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Summary. The Fo-ATPase subunit 6 gene (atp6) of rape- 
seed mitochondria has been isolated from both pol male- 
sterile and normal (fertile) cytoplasms in order to deter- 
mine whether the rearrangements around the atp6 locus 
in pol male-sterile cytoplasm play a role in cytoplasmic 
male-sterility (cms). The pol cms and normal atp6 genes 
are identical and encode a 261-amino acid polypeptide. 
As a result of extensive rearrangement, a novel reading 
frame (pol-urf) was generated upstream of the atp6 gene 
only in pol cms mitochondria, which encoded 105 amino 
acids and might be co-transcribed with atp6. A 5'-portion 
of pol-urf shows sequence homology to the Oenothera 
ORFB gene associated with coxlII. A Y-flanking region 
of the pol-urfalso shows homology to that of ORFI05 in 
Ogura cms radish mitochondria. These DNA rearrange- 
ments which give rise to pol-urfin the vicinity of the atp6 
locus may be responsible for cms in rapeseed. 
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Introduction 

Cytoplasmic male sterility (cms) is a maternally inherited 
trait which prevents the production of functional pollen. 
Male-sterile cytoplasm has long been of interest for its 
usefulness in the production of hybrid seeds. In many 
crops, the cms phenotype is expressed in alloplasmic lines 
arising from interspecific or intergeneric crosses. It is 
thought to be due to incompatibility between the nucleus 
and the cytoplasm. Several lines of evidence suggest that 
the cms determinants reside on the mitochondrial (rot) 
genome (reviewed in Hanson and Conde 1985; Lonsdale 
1987). 

There are two types ofcms cytoplasm, nap cms andpol 
cms, in rapeseed (Brassiea napus L.). The first observa- 
tions of cans were by Shiga and Baba (1971, 1973) and 
Thompson (1972), who detected male-sterile plants in Fz 
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progeny of intraspecific crosses (nap cms cytoplasm). Fu 
(1981) later observed that the cytoplasm of a Polish vari- 
ety "Polima" induced male sterility (pol cms cytoplasm). 

The mt genome of Brassica is the smallest and the 
best-characterized among higher plant mt genomes 
(Palmer 1988). A complete restriction map showed the 
genome size of rapeseed mitochondria to be 221 kb 
(Palmer and Herbon 1988). We previously classified 
the mt genome of rapeseed into two major types, each 
of which was further divided into three subtypes based 
on length differences in the restriction fragments of 
mtDNAs. The mt genome of nap cms cytoplasm was 
classified as type I, whereas the polcms cytoplasm carried 
the type II mt genome (Handa et al. 1990). 

To determine the molecular basis of cms in rapeseed, 
we examined the physical organization of several mito- 
chondrial genes from pol cms cytoplasm, type IIb mt 
genome, and its normal counterpart, type II a. Our find- 
ings implicate DNA rearrangements located around the 
mitochondrial atp6 locus ofpol cms cytoplasm as candi- 
dates for causing the male-sterile phenotype. We ana- 
lyzed the atp6 locus from both pol cms and normal cyto- 
plasms to further examine its role in pol cms. Nucleotide 
sequences of the two atp6 loci were determined, and the 
pol cms-specific atp6 locus was found to be associated 
with a novel 105-amino acid ORF (pol-urf) which may be 
co-transcribed with atp6. The possible role of this alter- 
ation in pol cms cytoplasm is discussed. 

Materials and methods 

Plant materials. B. napus L. cv. Isuzu-natane was the source of the 
normal (fertile) cytoplasm. A cytoplasmic male-sterile line, which 
has the "Polima" cms cytoplasm under the nuclear background of 
Isuzu-natane, was also used. 

Isolation of nucleic acids. Mitochondria were isolated from 8 week- 
old plants. Mitochondrial DNA (mtDNA) was extracted as described 
previously (Handa et al. 1990). Mitochondrial RNA (mtRNA) was 
isolated by the procedure of Stern and Newton (1986), except that 
no sucrose step gradient was used for the purification of mitochon- 
dria. 
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Southern and Northern blot analyses. Restricted mtDNAs separated 
by agarose gel electrophoresis were transferred to a nylon mem- 
brane flter (Hybond N, Amersham, UK) by a modification of 
Southern (1980). Isolated mtRNA (10 p.g/lane) was electrophoresed 
in a 1.2% agarose gel containing 0.6 M formaldehyde, 20 mM 
MOPS (pH 7.0), 5 mM sodium acetate, 1 mM EDTA, and blotted 
to Hybond N filters with 20 x SSC. Eight mitochondrial-specific 
genes [pea atpA, coxlI(Morikami and Nakamura 1987, and unpub- 
lished data), rice atp6, cob, coxI, nad3/rps12 (Kadowaki et al. 1989, 
1990, and unpublished data), tomato atp9 (Kazama et al. 1990), and 
Aegilops columnaris coxlIl (Ikeda et al. 1990)] were labeled by the 
random primer method incorporating digoxigenin-labeled dUTP 
(Feinberg and Vogelstein 1983) and were used as hybridization 
probes. Hybridizations were carried out at 68 ~ (for DNA blots 
without formamide), and at 42~ (for RNA blots with 50% for- 
mamide) for 16 h after prehybridization. Following hybridization, 
the hybridized bands were detected by an enzyme-linked im- 
munoassay using an anti-digoxigenin-alkaline phosphatase conju- 
gate and a subsequent enzyme-catalyzed color reaction with X- 
phosphate and NBT, or else the chemiluminescent reaction with 
AMPPD, following the manufacturer's instructions (Boehringer 
Mannheim, Germany; Tropix, Inc., Mass., USA). Strand-specific 
RNA probes were synthesized from the 1.35 kb HindIII-EcoRI 
fragment cloned into pBluescriptII vector (Stratagene, CA, USA) 
(Fig. 2, probes F and F') using T3 or T7 RNA polymerase. 

Sequence determination and analysis. The dideoxynucleotide chain- 
termination method of Sanger et al. (1977) was used for DNA 
sequencing. Restriction fragments were subcloned into pBlue- 
scriptII vectors. This sequencing strategy was supplemented with 
nested deletion methods using exonuclease III and subsequent 
mung bean nuclease digestions, following the manufacturer's proce- 
dures (Takara Shuzo, Japan). Sequence data were compiled and 
analyzed with the aid of GENETYX computer software programs. 

Results and discussion 

Southern blot analysis of  restricted mtDNA 

The m t D N A s  from pol cms and normal  cytoplasms were 
compared  by restriction digests using EcoRI, HindIII, 
and KpnI (Fig. 1 A). The m t D N A s  from both cytoplasms 
showed different fragment  patterns as reported previous- 
ly (Handa  et al. 1990). Southern blot analysis was used to 
determine the gene organization of  m t D N A  from pol cms 
and normal  cytoplasms by probing with eight mitochon- 
drial genes, atpA, atp6, atp9, cob, coxI, coxlI, coxlII, and 
nad3/rps12. The m t D N A  from pol cms and normal  cyto- 
plasms had the same hybridization signals when probes 
for the atpA, atp9, cob, coxI, coxlI, coxlII, and nad3/ 
rps12 genes were used (data not shown). Only when the 
probe for the atp6 gene was used were different patterns 
observed (Fig. 1 B). Restriction fragments encoding the 
atp6 gene ofpol  cms and of  the normal  mt  genome were 
determined to be 4.9 kb and 6.5 kb, respectively, after 
restriction with EcoRI. These results suggested a different 
gene organization around the atp6 locus in the two 
mtDNAs.  Recently, Witt  et al. (1991) also detected a dif- 
ferent gene organization around the atp6 loci in pol cms 
and normal  mitochondrial  genomes by Southern hy- 
bridization. Their results are coincident with ours, al- 
though their estimated fragment  sizes are slightly larger. 

Fig. 1 A, B. Southern blot analysis of mtDNAs from pol cms (P) 
and normal (N) cytoplasms. A, agarose gel profile; B, hybridization 
patterns using the rice atp6 gene as a probe 
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Fig. 2. Physical maps of the atp6 loci from pol cms (top) and normal 
mitochondria (bottom). Clone pBNP3 was isolated from pol crns 
cytplasm, and clone pBNI54 from normal cytoplasm. Shaded and 
open boxes, respectively, represent the atp6 coding region and pol- 
urf. Horizontal arrows with a solid head indicate the conserved se- 
quences between the two clones. Arrow heads indicate the transcrip- 
tional direction of the atp6 and pol-urf genes. Horizontal lines 
indicate the position of the probes (A, B, C, D, and E) used in this 
study. Horizontal arrows with open heads indicate the position of the 
probes F and F' and their directions. Restriction sites are indicated 
as follows: e, EcoRI; ~x, EcoRV; A, KpnI; rn, PstI; o, SalI; m, XhoI 

Cloning of rapeseed atp6 genes from pol ems 
and normal cytoplasms 

The heterologous atp6 gene f rom rice (Kadowaki  et al. 
1990) was used as a probe to isolate the rapeseed atp6 
gene. An 11 kb SalI fragment  of  clone pBNP3 was isolat- 
ed f rom pol cms, and a 6.5 kb EcoRI fragment  of  clone 
pBNI54 was obtained f rom normal  cytoplasm. Detailed 
physical mapping and further Southern analysis of  plas- 
mids pBNP3 and pBNI54 were performed (Fig. 2) to bet- 
ter localize the difference between the two atp6 loci. The 
sizes of  the isolated fragments were coincident with those 
expected based on the Southern blot analysis (Fig. 1 B) 
and the two clones shared a common 2.2 kb fragment 
including the atp6 coding sequence (Fig. 2). However,  the 
two fragments diverged upstream of  the atp6 coding se- 
quence, indicating that  a rearrangement  existed in the 



~ :  GATCGCTACGCTGCCGGGCTGCCCCCGCGGATCAAACTAT-1052 

~ol: C~ATCTCATAAGAG~GAAATCTCTATGCCCCCTGTTCTTGGTTTTCTCCCATGCTTTTG -992 

~ :  T?GGTCAACAACCAACCACAACTTTCTATAGTTCTTCACTACICCTAGAGGCTTGACGGA 
normal: GTTTAGCGGTAATGGCA-932 

B82 
~ol-urf: M P Q L 4 

poll: GTGAAGCTGTCTGGAGGGAATCATTTTGTTGAAATCAATTAAT CTAATCAT GCCT CAACT 
ormal: TAAGCCAAAGCTAGATCACCGGAGTTTAGGCAAATGGGTACGAGAGAAAAAGGTTTTGAA-872 

0 K F T Y F S Q F F W L C L F F F T F Y 24 
GGATAAATTCACTTATTTTTCACAATTCTTCTGGTTATGCCTTTTCTTCTTTACTTTCTA 
ATGCATCTTCCGAAACCAGATAATCAACCGAAGGAOATTCCCCTGCAAAAA G~AGAT GGC -819 

I F I C N D G D G V L G I S R I L K L W 44 
TATTTTCATATGCAATGATGGAGATGGAGTACTTGGGATCAGCAGAATTCTAAAACTATG 
TCTAGTTTCATACTAATCTTCGATCTTCGAGATT CCCCCAC GGAGCGGTAAGGCA TC CCA -752 

N Q L L S H R G K T L L S K G R L G K N 94 
GAACCAACTGCTTTCACACCGSGGGAAGACCCTCCTGAGCAASGGAAGGCTTGSAAAAAA 
AGGA OCGAAGCGGCTCAAAGGATTGOCAATGAAGCTCAGTCTGGT CT GAGGGGAT GGGCT -892 

R S S D S S R F E V 8 A L A A H Y F I I 84 
T CGTAGTTCAGATTCAAGTCGGTTCGAGGTAT CAGCGTTGGCC GCCCATTATTTTATCAT 
AGGCTACTCTCCCCATACATAGGAAGAGGGGGAAGT CAAGTACCTAGATCCAAGATCACG -632 

F V V P K L G Q F S T L Y I [ F F V C W 104 
TTTCGTGGTCCCAAAATTGGGACAG~TTTCTACATTATATATAATTTTTTTTGTTTGTTG 
ATATCCGCTTT~GTGGTAATATCC SGCATAAAAGAAAGCA ~ CAAAGCAAACAAAGTC GAT -572 

-585 
0 * 105 

GG~TTGAAATGGGGGGTATTAGGAAATGAAATTTGTCATTTCGGCGTCGGACCAGATGGC 
TCTTTGTTGAGTCAACTGGCAACTGGGATTGCAGCGGATCTAGTGGTTCTCCTATTCTAT -512 

GTTCCGGCCCCCAGCGCTGGATCTCAACGAGCGCCCGCCTCTGCATCTTTTGTACGCGGA 
GGTCTTGCTGCTGAGAGAGTAAGAATAGAAAGCAGAAGCTCGC CC G~GGGCAAAGACAA G -452 

T GTTGAGAGTTCC GACTCTCAA ffAAGC~CGAAATAATGACATGTACGCGCATCTTAGOC G 
GGATOATTCTTCTAAGATAC ~AACTTGCGGAAGGAATfiAAAAGGTATTCGA CTAA GACGG -392 

CGTACAGGAGATCACCCAAAAACTAGAGGGTGAGCGCGATATC GTGCGGC~TCAA GCCT C 
GGACGGGTATT CCCGAAGATGCTTGACCTAAGAGATAGAGACGAGAA fiGAGACTAAGAAA -332 

CTGGATATAATGAAATGGGAGGTCAGAAGCCTTCAGGAGCACTTT CGGATCTTTC GGCA 0 
ATCAGATATTGGAGAGGAAAfiAAfiCA OTGCAAGTAGAGTA GAGCAGCTTGGTA GCTC GCA -272 

CTTGATCGTCTGCGAGATTCGCGAAOAGCCAAGGTGAACGAGATCCTTGATCTCTTTCGC 
AGOAGCGAAACGGCTGCTTGACCAACGGGAAGAAGC CAACTCC GTTC CTCCASCTTC GCG -212 

GA -181 
TAGAGAASCTAGGTTCCTCCTTGATGTCGTAGGTTCAAATCCTAT CT CCGCAC~ -I  52 

GGGTTTCATTCTGCATCACTCTCCCCGTCGTTCTCGACCTCGC~GGTTTTTGAAGCGGC -92 

A 
CGAAGCGGGAAGTGACAATACCGCTTTTCTTCAGCACATTTTGGATGATTT~GC~AAA -32 

1 
CGGAGTACAAA~TCAGCCTTTAAGGAGGCTATGAATCAAATAGGGCTG~GGCGCAGTC 29 

~ : H N Q I G L V A Q 9 1 8  

CCCACTT~CCAATTT~GATT~TCCCATTGATTCCTATGAATATCG~AACTTCTATTT 89 
P L D Q F E I V P L I P M N I G N F Y F 3 0  

CTCATTCACAAATCCATCTTTGTTCATGCTGCTAACTCTGA~TTTTTCCTACTTCT~T 149 
S F T N P S L F H L L T L S F F L L L I 5 0  

TCATTTTATTACTAAAAAGGGAGGAG~AACTTAGTCCCAAATGCTTGGCAATCCTTGGT 209 
H F I T K K G G G N L V P N A W Q S L V T g  

AGAGCTTCTTTATGATTTCGTGCTGAACCTGOTAAAGGAAC~ATAG~GGTCTTTCCGG 269 
E L L Y D F V L N L V K E Q I G G L S G g O  

AAATGTGAAACAAATGTTTTTCCCTTGCATCTTGGTCACTTTT~TTTTTTGTTATTTTG 329 
N V K Q M F F P C I L V T F L F L L F C I I 8  

TAATCTTCAGGGTATGATACCTTATAGCTTCACAGT~CAAGTCATTTTCTCATTACTTT 389 
N L Q G M I P Y S F T V T S H F L I T L I 3 0  

GGCTCTCTCATTTTCTATTTTTATTGGCATTACTATAGTGG~TTTCAAAGACATGGGCT 449 
A L S F S I F I G I T I V G F Q R H G L I S O  

TCATTTTTTCAOCTTTTTATTACCCGCAGOAGTCCCACTGCCGTTAG~CCTTTTTTAGT 599 
H F F S F L L P A G V P L P L A P F L V I 7 0  

ACTCCTTGAGCTAATTTCTTATTGTTTTCGCGCATTAAGCTTAOGAATACGTTTATTTGC 569 
L L E L I S Y C F R A L S L G I R L F A 1 9 0  

TAATATGATGGCCGGTCATAGTTTAGTAAAGATTTTAAGTGGGTTCGCTTGGACTATGCT 629 
N H M A G H S L V K I L S G F A W T H L g l O  

ATGTATGAATOAGATTTTCTATTTTATAGGGGCTCTTGGTCCTTTATTTATAGTTCTTGC 589 
C M N E I F Y F I G A L G P L F I V L A 2 3 0  
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ATTAACCGGTCTGGAATTAGGTGTAGCTATATTACAAGCTTATGTTTTTACGATCTTAAT 749 
L T G L E L G V A I L Q A Y V F T I L I 250 

786 
CTGTATTTACTTGAATGATGCTATAAATCTCCATTAAAGTTCTTCTTTCTTTTATTTAGA 809 

C I Y L N D A I N L H * 261 

TTTATAATTGAACAAAAGCGAGGGATGAGAGTAGTGTTATTTAGAGCAGTTACACAGCCC 869 
887 

CTCTCCTTGCAGTCGAGTGACTTCGCCCCTGAATGTCTTAGATAGCTGTAAGTGAAAGAA 929 

SGGTACTAAGTAGCTGGGAATGCGGCTAGCTAGTACTTACTTGTTTGTACTCCCCAGAAG 989 

CTCCAAGCCTTAACTACAATCTTCTTCGGTGCTCTTTTTTTCTTTTTAGAAAGCTTACCG 1049 

GGGCTTGAGAGTCTTTATATTTATAAATGGATACACGGGTTAGACCTTCTTCTTTTCATT 1109 

CTTGGTCTTATTGTTTTCGTTGAGAATGAGAAGTCATAGAAAAAAGGTCTTAGTCCTAAC 1189 

TCGCACAGAGAAGGATTCTAAAAAGCAAAAGAAGCGTGAGTCAAATTAATTGATATGGAG 1929 

TTGATTTCCSAGGGAGGGAAAGGCAAGTAGTCAGAAGCAGGAAGCATAGGAAGCAGEAGT 1289 

AAAAGCAGTCCGAAAAGCAGTGAAGGATGGCAAGGGGAGAATAAAGACTATGAATGAATG 1349 

TTGAATGGG 1358 

Fig. 3. Nucleotide and deduced amino-acid sequences of the atp6 
loci from the pol cms and the normal mt genome. The pol cms 
sequence (top row) is aligned with that from normal cytoplasm 
(bottom row). Where the two are identical, only the normal se- 
quence is shown. The first base of the atp6 initiation codon ATG is 
numbered as + 1. Amino acids are shown above (pol-urf) and below 
(atp6) the nucleotide sequence and are numbered relative to the 
translation initiation codon. The homologous region to normal 
radish atp6 locus is represented by arrows (below the sequence for 
normal cytoplasm). The truncated trnfM gene is underlined with a 
dashed line. The sequences nearly identical to the conserved plant 
mitochondrial promoter are boxed 

5'-flanking region o f  the pol cms atp6 gene. To further 
characterize the differences, both atp6 genes and their 
flanking regions were sequenced. 

Sequence analysis of the normal atp6 gene 

The nucleotide sequence o f  the atp6 locus on pBNI54 
from normal  cytoplasm was determined (Fig. 3). This 
sequence contains a 783 bp open reading frame corre- 
sponding to a 261-amino acid polypeptide that was iden- 
tified as atp6 by D N A  sequence homology .  The deduced 
amino acid sequence o f  the rapeseed ATP6 protein shows 
100% homology  to the ATP6 protein o f  radish 
(Makarof f  et al. 1989). The deduced sequence also ex- 
hibits 8 1 - 8 6 %  identity with the conserved regions o f  the 
ATP6 proteins o f  maize, tobacco,  Oenothera, and rice 
(Dewey et al. 1985; Bland et al. 1987; Schuster and Bren- 
nicke 1987; Kadowaki  et al. 1990). 

A comparison o f  the flanking regions between Brassi- 
ca family members revealed a number o f  differences. The 
5'-flanking region o f  normal  radish contains a gene for 
tRNAfM~T (trnfM) located on the same strand and situat- 
ed between - 2 3 2 b p  and - 1 5 9  bp upstream of  the atp6 
gene (Makarof f  et al. 1989). A 98.3% sequence homolo -  
gy between the Y-flanking region o f  normal  rapeseed and 
radish atp6 genes was observed from -181  bp to the ATG 
initiation codon  (Fig. 3), but upstream f r o m -  182 the two 
genes diverge extensively. Therefore, in normal  rapeseed, 
the trnfM was truncated, leaving only 23 bp o f  the 3' end. 
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Located 152 bp 5' of the atp6 initiation ATG site was a 
7-bp sequence, TAAGTAA (Fig. 3), which is nearly iden- 
tical to part of the consensus sequence of the putative 
plant mitochondrial promoter (Young et al. 1986). 

In the 3'-flanking region, the 104 bps (from position 
+ 784 to + 887) after the termination codon are highly 
conserved (98% identical) between the normal rapeseed 
and normal radish atp6 genes. Downstream from + 888 
there is no further sequence homology. This lack of ho- 
mology differed from what was observed in comparison 
with the atp6 gene from Ogura cms radish. Compared to 
the Ogura cms atp6 gene, a 575 bp sequence beginning 
from the termination codon in normal rapeseed atp6 
(from position + 784 to + 1 358) has 99.6% homology. In 
the normal radish mt genome, the homologous sequence 
is located on another part of the genome 60 kb from the 
atp6 locus (Makaroff et al. 1989). These results indicate 
that extensive rearrangements have occurred at the atp6 
loci of Brassica. Unexpectedly, the mt genome of Ogura 
cms radish might be more closely related to that of nor- 
mal rapeseed than that of normal radish, because it is 
more likely that the 575 bp sequence shared by Ogura 
cms radish and rapeseed in the 3'-flanking region of the 
atp6 locus was present in the common ancestor of the 
genus and was subsequently rearranged in normal radish, 
rather than the same rearrangements occurring indepen- 
dently in rapeseed and Ogura cms radish. These results 
also support the findings that plant mtDNA evolves 
rapidly in structure, but slowly in sequence, as described 
previously by Palmer and Herbon (1988). 

Sequence analysis of the pol cms atp6 gene 
and an associated 105-amino acid ORF 

Nucleotide sequence analysis of pBNP3 revealed a com- 
plete atp6 gene having an ORF of 783 nucleotides which 
could encode a polypeptide of 261 amino acids (Fig. 3). 
The atp6 coding region (783 bp), 3'-flanking sequence 
(575 bp), and part of the 5'-flanking sequence (211 bp) 
are highly conserved (99.7% identical) between the pol 
cms and normal atp6 genes. These results indicated that 
the pol cms atp6 gene is intact and probably functional. 

The differences in the atp6 loci noted in the physical 
mapping of the two genomic fragments were detected in 
the upstream region beginning from nucleotide -212, 
after which the sequences diverge completely. The region 
spanning from -882 to -565 in pol crns atp6 harbors an 
open reading frame that has the capacity to encode an 
105-amino acid, 12270-Da, polypeptide. This ORF was 
named pol-urf(unidentified reading frame ofpol cms mi- 
tochondria). This novel ORF showed a partial sequence 
homology to the ORFB gene associated with the 
Oenothera mitochondrial coxlIIgene (Hiesel et al. 1987), 
beginning in pol-urf at position -118 in the 5'-flanking 
region and ending at position + 175 bp in the open read- 
ing frame. However, the following downstream coding. 
sequence showed no homology with the Oenothera 
ORFB gene, or any other reported sequence. Neither 
ORFB nor pol-urf show a preference for U in the third 
position of their codons, a common feature of plant mito- 

chondrial genes; U is found in 33% of all codons in the 
third position of the pol-urf gene (40.5% in atp6). The 
absence of a typical plant mitochondrial codon usage 
suggested that ORFB and pol-urfare not originally mito- 
chondrial genes despite their mitochondrial location. 

The 177 bp sequence block adjacent to the 5'-end of 
the pol-urf also has sequence homology (91%) with the 
5'-flanking region of the radish ORFI05 sequence which 
is associated with the atp6 gene in Ogura cms radish 
(Makaroff et al. 1989). The 14 bp sequence AATCT- 
CATAAGAGA located at the 5'-end of this sequence 
block (from -1050 to -1037, Fig. 4) is nearly identical to 
the consensus sequence of the putative plant mitochon- 
drial promoter (Young et al. 1986). If this 14 bp sequence 
works as a promoter, then ORF105 and pol-urfmay both 
be transcribed in the same manner, for example specifi- 
cally in male-sterile cytoplasm. Much (118 bp) of this 
sequence block is homologous to the 5'-flanking region of 
Oenothera ORFB (described above). Further work is nec- 
essary to determine what role this 177 bp sequence block 
plays in plant mtRNA structure and/or function. The 
coding sequence showed no homology with the radish 
ORFI05 gene (Fig. 4), and the structure of a truncated 
gene fused to an unidentified sequence suggested that 
pol-urf might have been generated through a series of 
duplication and rearrangement events. 

To determine where the pol-urfsequence resides on the 
normal mitochondrial genome, Southern blot analysis 
was performed. Two DNA fragments containing the 5'- 
half or 3'-half of the pol-urfsequence (probes A, a 219 bp 
HincII-EcoRI fragment, and B, a 415 bp EeoRI-EcoRV 
fragment, respectively, Fig. 2) were used to probe South- 
ern blots containing EeoRI, HindIII, and KpnI digests of 
pol cms and normal mtDNA (Fig. 5). The 3'-half, 
probe B, hybridized only to the same fragments contain- 
ing the atp6 gene from both pol cms and normal mtDNA, 
indicating that this sequence is not repeated in the mt 
genome. However, hybridization experiments with the 
5'-half (probe A) showed more complicated patterns for 
both pol cms and normal mtDNA. The homologous se- 
quence to probe A is present about three times inpol cms 
mtDNA and twice in normal rapeseed mtDNA. Because 
plant mitochondrial genomes are characterized by fre- 
quent homologous recombination events (Lonsdale et al. 
1984; Palmer and Shields 1984), this dispersed sequence 
may be involved in such events, and may explain how the 
pol-urf gene originated. 

Transcriptional analysis of the atp6 locus 

To determine whether, and to what levels, the atp6 and 
pol-urf genes are transcribed, total mtRNAs extracted 
from green leaves were probed with two different DNA 
fragments from the pol cms atp6 locus (probes B and C, 
Fig. 6). Probe C, a 897 bp EeoRV/HindIII fragment, 
contains the 5'-coding region of the atp6 gene (546 bp) 
and 351 bp of the 5'-flanking sequence. Probe B is as 
described above. 

Altered transcriptional patterns were observed when 
the atp6 gene was used as a probe between pol cms and 



pol-urf:  GATCGCTACGCTGCCGGGCTGCCCCCGCGGATCAAACTATC~ATCTCATAAGA..G~G 1 0 3 5  

ORFB: -TAT-TGTTC GCGTC-TTCTATGTTTGTCGC - - G - A  .... G-TA-TACG--CC-GGC 
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Fig. 5A, B. Detection of homologies with the pol-urf gene in pol 
cms (P) and normal (N) mtDNA. The probes used for hybridiza- 
tions to the filters shown in panels A and B were probe A and 
probe B (Fig. 2), respectively 

pol- urf ~ ::::::::::::::::::::::::::::: 
1 53 105a.a. 

O R F B  
1 53 159a.a. 

0 R F 1 0 5  - 1 7 7 b [ ~  r ' ~ ~ / J l  

a 1 lO5a.a. 

Fig. 4. A Alignment Of the nucleotide sequences around the pol-urf 
gene. The nucleotide sequence around the pol-urf gene (top) is 
shown aligned with the Oenothera ORFB (middle) and Ogura 
radish ORF105 (bottom) sequences. Nucleotides of pol-urf are 
numbered as in Fig. 3; identical bases are shown as a -. Gaps 
(indicated by e) have been introduced only in the Y-flanking region 
of the pol-urf gene in order to achieve the best alignment. The 
deduced amino acids are shown below each respective nucleotide 
sequence; identical amino acids are represented by an asterisk. The 
14-nucleotide sequence nearly identical to the consensus sequence of 
the putative plant mitochondrial promoter is boxed. B A schematic 
drawing to indicate the alignment of nucleotide sequences around 
the pol-urfgene. Open reading frames are represented by a box; open 
boxes represent homologous regions between pol-urf and ORFB, 
other boxes represent non-homologous regions. Homologous 5'- 
flanking regions are shown as afilled bar 

Fig. 6 A - D .  Transcriptional patterns of the atp6 and pol-urf genes. 
Transcriptional patterns observed when mtRNAs from pol cms (P) 
and normal (N) cytoplasm were probed with probes B and C 
(Fig. 2), in panels A and B, respectively. Filters were probed with 
strand=specific probe F', corresponding to the anti-sense RNA 
(panel C) and probe F, the sense RNA, which is the complement of 
the probe in panel C (panel D). Panel D was obtained by a five times 
longer exposure than panel C 

normal  cy top lasms  (probe C, Fig. 6B) .  Transcriptional  
alterations o f  the atp6 gene were also detected in the 
Ogura male-steri le  radish mi tochondr ia  ( M a k a r o f f  and 
Palmer  1988). In rapeseed,  one  highly abundant  tran- 
script [1 100 nucleot ides  (nt)] was  observed in m t R N A  
from normal  cy top lasm,  while  two  abundant  transcripts 
(2100  and 1 100 nt) were evident  in pol cms  cytoplasm.  
These  results o f  Nor thern  hybridizat ions  parallel those  o f  
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Witt etal .  (1991), although several minor transcripts 
were detected in their results in addition to the major 
transcripts. Witt et al. (1991) carried out the Northern 
analysis of  pol cms and normal mtRNA using 12 mito- 
chondrial gene probes, and showed that only hybridiza- 
tion to atp6 led to different patterns between pol cms and 
normal lines. They also reported that the large major 
transcript (2 100 nt in our data, 2 000 nt in theirs) is influ- 
enced by the nuclear background, indicating the presence 
of restorer genes. When the 3'-portion of  the pol-Urf 
(probe B) was used as a probe, only one abundant  tran- 
script (2100 nt) was detected and only from pol cms cyto- 
plasm (Fig. 6A). 

Probe F', corresponding to the anti-sense RNA, re- 
vealed the same transcript patterns as did probe C 
(Fig. 6C). A 1 100 nt transcript was detected in both pol 
cms and normal mtRNAs.  A 2100 nt transcript was pres- 
ent in pol cms mtRNA,  but not in normal mtRNA. When 
the sense R NA from same region was used as a probe in 
Northern hybridizations (probe F), no hybridization 
signals were observed for any of  pol cms and normal 
mtRNAs even upon prolonged exposure (Fig. 6 D). 

No hybridization signals were detected when probing 
pol and normal m tRNA blots with a XbaI/SalI fragment 
covering a further upstream sequence of  pol-urf (Fig. 2, 
probe D) and a HindIII/SacI fragment covering a further 
downstream sequence of  atp6 (Fig. 2, probe E) (data not 
shown). These results, and the presence of  sequences sim- 
ilar to the putative promoter  sequence of  other plant 
mitochondrial genes, indicated that the abundant  
1 100 nt R NA represents the transcript of  the atp6 gene, 
while the 2100 nt transcript from pol cms mitochondria 
may be a co-transcribed RNA consisting of  both pol-urf 
and atp6 sequences. 

The cms trait has been associated with a number of  
mitochondrial chimeric genes and pseudogenes, includ- 
ing maize urf-13T (Dewey et al. 1986), sorghum coxI 
(Bailey-Serres et al. 1986), petunia Pcf(Young and Han- 
son 1987), and rice urf-rme (Kadowaki et al. 1990). The 
pol-urfreading frame also has the structure of a chimeric 
gene (Fig. 4). Moreover,  it is associated with one of only 
three or four unique restriction fragments noted when 
comparing thepol  cms m t D N A  with that of  normal rape- 
seed (Fig. 1 A), and its postulated transcript is altered by 
nuclear restorer genes (Witt et al. 1991). 

Therefore, pol-urf is a candidate for contributing to 
the defect in male fertility. Its possible translation prod- 
uct and observed transcription are consistent with two 
postulated models for explaining how chimeric genes 
cause the cms trait. First, though no translation product  
forpol-urfhas yet been identified, it would be expected to 
have an amino-terminus homologous to the Oenothera 
ORFB protein, since the first 53 amino acids of  the two 
peptides are 91% homologous (Fig. 4). Because ORFB is 
well conserved among sunflower and several other plant 
mitochondrial genomes (Quagliariello etal .  1990), it 
would appear to play a vital role in mitochondrial func- 
tion. The possible pol-urf protein, a fusion of  a homo- 
logue to ORFB and an unknown peptide, might thus act 
as an antagonist to the functional ORFB in the mito- 
chondria. Second, the presence of  the 2100 nt transcript 

may interfere with normal atp6 m RN A  function either by 
limiting the availability of  the 1 100 nt atp6 m R N A  by 
necessitating a processing step or interfering with normal 
transcription. Makaroff  and Palmer (1988) also reported 
transcriptional differences for the atpA locus between 
sterile and restored Ogura radish. But their further work 
demonstrated that transcriptional alteration of  atpA was 
not  associated with sterile or restored states (Makaroff  
et al. 1990). Therefore, additional work is required to 
better characterize the structure of  the 2100 nt transcript 
and the relationship between the cms trait and the pres- 
ence of  this transcript. These and other studies ofpol-urf 
could help in understanding the difference betweeen pol 
cms and normal cytoplasm, and so provide one of  clues 
necessary to clarify the mechanism of cms. 

Acknowledgements. We are grateful to Dr. D.B. Wing and Dr. S. 
Kikuchi, NIAR, for critical reading of the manuscript and many 
helpful suggestions. We also thank Dr. K. Kadowaki, NIAR, Dr. A. 
Morikami, Nagoya University, and Dr. TM. Ikeda, Kyoto Univer- 
sity, for providing the mitochondrial gene probes. The nucleotide 
sequence data reported here will appear in the EMBL, GenBank, 
and DDBJ Nucleotide Sequence Databases under the following 
accession numbers: X58276, Brassica napus L. mitochondrial atp6 
gene (clone pBNI54); X58277, B. napus mitochondrial pol-urf gene 
(clone pBNP3). 

References 

Bailey-Serres J, Hanson DK, Fox TD, Leaver CJ (1986) Cell 
47: 567- 576 

Bland MM, Levings CS III, Matzinger DF (1987) Curr Genet 
12:475-481 

Dewey RE, Levings CS III, Timothy DH (1985) Plant Physiol 
79:914-919 

Dewey RE, Levings CS III, Timothy DH (1986) Cell 44:439-449 
Feinberg AP, Vogelstein B (1983) Anal Biochem 132:6-13 
Fu TD (1981) Eucarp Crucif Newslett 6:6-7 
Handa H, Ohkawa Y, Nakajima K (1990) Jpn J Genet 65:17-24 
Hanson MR, Conde MF (1985) Int Rev Cytol 94:213-267 
Hiesel R, Schobel W, Schuster W, Brennicke A (1987) EMBO J 

6:29-34 
Ikeda TM, Ishii K, Terachi T, Tsunewaki K (1990) Jpn J Genet 

65:435 
Kadowaki K, Suzuki T, Kazama S, Oh-fuchi T, Sakamoto W (1989) 

Nucleic Acids Res 17:7519 
Kadowaki K, Suzuki T, Kazama S (1990) Mol Gen Genet 224:10-16 
Kazama S, Suzuki T, Kadowaki K, Akihama T (1990) Nucleic 

Acids Res 18:5879 
Lonsdale DM (1987) Plant Physiol Biochem 25:265-271 
Lansdale DM, Hodge TP, Fauron CMR (1984) Nucleic Acids Res 

12:9249 -9261 
Makaroff CA, Palmer JD (1988) Mol Cell Biol 8:1474-1480 
Makaroff CA, Apel IJ, Palmer JD (1989) J Biol Chem 264:11706- 

11713 
Makaroff CA, Apel IJ, Palmer JD (1990) Plant Mol Biol 15:735-746 
Morikami A, Nakamura K (1987) J Biochem 101:967-976 
Palmer JD (1988) Genetics 118:341-351 
Palmer JD, Herbon A (1988) J Mol Evol 28:87-97 
Palmer JD, Shields CR (1984) Nature 307:437-440 
Quagliariello C, Saiardi A, Gallerani R (1990) Curr Genet 18: 355- 

363 
Sanger F, Nicklen S, Coulson AR (1977) Proc Natl Acad Sci USA 

74: 5463- 5467 
Schuster W, Brennicke A (1987) Nucleic Acids Res 15:9092 



159 

Shiga T, Baba S (1971) Jpn J Breed 21 (suppl 2): 16-17 (in Japanese) 
Shiga T, Baba S (1973) Jpn J Breed 23:187-197 (in Japanese with 

English summary) 
Southern E (1980) Methods Enzymol 68:152-176 
Stern DB, Newton KJ (1986) Methods Enzymol 118:488-496 
Thompson KF (1972) Heredity 29:253-257 
Witt U, Hansen M, Albaum M, Abel WO (1991) Curr Genet 

19:323 -327 

Young EG, Hanson MR (1987) Cell 50:41-49 
Young EG, Hanson MR, Dierks PM (1986) Nucleic Acids Res 

14:7995-8006 

Commun ica t ed  by C.W. Birky, Jr. 


