and MF mtDNA 
used to construct maps are shown below or above the appropriate locus respectively. The points of sequence divergence between 
CMS and MF atpA genes are indicated by open triangles and mapped transcript termini by filled ones. The location of atpA is 
shown and the direction of transcription is indicated by arrows. Sites for the following restriction enzymes are also shown: B, Barn 
HI; E, Eco RI; H, Hind Ill;  P, Pst I; S, Sal GI. 
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M CTGCAGCACAAAAGCCTGTCCACTGAGCAATAAGAGCTCTTCTGCCAAGACACAGAGCT -699 

M CGTATCCGCTTGATCTTTCTTTTCAAGCTGAATCGAATAATAGAAATCTCGTAAGAGACGAAAGCAATGCCCAAAGACTCCCATGCCTTT -609 

F TCTCCCTCACTACATCTGTTTCTATCTCAATATCATAAGAGAAGAAAGACAAGTCGCTGTCTTCATATGCCCAAAGACTC•CATGCCTTT -519 
M CTTGGTTGGAAAAAACCCAACCGGTGATTTCCGACAAGTCTTTCTTCATTTTTGAGCAAGAAGCGGAACTACAAGAAAGCTTTCTTTCTC -519 

F ATTGGTCGGA•CAACCCAAC•GGTGATTTCCGACAAGTcTTTcTT•ATTTTTGAGCAAGAAG•GGAATATTGAAcTAAGGTAAGACGGGC -429 
M TTTATGGATAAcCAATTCATCTCATTCGGGTTAGGCTTCATTcTTTCGATAGCTTTATTTACCG•CTTTAAAGGGTGGAGGGGCTCTGAA -429 

F ATGAATTCAAATTTTCTTGTAcTCTATGGAAATCCTAcGCC•AGTGATTTAcGATTTATCCTATGTGATCCTTCCAAAAGTCACTCTTCG -339 
M GTTGTTATTTT TGAATTGGAATTGGAAAAACTAAAGCAAAAGACCGAAGC TTTACTAAAGAATGTTTGGAACAATTATTGTAATACGACT -339 

F ACTcTTTCTcTTTcTTCCACTAGATCGGACGCGCAAAGGCTcCATcTGGCTTGGACCAATTCTTTCCTGAAATTTGTGATGAATACAGCA -249 
M GGTAGAGATAGGCAATTACCAGAAGGTCTCTCTTTTAATAACATGATTGAACTTTTTATTGGACTCGACGAGAATATAAAAGAAAAGATT -249 

F GGTATGTGCATGAAGcCGGGAGGTATTAcCCCGGAATGGAcCATGCCTGACcTTGTTcGGACAGTGCTTGGGGATGAAGCTCTCAGCAGG-•59 
M CTGGCACTAAACCAGATCAATTTAGATCTTATTAATAATGGAGTAGAGAGTGACTAcTTTATTAACATTCTAAATGTCTATGGCCTTTAT -159 

F CTTCTGA•GGAGTTCCTCCTATATGATGTGATGTATGTGGACCCTCATAGTTGGGATCGAGGAGCTCCTGAATTTGCTGGATCTAAT•AA -69 
M TAAATATTCAGTTTTTACTTTCGTTTTAGTTCCTTGATCTGCGAGCAGGTCTGCCGT•ATATTGATCTCCTAGGGGGATGCGGCTTGTAG -69 

F CTATTCTTGATCTGGGCGGGATCTATCAGCAG•GGCATTCTCCcTTAACTCTATTCTATTTTTGAATCATGGAATTCTCTcCCAGAGCTG 22 

GGGTTAGTGGGTcACTCATcGGCTATCGGCAGCGGCATTCTccCTTAACTCTATTCTATTTTTGAATcATGGAATTCTCTcCCAGAGcTaGtpA M E F S P R A M 22 

F/M CGGAACTAACGAATCTATTAGAAAGTAGAATTACCAACTTTTACACGAATTTTCAAGTGGATGAGATCGGTcGAGTGGTCTCAGTTGGAG 112 
A E L T N L L E S R I  T N F Y T N F Q V D E  I G R V V S V G  

F/M ATGGGATTGCACGTGTTTATGGATTGAACGAGATTCAAGCTGGGGAAATGGTGGAATTTGCCAGCGGTGTGAAAGGAATAGCCTTAAATC 202 
DG I A R V Y G L N E  I Q A G E M V E F A S G V K G  I A L N  

F/M TTGAGAATGAGAATGTAGGGATTGTTGTCTTTGGTAGTGATACCGCTATTAAAGAGGGAGATCTTGTCAAGCGCACTGGATCTATTGTGG 292 
L E N E N V G I V V F G S D T A I K E G D L V K R T G S  IV 

F/M ATGTTCcTGCGGGAAAGGCTATGCTAGGGCGTGTGGTCGACGCGTTGGGAGTACCTATTGATGGAAGAGGGGCTCTAAGcGATCACGAGC 382 
D V P A G K A M L G R V V D A L G V P  I D G R G A L  S D H E  

F/M GTCGACGTGTCGAAGTGAAAGCCCCCGGGATTATTGAACGTAAATCTGTGCACGAGCCTATG•AAACCGGGTTAAAGGCGGTAGATAGCC 472 
R R R V E V K A P G I  I E R K S V H E P M Q T G L K A V D S  

F/M TGGTTCCTATAGGCCGTGGTCAACGAGAACTTATAATCGGGGACCGACAAACGGGAAAAACAGcTATTGCTATCGATACCATATTAAACC 562 
L V P  I G R G Q R E L  I I G D R Q T G K T A I A I D T  I L N  

F/M AAAAGcAACTGAACTCAAAGGcCACCTCTGAGAGTGAGACATTGTATTGTGTCTATGATGCGGTTGGACAGAAACGTTCAACTGTGGCAC 652 
Q K Q L N S K A T S E  S E T L Y C V Y V A V G Q K R S T V A  

F/M AATTAGTTCAAATT CTTTCAGAAGC GAATGCTTTGGAATATTCCATTCT/'GTAG~AGL"CA~~TTTC 742 
Q L V Q  I L S E A N A L E Y S I  L V A A T A S D P A P  L Q F  

F/M T~TAATGC~%GIIATA~TAA~C.AATGCAL'M~C.A~2AATAATCTATC.ATC~%TCTTAGT~ 832 
L A P  Y S G C A M G E Y F R D N G M H A L  I I Y D D L  S K Q  

F/M ~TA~;aCRAA~"fCA~A~"I~"I'2AL'~CGACCACCA~~GGC~'~,T~-~-~%."TATTTACAT'~ 922 
A V A Y R Q M S L L L R R P  P G R E A F P G D V F Y L H  SR 

F/M T~.T~AGAAAGAGCCGCTAAACGATCGGACCAGACAGGCGCAGGTAGCTTGACCGCCCTACCCGTCATTGAAACACAAGCTGGAGACGTAT 1012 
L L E R A A K R S D Q T G A G S L T A L P V I  E T Q A G D V  

F/M CGGCCTATATTCCCACCAATGTGATCT•CATTACTGATGGA•AAATCTGTTTGGAAACAGAGCTCTTTTATCGCGGAATTAGACCTGCTA 1102 
S A Y I  P T N V I S  I T D G Q  I C L E T E L F Y R G  I R P A  

F/M TTAACGTCGGCTTATCTGTCAGT•GCGTCGGGTCTGCCGCT•AGTTGAAAGCTATGAAACAAGTCTGCGGTAGTCcAAAACTGGAATTGG 1192 
I N V G L  S V S R V G S A A Q L K A M K Q V C G S P  KL EL 

F/M CACAATATCGCGAAGTGGCcGCCTTTGCTCAATTTGGGTCAGACCTTGATGCTGCGACTCAGGCATTACTCAATAGAGGTGCAAGGCTTA 1282 
A Q Y R E V A A F A Q F G S D L D A A T Q A L  L N R G A R L  

F/M CAGAAGTACCGAAACAACCACAATATGCACCAcTTCCAATTGAAAAACAAATTCTAGTCATTTACGCAGCTGTCAATGGATTCTGTGATC 1372 
T E V P K Q P Q Y A P  LP I E K Q I  L V I  Y A A V N G F C D  

F/M GAATGCCACTAGATAAAATTTCTCAATATGAGCGAACCATTCCAAATAGTGTAAAACCAGAATTATTACAATCCCTTAAGGGGGGGTTAA 1462 
R M P L D K I  S Q Y E R T  I F N S V K P E L L Q S L K G G L  

F/M CTAACGAAAAAAAGATGGAACTAGATTC•TTCTTAAAAGAATGCGCTTTGAATTACTAATTCTTcTAACTTT•TATTTATATTGAGATTA 1552 
T N E K K M E L D S F L K E C A L N Y * 

F/M GATGTAATTAAGAATAAAGGCTAATATGTTGCCGAAAGGCGGAGGGTCCGAGACCCCGGGGCAACGGGGTCTTCCCATCATGATAGACTA 1642 

F/M AAGGGAAAGTCGCTCGGAGATATTGGTTCGAATCCAATTCATCATTCCAGTTCATAAGGc•TTCATTCAATAGAAGTTTAGGATGAGCTA 1732 

F/M T•ACTAATAGA•GGATGGGATTGTTTGCAACAAAGTGTCTATATAGCAAGGACTCTTAAAACTATATATATCCTATAGAATAGGGACTCG 1822 

F/M ACCAAAGGCTcAGCCGAAAGAGAAACTGAATTCAAATCTCACTTGGAAGACGGTTATTAGCCGTCTCAGTAAGGGTAGTGCAAcAAGTTT 1912 

F/M AAGGAAGACTCAAACCTAATTCACTCGCGGAGTCTTTTTGCATCCATGGCCGAATGCTTAAAGCG•GAAAGCTATAAGGGGCTAATTCGT 2002 

F/M AGGTTCGATTCCTGCTGGATGAAcGTT•AGTTCGAAAGATGAAAGCTAATTTACAGACTGACTTATGGAAGAAAGTTTTAGAcTGATAA 2091 

Fig. 9. DNA sequence comparison of the CMS (M) and MF (F) atpA gene. The points of sequence divergence between CMS 
and MF atpAgenes are marked by a dark triangle. The amino acid sequences are shown between the nucleotide sequences which 
are numbered from the presumed translation initiation codon at position 1. The extent of DNA sequence corresponding to the 
cDNA clone pYC130 is shown in bold and italic. A homologous sequence of 92 bp upstream of the putative coding sequence in 
both atpA genes is underlined. Transcript lermini determined by S1 nuclease protection analysis [33] are indicated by arrows. 
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specific probes confirmed that all transcripts from 
each genotype are of the same polarity (results 
not shown). 

Molecular cloning and sequence analysis of the atpA 
locus from CMS and MF mitochondria 

The cDNA clone pYC130 was used to screen a 
Hind III library of MF mtDNA. Restriction en- 
zyme mapping of one positive clone (pOH121) 
identified Eco RI, Sal GI and Bam HI sites con- 
served in several higher plant atpA genes (Fig. 8). 
Subsequently, a 2.0 kb Eco RI fragment isolated 
from pOH121 was used to probe Bam HI librar- 
ies of CMS and M F  mtDNA in order to obtain 
overlapping clones encompassing the atpA gene 
from each mitochondrial genotype (Fig. 8). The 
DNA sequence ofc.2.9 kbp o f C M S  mtDNA and 
2.7 kb of M F  mtDNA at the atpA locus was 
determined as described in Materials and meth- 
ods and found to be identical to sequences re- 
ported recently by Senda et al. [31]. The relevant 
sequence is summarized in Fig. 9. 

Analysis of the sequence revealed a common 
large open reading frame of 506 amino acids 
(Fig. 9) potentially encoding a protein of 55 kDa, 
showing greater than 95 ~o amino acid sequence 
homology with the corresponding sequences from 
pea [20], maize [14], tobacco [6] and Oenothera 
[28]. The coding and 3'-flanking regions of both 
genes appear identical. MF and CMS sequences 
diverge extensively 47 bp upstream of the pro- 
posed translation initiation site (Fig. 9). Compari- 
son of the pYC130 cDNA sequence with the cor- 
responding genomic sequence revealed one 
difference; in the genomic sequence a T was ob- 
served at position 863 and C in the cDNA se- 
quence. The cDNA sequence would encode a 
different amino acid, alanine instead of valine. 
However, a conserved valine is found in the 
ATPA of other plant species. If this change is as 
a result of RNA editing [35] it appears to result 
in a conservative amino acid change. As observed 
in the sequence analysis of pYC700, the genomic 
sequence adjacent to the 3'-terminal nucleotide in 
pYC130 is composed of an oligopurine sequence 
which facilitated oligo-dT priming (Fig. 9). 

Transcription of the atpA locus from MF and CMS 
mitochondria 

Northern hybridization analysis of mtRNAs with 
a mtDNA fragment containing sugar-beet atpA 
showed that similar sized transcripts were de- 
tected as those by pYC130 (see Fig. 1). Two tran- 
scripts (2.3 kb and 2.0 kb) were found in CMS 
mitochondria and only one (2.2 kb) in MF mito- 
chondria. S1 nuclease protection experiments 
were performed to determine the basis for differ- 
ences in the atpA transcript profiles in CMS and 
MF mitochondria. When such experiments were 

Fig. 10. S1 nuclease protection analysis of atpA transcripts 
from CMS and MF mitochondria. Probes for S1 analysis, 
asymmetrically labelled at the 5' or 3' terminus were prepared 
with polynucleotide kinase or DNA polymerase I (klenow 
fragment), followed by secondary restriction enzyme digestion 
as described by Thomas [33]. A. Mapping of 3' termini; hy- 
bridization probes 3' end-labelled at the internal Barn HI site 
(nucleotide 720, see Fig. 9) derived from CMS mtDNA 
(pSB246) or MF mtDNA (pOB81) were used in protection 
assays in the absence of RNA (-), in the presence of CMS 
mtRNA (S) or MF mtRNA (F) as indicated in the figure. B. 
Mapping of 5' termini; probes 5' end-labelled at the internal 
Sal GI site (nucleotide 383, see Fig. 9) derived from CMS 
mtDNA (pSB 131) or MF mtDNA (pOB35) were hybridized 
in the absence of RNA, or mtRNA from each genotype as 
indicated above. S1 protection fragments were resolved on 
4% polyacrylamide/8 M urea sequencing gels alongside la- 
belled size markers (not shown). The sizes of S1 protection 
fragments are indicated in bases. 



performed using 3' end-labelled probes (Fig. 10) 
the results demonstrated that atpA transcripts 
from each genotype were 3' co-terminal. Tran- 
scripts are terminated ca. 200 bp downstream of 
the proposed termination codon (Fig. 9). In nu- 
clease protection experiments using 5' end- 
labelled probes, two 5' termini were observed in 
CMS mitochondria, but only one in MF mito- 
chondria (Fig. 10), consistent with the data from 
northern hybridization analysis (Fig. 1). The pre- 
cise location of 5' termini have been determined 
in high resolution mapping experiments [31, 33] 
and are located upstream of a conserved 92 bp 
sequence in CMS and MF genotypes (Fig. 9); 
this sequence may play a role in the regulation of 
transcription and/or for translation of the atpA 
gene. 

Discussion 

We have described experiments to identity novel 
transcript patterns or rearranged loci between two 
different mitochondrial genotypes. A uniquely ex- 
pressed cDNA from CMS mitochondria and a 
cDNA detecting different transcript patterns in 
CMS and MF mitochondria (Figs. 1 and 2) were 
used as molecular probes to isolate the corre- 
sponding genomic loci. One cDNA clone 
(pYC130) originated from the CMS atpA locus 
(Figs. 8 and 9). Another cDNA clone (pYC700) 
hybridizes exclusively to RNA from CMS mito- 
chondria (Fig. 2); characterization of the corre- 
sponding genomic DNA revealed that pYC700 is 
part of the CMS atp6 locus. The sugar-beet CMS 
and MF atpA genes appear to have identical cod- 
ing sequences (Fig. 9, [31 ]), ruling out an obvious 
role in expression of the CMS phenotype. Ge- 
nomic rearrangements were observed 5' to the 
proposed coding sequences (Fig. 9), resulting in 
different transcript profiles in each genotype (Figs. 
1 and 10). 

Restriction enzyme mapping and Southern hy- 
bridization analysis have shown that a sequence 
of at least 9 kb is repeated upstream of atp6 and 
atp9 loci in CMS mitochondria (repeat II [4], 
Figs. 3 and 4). Only 1665 bp of this sequence is 
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present as a single copy in MF mitochondria up- 
stream of the atp9 locus (Fig. 4). High resolution 
transcript mapping suggests that the 5' termini of 
the largest transcripts identified with atp6 probes 
(Fig. 7) are located within repeat II ([33], results 
not shown). Sequences around the termini ofatp6 
and atpA transcripts from both CMS and MF 
genotypes are highly homologous to sequences 
at the 5' termini of transcripts from sugar-beet 
minicircular DNAs which may act as promoter 
sequences [33]. Northern hybridization analysis 
also identified smaller transcripts which may be 
generated as a consequence of independent tran- 
scription initiation events, as described in maize 
[21, 22] or processing of larger primary tran- 
scripts (e.g. the 3.3 kb and 3.1 kb RNAs). 

The predicted amino acid sequence of sugar- 
beet MF ATP6 is the shortest described so far 
when translated according to the universal ge- 
netic code (250 amino acids), whereas CMS 
ATP6 appears to be expressed as a larger protein 
of 502 amino acids due to the presence of a large 
N-terminal extension. It has been suggested that 
wheat ATP6 [ 1 ] is synthesized with presequences 
as in yeast [ 19] where post-translational cleavage 
of the amino terminal sequence is involved in its 
maturation. N-terminal sequencing of these pro- 
teins has revealed the sequence SPL at the ma- 
ture N-terminus. The mature ATP6 polypeptide 
in CMS sugar-beet and other dicotyledonous 
plants may be generated by a similar mechanism 
since this sequence appears to be highly conserved 
(see Fig. 6). This latter sequence, however, ap- 
pears to be upstream of the first in-frame initia- 
tion codon in the MF gene. A potential initiation 
codon is located 36 bp upstream of the SPL se- 
quence but is closely followed by a termination 
codon. Therefore, it is possible that translation of 
MF ATP6 mRNA is initiated either from an al- 
ternative initiation codon, splicing of a RNA 
leader sequence or creation of an A U G  initiation 
codon by RNA editing as recently demonstrated 
for the wheat nadl gene [5]. 

Chimeric genes are a common feature of plant 
mitochondria [12], and their relationship to the 
CMS phenotype is largely circumstantial, with 
the exception of S-pcf in Petunia [38], T-urfl3 in 
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maize [9] and atp6 in rice [15]. In these latter 
examples, their role in expression of the CMS 
phenotype has been deduced from the analysis of 
somatic hybrid plants [7 ], analysis of cytoplasmic 
revertants to MF [26] and by determining the 
effect of dominant nuclear genes which restore 
fertility [15, 17, 25]. In sugar-beet, no well char- 
acterized lines containing restorer genes, or spon- 
taneous revertants to MF are known. Therefore, 
the potential role of any genome rearrangements 
in expression of the CMS phenotype will remain 
unclear. 
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