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at atp6 and atpA loci

Yongbiao Xue, Sylvie Collin, D. Roy Davies and Colwyn M. Thomas -*

AFRC Institute of Plant Science Research, John Innes Research Centre, Colney Lane, Norwich, NR4
7UH, UK ; ! Present address: The Sainsbury Laboratory, John Innes Research Centre, Colney Lane, Norwich
NR4 7UH, UK (* author for correspondence)

Received 12 August 1993; accepted in revised form 18 February 1994
Key words: atpA, atp6, genome rearrangements, cytoplasmic male sterility

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 F_F,-ATPase
subunit 6 gene (a#p6). 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 F_F,-ATPase subunit « (azpA) coding sequences from several
higher plants. The a6 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
of F, 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 (7-urf13) in maize CMS-T
[9] and a chimeric mitochondrial gene (S-pc¢f’) in
somatic hybrid plants of Petunia [38] are associ-
ated with CMS. These genes are cither 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 ap6), X68690 (MF ampA) and X68691 (CMS arpA).
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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 CMS 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 F_F,-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 «-subunit of the
F_F,-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 1 13M4

(CMS) as described previously [33]. Southern
and northern hybridization analysis and Si

nuclease mapping were also performed as de-
scribed [33].

Preparation of **P-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 ug of mtRNA
was incubated in a reaction volume of 50 ul con-
taining 50 mM Tris-HCl pH 8.3, 45 mM KCI,
10 mM MgCl,, 20 mM DTT, 7.5 pug d(N)6 oli-
gomer primer, 1.5 ug actinomycin D, 1 mM each
of dATP, dGTP and dTTP, 40 uCi «**P-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 ug of mtRNA was incu-
bated in a reaction volume of 50 ul containing
50 mM Tris-HCl pH 7.9, 10 mM MgCl,, 2.5 mM
MnCl,, 50 mM NaCl, 250 mM ATP, 500 pg/ml
BSA, 20 uCi *H-ATP (40 Ci/mmol) and 4 U
poly(A) polymerase (BRL) 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 pUCI19
[271.

Mitochondrial genomic libraries were con-
structed by ligating restriction enzyme-digested



mtDNAs (Eco Rl, Bam HI and Hind I11) with the
appropriately digested pUC19 vector DNA which
had been previously treated with calf alkaline
phosphatase. All ligated DNAs were used to
transform Escherichia coli JIM109 [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 (268,
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 KO07.

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 of cDNA inserts ranged from 0.1 to 1.5
kb (results not shown). Screening of 500 ran-
domly selected cDNA clones with rRNA gene
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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 **P-
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
c¢DNA 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 of cosmid clones
derived from CMS mtDNA it hybridized to a
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Fig. 1. Northern hybridization analysis of CMS and MF
mtRNA using pYC130 as a probe. Four ug of mtRNA from
MF (F) or CMS (M) genotype were loaded in each lane and
electrophoresed on a 1.49, 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 pg of mtRNA from CMS (M) or MF (F) mitochondria
were loaded in each lane and electrophoresed on a 1.49
agarose gel containing 6.6, formaldehyde. B. Mitochondrial
DNA (1 pg) 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).

Molecular cloning of the atp6 locus from CMS and
MF mitochondria

The ¢cDNA clone pYC700 was used to isolate
overlapping clones from Eco RI and Bam HI li-
braries of CMS mtDNA. One clone from the
Bam HI library (pMB796) contained an insert of
3.45 kb (see Fig.4). Southern hybridization
analysis of Bam HI-digested CMS and MF mtD-
NAs using pMB796 as a probe showed that it
hybridized to itself and a 2.17 kb Bam HI frag-
ment which was subsequently cloned (pMB358,
see Figs. 3 and 4). This result demonstrates that
sequences in pMB796 are repeated in CMS
mtDNA. Only single Bam HI and Eco Rl frag-
ments of 6.5 kb and 4.1 kb respectively were de-
tected in MF mtDNA (Fig. 3). Southern hybrid-
ization analysis of Eco RI digested CMS mtDNA
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Fig. 3. Southern hybridization analysis showing that se-
quences on pMB796 are reiterated in CMS mitochondria.
DNAs (1 ug 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 Rl-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.

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) demonstrating 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 demonstrated 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 azp9 loci in CMS and MF sugar-beet mitochondria. The location and extent of re-
peat II [4] upstream of CMS azp6 and CMS a9 is represented by a broken hatched box. The full extent of repeat II is not shown
to scale here. The extent of repeat 11 homologous sequences upstream of the MF a#p9 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, app9 and
nad? genes relative to repeat 11 are shown and the direction of transcription indicated by arrows. The mapped 5’ termini of atp6
are indicated by triangles (A ). The location of pYC700 homologous sequences upstream of the CMS aip6 gene are indicated along
with restriction enzyme sites employed in mapping; B, Bam HI; Bg, Bgl11; E, Eco RI; H, Hind 111, P, Pst I; S, Smal; X, Xho 1.

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 asp6 gene
(see below). Analysis of cosmid clones suggested
that repeat Il 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 1l is larger than reported and
extends for at least 9.0 kb upstream of a#p6 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 MF nad?2 locus. The MF ap6 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 of atp6
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 DNA sequence of MF nad2 and a9 loci
have been reported previously [36, 37]. The DNA
sequence of ca. 5.8 kb of the CMS a6 locus
extending from the Bam HI site in repeat 11 to the
Eco RI site 1.3 kb downstream of the asp6 gene,
was determined as described in Materials and
methods. The DNA sequence of pFR21 (Fig. 4)
encompassing ca. 4.0 kb of the MF a6 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 MF ATP6 protein
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M GGATCCTTAAGGTACTGTGGACTCT
TGCACCTTTCTCTTTATCTAATGAATTGTCTCCGATATCGGCTACCAGGAAGGGTTTCCTATTTTGACTTTTAGATTGCCCAGATGGGAT
ATAGGTTGGATACTTTTATTCGTGTCTGATCTTTTTAGTACAGATAGGATCAATTGATTTGATGGAATCARagecctgetggagygettte
gcgcagetcaatcaatcecttgettgtteccaaaatteccatgtetttctggattggtaaacccaaccagegatttacaacaaacaagte
tttectettgttgaggtggggggagcagagecagttcaaaaatgaaccccaagaaatgagctettttetgegatetatgetttttgtaact
teccatgagttttgtteecctttecatgactttettaactgecagecceccccaatgetettattcctacttgeggattetetecatctaggaa
agaaagccaacgcttaattaaggtagttgacttactgagtgettgcattaaggaactttcttteggegagtgattagettettcttaget
tggccattcgatgttggttcttiteggatcgagaaagagaactcecttattcattecggaatgactggttcgatagggecagggacgggaaggg
ccttacaaatgagaaatagaagagataagctaagcaggcaggecagactaggccactagecacttgatgagttcagagegatgaaagageat
tttcgggagaaggctcacaagggcaattgagaccaggaaagaaggcattttactgeatttgaaggtcactagttacattgacatgatagg
gcttaagetggacttgttgetgaaaagaaagggtcgttgagacgatcaacctatggagatatagettcettactecaacctaaagggatatt
tccatcgagacacaatgetecattttatgggectagaccaggegggectaggaagtagagetcacctaageaggaaaagatcetttacagagyg
ggaccggtgagggagtgggaagaaaagaggaatggtatagcactatagggaatatggaaagatatagaaattaggaagcagatgggaata
ccataagagagatcaactagagcttatgccaaggatgactttceccaacactagaagtectactcatgettgaaagggatatcecgectaaaag
ggggccaactagcaatectgttacaggeggtggtgtatgtattteccacttattecgagggaaaaactettggtecttcaattttgtatttaa
gatttgtatattatgtatctattasaaatctatacaatagtaggeggtaaaaagttgtatattttacttetattetgettagtcaattac
actttaacgtcgtaaaateccgggtttatgecaaaaacagagtgttattaaaacatagaatcaatateggcaacaatgaaaggacgectta
gactttgactcgggttgagtgetgtcagatacttgggataacaacgectgactttgtecegattettctecacttctctaggteccaccacca
tgttagttgatgcattcccagagettctgacttttctecteatcagagagatttttegtcgaggaagtecgegatttegttagtgtaactyg
caactagaqagtggataaggagctaatgaaagcagatatagaaaagttgcgctttccgtgagtgagaggtcaitcactctccagttcttc

tttgaacatgatgaagagctcttatcggecttgaggtttettttcaagectgaatagaataatagaaatctogtaagagaagaaaggttcac
agaaggttgagaagtagtacgcccggCCCTCGTACAGTTTTTCGAAACAAATAGATATATATATATAACTATAAAAGAGATAAGAGGGGA
AGAATCGACAAAGAATGACGAACGACGGTCTTTCTGAGATTATAGATATATATATAGGGCGATGGGCAATCTGAGTAAATACCTTACTCA
ACTCAGAGAAAGTCCCGGTCAATGTATGTAAAGCGAAGAGAGGCGCTCATAGATGTACCGATAAAGATTCAAACCTATCTAGAATTATAG
GAGGTTAAAACGTGATAAATTCGTTTTTGCGGTTATAAGTTTCCTGTTCTTAGCAGTATGGTTTTATGGTCTTTGGACAAACAAGTGCCT
AGCCGAGACCATATTCTCAACCAATGCAACAAATGGCAAAAACATAGTCTTTTTGTATAGTATAGAGTATGGTTGGATGGGCACTAGGAT
TACCCCTATCCIAGIGICTTGATTGARAT TGAT TTTATCAGT TACACAAGAATGCGTICTICT IATGCGARGAAAGCARTGCCCARARCTICCC
[pYC/00]
ATTTCTTTCTTGGTTGGATCAACCCAACCGGTGATTTCGGACAAGCCTTTCTTTTTTGAGCGGACAGCAGAAAGAAAAAAGAAAAATTAT
TATGATGACTAAGTCTAAGAAGGAGATGATTGCTTATGCAAAGCAGATAATTACAAATGTCCCTCGACCTACATAGGCTTATTATTCGGA
CTCACTGCTCTTCACCCTCTTTTGGTCCGGGAGAAGCGGAATGGTTGAAACGAAATTAATTCTCCAAGCACTCTTTGGCATAGCAACAGC
GGCTGCTTTTTTGTTTTTTTGTTATTCCCATTCCCGGACGCGGGAGCACTTCCTCTATACAATTCTAATAACGCTTTCTTTGGCTTTACT
CTTCAAAAAGGGGGCTTICCCTCTTTTTGAATTCGCCCCTTTGGCTATATTGATCTTTTCGGTTTGCTTCTTTCCCAAAAATGGACGATT
ACGGTATTCGCTAGAGAACTGTTICITTTTTTCTCCTATTACTTTGGGGGGATTACCGGCTTTTGGATACTCCGTGGTGTGAATGGGTACT
atpé M G T
CTCATGCTTTGTGGCCTCTTAACTTTATTCACGCTTCTTCAAGCGATGGTCCATCGAAAGGAGGAAGGGGTCGGCAAGTTTCTTCTACCG
r M L, ¢ 66 L L TLVF TLL QAMUVHIRIKEETGV G K F L L P
GCTGCCTTCCTAATTAGTGACCTCGTGCTCCTTTGGCTTCACTCGGGGGCGATTCAGAATCCGCTGGGAAAGGCGGCCCTAACGGGCGLCC
A A F L I $ DL VL L WL H S G A I Q NP L G KA AULT G A
GCAGTCCTAATACTCTTTAGCCAAGCCTCCGCCAGTCCACAAGGCAGCGGGAGCTTGCAAATGGGGCGTTATCTCATGTGTATCCCTCCT
AV L I L F s ¢ A $ A E S TWRQWRUEUILANGH® AMAYL MOCTIUPP
ATACTATATATCATAGGAGGGGCCACGGATTGGCCGATTCGTAAACGAACTCACCTTTTTTATTCTTATCCTCTGGCTAGTCTTAGTTTT
I L.y 11 G ¢ A TD WP IR K RTUHILU FY S Y P L A S L S F
TTGGGTTGTTACTITGGAGGACGAAAAAGAGCAGAAGGATCTGCTCCCGCTCCTATCTGCGATCTTCTCCGCTTTGGCGTCGCGAGTTAC
L 6 ¢ ¥ F GGG R KURAIEG s aP AP I ¢C DL L RF G V A 35 Y
GGCCCCGACGTCTGCGTAAAAGAGTGGCTCCGCCGCTTTTCCTTAACCATTGGGGCGETTTTTTITGTTTGAGAAGGTAGGCTACCGCAAA
G P D VWV KEWILAATF s L T I GA V F L F E K V G Y R K
GATACCCTTCCAGAAACGTCCCGTACTIGGGAACCTTGGTTTTGCTTTTTTGCTGTTCTTTCTTTTGGTGTTGCACTTAGTTTTTTTCAT
D T L P E T S R T WU EP WV F CVF F AV L S F GV A L S F F H

ATCCAACTAGAAATTGAAT%AGAGAAGAAAGCAATGCCCAAAGACTCCCATGCCTTTCTTGGTCGGACCAACCCAACCGGTGATTTCCGA
v
GCATCACCCGCCCTAGGGGTGGGAACTGAAAGTGAAGCTTTTCACGATGCGATTAATCCAGCAGCGGGACGGATCCCCAGCCCCCTAGAG
A S P AL GV G TE S EAVF HDATINUPA A AU G R I P S P L E
CAAGTCTTTCTTCATTTT*GAGCAAGAAGCGGAACTACAGGGATGAAATGAAAAGTGTTTATTACGATTACGCCCAACAGCCCACTTGAG
a
CAATTTTCCATTCTCCCATTGATTCCTATGAAAATAGGAARACTTGTATTTCTCATTCACAAATCCATCTTTGTTTATGCTGCTAACTCTC
¢ F $ I L P L I P M K I G N LY F S$ F TNUP S L F ML L T L
M K I 6 N L Y F s F T NP S L F ML L T L
CAATTTTCCATTCTCCCATTGATTCCTATGAAAATAGGAAACTTGTATTTCTCATTCACAAATCCATCTTTGTTITATGCTGCTAACTCTC

AGTTTGGTCCTACTTCTGCTTCATTTTGTTACTAAAAAGGGAGGAGGAAACTCAGTACCAAATGTTTGGCAATCCTTGGTAGAGCTTATT
$ L VL 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
TATGATTTCGTGCTGAACCTGGTAAACGAACAAATAGGTGGTCTTTCCGGAAATGTTAAACAAAAGTTTTTCCCTTGCATCTTGGTCACT
Yy b F V. L NL VN E O I 6 G L $ G NV K Q K F F P C I L V T
TTTACTTTTTTGTTATTTCGTAATCTCCAGGCTATGATACCCTATAGCTTTACAGTTACAAGTCATTTTCTCATTACTTTGGGTCTTTCA
F T F L L F R N L Q GM I P Y $ F ©T™ VT s H F L I 7T L G L S
TTTTCCATTTTTATTGGCATTACTATAGTGGGATTTCARAGARATGGGCTTCATTTTTTAAGCTTCTCATTACCTGCAGGAGTCCCGCTG
F s ' ¥ I ¢ I T I V G F Q R NG L HF L $ F $ L P A G V P L
CCGTTAGCACCCTTTTTAGTACTCCTTGAGCTAATCCCTCATTGTTTTCGCGCATTAAGCTCAGGAATACGTTTATTTGCTAATATGATG
P L A P F L VL L E L I P HCZF RATL S S G I R L F A NMM
GCCGGTCATAGTTCAGTAAAGATTTTAAGTGGGTTCGCTTGGACTATGCTATGTATGAATGATCTTTTATATTTCATAGGAGATCTTGGT
A G H s s V K I L $ GF A WTMIULCU FNDILL Y F I G D L G
CCTTTATTTATAGTTCTTGCATTAACCGGTCTTGAATTAGGTGTAGCTATATTACAAGCTCATGTTTTTACGATCTTAATCTGTATTTAC
p L F I VL AL T GGL EL GV A I L QAHV F TTI L I C I Y
TTGARTGATGCTACAAATCTCCATCAARAATTCTTTTTTCTTTTTATTAGAATTTTTATAATTGAACAAAAGCGAGGAAAGTGTCTATTTT
L N b A TN L H Q N S F F F L L E F L *
TTGAATGATGCTACAARATCTCCATCAAAATTCTTTTTTCTTTTTATTAGAATTTTTATAATTGAACAAAAGCGAGGTATTTATGCTTAAG
a
CCAGCGATACTATAAATTATAGAGGACTTAACTTAAATTAARATGTCCTCTATGTTCCACGTACGTAGCGCAAATGTTATATAATGGCCTT
TCATCGCTTCAAATCCAATAAGGGATCAGACCCCTCCTCGTIGTTCAAACTAGTCATTAATGGTCGGCTTAATTGGTATCC——~—mm—m——

TCTGTTCTTTTITTCGGTATGCCGCTCCGCCTGCAAGGAGCGAGAAAACAAATTGCTCTGTGCTGATGTCAGAATTTTTCCTTTTGAAAT
——————————— TTTCGGTATGCCGCTCCGCCTGCAAGGAGCGAGAAAACAAATTGGTCTGTGGTGATGTCAGAATTTTTCCTTTTGAAAT
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CMS sugarbeet M --- 219 --- VGTESEAFHDAINPAAGRIP|SPL|E Q_F S ? LP —I:; PD'IK ?[—(;N
MF sugarbeet MRXKVFITITPN SPLIE|QF|S|I|LP|LI{PMK|IG|N
Tobacco M -——- 75 —— M ~~ 32 ~- LOONGVGGEAYKDAVDLSKDLVS |SPL|E|QF|E|I}JIL|LI|PMK|IG}N
Soybean M —-- 19 —— MKFEWLFLTIAPCAADTIN|SPL}{D|QF|E|I|{IP|LI{DMK|{IG|D
Ogura radish M —— 166 —— LDQVGQAAA|SPL|D|QF|E|I|VP|LI|PMN|IG|N
Normal radish X ~-= 75 -—— MNQIGLVAQ|SPL|D{QF|E|I|VP|LI|{PMN|IG|N
Oenothera M -— 24 ——- MSSH|SPL|E|QF|S|I|LP|LI PlfN IG|N
Maize MMM - M - 9 -M - 98 - MERNGEIVNNGSIIIPGGGGPVTE fPL D|QF|G|I|HP|IL|DLN|IG|K
Wheat M-6-M-4-M- 100 -~ MDNFIQONLPGAYPE |TPL|D|QF |A|I{IP|IL|DLH|VG|N
Sorghum MMM - 7 -M-9- M- 10 - M - 80- LYAEWERTGELLIP|[SPL{D|{QF|G|I|HP|IL|DLN|IG|N
Rice M - 10 - M - 66 — PGGGGPVIS|SPL|D|QF|F|I|DP|LF GLDEN

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 MF gene may be initiated
further upstream.

Comparison of the restriction maps for the
CMS and MF a6 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 a6 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 Il 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 F,-ATPase complex. The points of sequence divergence between CMS and MF ap6
genes are marked by triangles (A ). The amino acid sequences are shown between the nucleotide sequences. Mapped transcript
termini are indicated by vertical arrows (1 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 ap6 gene
(position 1).
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Fig. 7. Northern hybridization analysis of the a6 locus in
CMS (M) and MF (F) sugar-beet mitochondria. Four ug 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 RI/Sty I fragment
of 724 bp containing the 5’ end of CMS a6 (B); and the
probe pFR21 encompassing the MF a6 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.

in sequence to pYC700, 462 bp upstream of the
CMS a6 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).

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 ap6 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

Lok ) pOHI21 ]
—
. pOB8I1 ,
\ pOB35 )
BE HE H E E S B EH E B
L L1 1 ¥ 1 )1 ! 1 FatpA
A | -
atpA
B H E P E PHHE S B EH E B
L i ] ] 1 L1171 i 11 1 | MatpA
AX —b & P
atpA
. pSBI31 |
pSB246

1

Fig. 8. Genomic organization of the atpA4 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 ampA 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, Bam

HI; E, Eco RI; H, Hind I11; P, Pst 1; S, Sal GL
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Fig. 9. DNA sequence comparison of the CMS (M) and MF (F) atpA4 gene. The points of sequence divergence between CMS
and MF atpA genes 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 termini 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 111 library of MF mtDNA. Restriction en-
zyme mapping of one positive clone (pOHI121)
identified Eco Rl, Sal GI and Bam HI sites con-
served in several higher plant atp4 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 MF mtDNA in order to obtain
overlapping clones encompassing the aipA gene
from each mitochondrial genotype (Fig. 8). The
DNA sequence of ¢.2.9 kbp of CMS mtDNA and
2.7 kb of MF mtDNA at the aip4 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 959, 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 afpA transcript profiles in CMS and
MF mitochondria. When such experiments were

CMS MF CMS MF
Probe probe Probe  probe
e r— e
=~ FS-FS
- 1100
- -+ 950
- 750

Fig. 10. S1 nuclease protection analysis of apA 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 1 (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 Bam 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 (pSB131) 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 aspA4 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 apA
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 c¢DNA clone
(pYC130) originated from the CMS apA 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 ap6 locus. The sugar-beet CMS
and MF apA 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 arp6 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 aip9 locus (Fig. 4). High resolution
transcript mapping suggests that the 5’ termini of
the largest transcripts identified with atp6é probes
(Fig. 7) are located within repeat II ([33], results
not shown). Sequences around the termini of atp6
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 AUG initiation
codon by RNA editing as recently demonstrated
for the wheat nad! 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-urf13 in
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maize [9] and a6 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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