
The EMBO Journal vol.4 no.7 pp. 1617 -1623, 1985

The maize cytochrome c oxidase subunit I gene: sequence,

expression and rearrangement in cytoplasmic male sterile plants

Peter G. Isaac, Valerie P. Jones' and Christopher J.
Leaver

Department of Botany, The King's Buildings, University of Edinburgh,
Mayfield Road, Edinburgh, EH9 3JH, UK

'Present address: Amersham International plc, White Lion Road,
Amersham, Bucks, HP7 9LL, UK

Communicated by C.J. Leaver

The single copy of the gene for cytochrome c oxidase subunit
I (COX I) present in the mitochondrial genome of fertile maize
(Zea mays L.) is encoded by a continuous open reading frame
of 1584 nucleotides. The predicted polypeptide encoded by
the gene has a mol. wt. of 58 219 daltons and shows >60%
amino acid sequence homology with the corresponding fungal
and animal polypeptides. Two major transcripts of 2400 and
2300 nucleotides can be detected and the 5' end of the larger
transcript maps to a sequence from -161 to -153 (relative
to the initiator codon) which shows high homology to the yeast
mitochondrial promoter. In nintochondrial DNA from the S
male-sterile cytoplasm of maize, which also characteristical-
ly contain two low mol. wt. linear DNAs (Si and S2), rear-
rangements just 5' (at -175) to the COX I gene, generate
additional DNA restriction fragments containing entire copies
of the gene. These rearrangements involve a sequence iden-
tical to the tenninal 186 bp of the 208-bp inverted repeat se-
quence found at either end of the Si and S2 DNAs.
Key words: cytochrome c oxidase/plant mtDNA/cytoplasmic
male sterility/terminal inverted repeats/DNA recombination

Introduction
The physical map and organisation of the mitochondrial genomes

from two higher plants have recently been described (Palmer and
Shields, 1984; Lonsdale et al., 1984). Despite a 2-fold difference
in size, the mitochondrial genomes of Brassica campestris (218
kb) and maize (Zea mays, 570 kb) have been shown to have a
similar complex multipartite structure. While the entire genome
can be represented as a single master circle, recombination bet-
ween inverted and/or directly repeated sequences leads to the
generation of smaller subgenomic circles. The number and rela-
tive recombination frequency of the homologous repeated se-

quences and the efficiency of different replication origins are

thought to determine the genome organisation in vivo (Lonsdale,
1984).

In maize, cytoplasmic male sterility (CMS), a phenotype recog-
nised by the failure to produce functional pollen, is associated
with sequence reorganisation of the mitochondrial genome, as

characterised by restriction endonuclease analysis of the normal
(fertile) and the three CMS types, CMS-T, C and S (Pring and
Levings, 1978). Such genome reorganisation could be mediated
by recombination between the types of repeated sequences men-

tioned above. In the S-male sterile cytoplasm of maize, mitochon-
dria contain two small, double-stranded linear DNAs (sometimes
referred to as episomal or 'plasmid-like' DNAs) in addition to
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the main mitochondrial DNA (mtDNA) (Pring et al., 1977).
These 'linear' DNAs, termed SI and S2, are 6397 and 5453 bp
long, contain terminal inverted repeats of 208 bp with a protein
covalently attached to their 5' termini (Kemble and Thompson,
1982), and share sequence homology with the main mitochon-
drial genome of all maize cytoplasms examined to date (Lonsdale
et al., 1981; Levings and Sederoff, 1983). They are normally
present in equimolar amounts and are at least 5-fold more abun-
dant than the main band mtDNA. We have previously shown
that mitochondria containing the S I and S2 DNAs synthesise uni-
que, high mol. wt., variant polypeptides which are not synthesised
by mitochondria from the other cytoplasms (Forde and Leaver,
1980).
Because the S I and S2 DNAs share common structural features

with transposable elements, viruses and phages with terminal in-
verted repeat sequences, it has been suggested that in some cases
genome rearrangement may be related to the presence of specific
sequences within them (Levings et al., 1980; Levings and
Sederoff, 1983).
To extend our knowledge of the information content and struc-

ture of the large higher plant mitochondrial geome, as well as
to investigate reorganisation of the genome associated with the
male sterile phenotype, we have isolated and sequenced the gene
for subunit I of cytochrome c oxidase (COX I) from maize. In
contrast to the homologous gene in yeast, the plant gene does
not contain introns and gives rise to two principal transcripts of
2.4 and 2.3 kb. SI nuclease analysis reveals that the 5' end of
the larger transcript lies within a sequence which shows strong
homology to the conserved nonanucleotide sequences thought to
be involved in transcription initiation of yeast mitochondrial genes
(Osinga and Tabak, 1982).
Using the cloned maize COX I gene as a hybridisation probe

we have shown that the N (fertile) and CMS-T and C maize mito-
chondrial genomes each contain single copies of the gene, where-
as there are apparently several distinct copies associated with
DNA rearrangement in the flanking sequences in CMS-S
mtDNA. Sequence analysis 5' (upstream) to one copy of the gene
in CMS-S mtDNA reveals the presence of an almost complete
copy of the inverted repeat (TIR) sequence found at the termini
of the Sl and S2 DNAs.

Results and Discussion
Identification and cloning of the maize COX I gene
The plasmid pKLD (a gift from L.A.M. Hensgens, University
of Amsterdam, Hensgens et al., 1983) containing part of the yeast
gene for subunit I of cytochrome c oxidase was labelled with
32P by nick translation (Rigby et al., 1977) and hybridised under
non-stringent conditions to restriction fragments of maize mtDNA
which had been separated by gel electrophoresis and transferred
to nitrocellulose. The probe hybridised to a single 12-kb BamHI
fragment (data not shown). Fragments of this size were eluted
from a preparative gel (Thuring et al., 1975) and cloned into
the BamHI site of pAT153. One clone, designated pBN1266,
hybridised strongly to the yeast probe under non-stringent con-
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Fig. 1. Restriction map of maize mtDNA containing the cytochrome c
oxidase subunit I gene and flanking sequences. A 3.9-kb EcoRI to BamHI
restriction fragment showing homology to the oxi-3 gene from yeast was
cloned into pAT153 to generate the clone pBN 6601 shown above. Letters
a -i indicate the M 13mp8 clones referred to in the text and the arrows
indicate the origin, direction and extent of sequence analysis from each
restriction site. The box at the bottom of the figure represents the position
of the COX I gene.

ditions. The region of homology to the probe was subsequently
found to be restricted to a 3.9-kb BamHI-EcoRI mtDNA frag-
ment which was subsequently sub-cloned into pAT 153, to pro-
duce the plasmid designated pBN66O1 (Figure 1).
Nucleotide sequence of the maize COX I gene
The mtDNA inserted in pBN66O1 was sequenced using the
strategy summarised in Figure 1. The sequence contains a con-
tinuous open reading frame of 1584 bp (Figure 2) which shows
58% homology with the corresponding sequences of the cyto-
chrome c oxidase subunit I genes from yeast (Bonitz et al., 1980)
and man (Anderson et al., 1981). In common with the
homologous gene in man (Anderson et al., 1981), Drosophila
(de Bruijn, 1983) and Neurospora (Burger et al., 1982; de Jonge
and de Vries, 1983) the maize COX I gene does not appear to
contain introns. In contrast, the COX I gene in yeast contains
several introns; in Saccharomyces cerevisiae for example, the
split COX I gene contains up to 10 exons, the number of exons
depending on the strain (Bonitz et al., 1980; Hensgens et al.,
1983). The only maize mitochondrial gene shown to contain an
intron to date is the gene for subunit II of cytochrome c oxidase
(Fox and Leaver, 1981).
The COX I gene is preceded by the sequence

5'-GGTTTTCA-3' (Figure 2) which may function as a ribosome
binding site in maize mitochondrial mRNAs (Dawson et al.,
1984). Eleven of the 13 bases separating the initiator methionine
codon from the putative ribosome binding site are A residues.
This arrangement is similar to that described for the homologous
yeast gene, where 13 of the 15 bases immediately preceding the
initiator codon are A residues (Bonitz et al., 1980).
Amino acid sequence
The maize polypeptide, predicted from the DNA sequence, is
528 amino acids long and has a mol. wt. of 58 219 (Figure 2).
It shares extensive overall amino acid sequence homology with
the Neurospora (62%), yeast(60A%), man(68e%) and Drosophila
(65%) proteins, although homology at the carboxy terminus is
low (Figure 3) and the proteins vary in length. The non-conserved
region extends from the last hydrophobic domain to the relatively
hydrophilic carboxy terminus.
Examination of codon usage in the maize COX I gene reveals

that, in common with other plant mitochondrial protein codon
genes (COX II, Fox and Leaver, 1981; COB, Dawson et al.,
1984), there is a strong bias towards the use of T (35%) in the
third position of the codon. The maize COX I gene does not con-
tain any TGA codons which encode tryptophan in other mitochon-
dra, but does contain one CGG codon. In view of the findings

of Fox and Leaver (1981), we predict that this triplet encodes
tryptophan.
A hydropathy profile of the predicted maize cytochrome c ox-

idase subunit I protein sequence reveals the presence of 12 hydro-
phobic regions (data not shown) which correspond exactly with
the 12 transmembrane hydrophobic regions described by Saraste
and Wikstrom (1983) in the human, ox, mouse, yeast and
Neurospora protein. This overall conservation of hydrophobic
and hydrophilic domains extends to the carboxy terminus, despite
a lack of conserved amino acids. In addition, histidine residues
occur in the maize protein at positions 64 and 154 and these align
precisely with the histidine residues which Saraste and Wikstrom
(1983) proposed to be important in haem binding by the protein.

Transcription of the COX I gene
To determine whether the maize COX I gene is transcribed,
specific gene probes were hybridised to total mitochondrial (mt)
RNA which had been separated by electrophoresis on agarose-for-
maldehyde gels and transferred to nitrocellulose. When an M13
clone containing sequences lying completely within the COX I
coding region is used as a probe, two major transcripts of - 2.4
and 2.3 kb are detected (Figure 4, lane c). To identify in more
detail the 5' and 3' ends of the two COX I transcripts with respect
to the protein coding sequence, identical RNA blots were
hybridised with a series of 32P-labelled M13 clones of the COX
I region (Figure 4, a - g). Probe b hybridises only to the higher
mol. wt. transcript, suggesting that the two principal transcripts
differ at their 5' termini. Probe f hybridises weakly to both
transcripts.

SI nuclease mapping experiments were performed in order to
characterise the 5' termini of the COX I transcripts in more detail.
An M13 clone containing a 759-bp MspI insert which spans the
5' ends of the two principal transcripts (fragment i, in Figure
1) was uniformly labelled, hybridised with total mtRNA, treated
with SI nuclease and the protected hybrids analysed by electro-
phoresis on 6% (w/v) DNA sequencing gels. A major SI nucle-
ase-protected fragment of 286 bp and several less abundant
fragments (of which the most abundant is - 191 bp) were detected
(see Figure 5). This indicates that the two major transcripts visi-
ble in Figure 4 begin at approximately -152 bp and -57 bp
from the putative ATG initiation codon (see Figure 2). We do
not know whether the two transcripts originate from separate in-
itiation events or from processing of the larger molecule.
Guanylyl transferase 'capping' experiments in progress may
resolve these two alternatives.
Examination of the DNA sequence around the 5' end of the

larger of these two transcripts reveals the presence of a sequence
5'-TCATAAGTA-3' (Figure 2) which exhibits a seven out of nine
homology to the conserved nonanucleotide 5'-ATATAAGTA-3'
thought to be involved in transcription initiation in the mito-
chondrial genome of S. cerevisiae (Osinga and Tabak, 1982;
Osinga et al., 1984). No other sequences with a seven out of
nine match to the nonanucleotide were found on the same DNA
strand in the entire region 5' to the gene which has been sequenc-
ed (1070 bp).
These results show that the transcripts of the maize COX I gene

(- 2300- 2400 nucleotides) are considerably larger than the
coding region of the gene (1584 nucleotides), most of the addi-
tional sequence being at the 3' end of the mRNA. The transcript
pattern of the COX I gene is, however, much simpler than the
complex pattern of transcripts described for the maize COX II
(Fox and Leaver, 1981) and COB (Dawson et al., 1984) genes.
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COX I gene sequence and rearrangement in CMS-maize mtDNA

-180 v
ACTTTT6CACC6AA6AAACCAAAGTCCAATTCC C6A66ACACGAAC66AA6TAA GCTGTTTTTGGTATTC6TATC6GAATTAGCC

- COX I mRNA

-90 , Y
AGAAGAAGAAACCATTTTCACTGCCCrrCAr;CTTTrGCCTGCCTGCCTTAGTGGCCCCTCTCTGATAA TAAAAC6AAAAAAAA

1 * *

AT6ACAAATCT66TCC6AT6GCTCTTCTCCACTAACCACAA6GATATCG6TACTCTATATTTCATCTTC66T6CCATT6CA66AGTGAT6
M T N L V R W L F S T N H K D I 6 T L Y F I F 6 A I A 6 V M

91 *
66CACAT6CTTCTCC6TACT6ATTC6TAT6GAATTA6CCC6ACCC66CGATCAAATTCTT66T666AATCATCAACTTTATAAT6TTTTA
6 T C F S V L I R M E L A R P 6 D II L 6 6 N N Q L Y N V L

181
ATAACS6CTCAC6CTTTTTTAATGATCTTTTTTAT66TTAT6CC66CGAT6ATA6BT66ATTT666AATT6TGTTT6TTCCSATCT6ACA

I T A H A F L M I F F M V M P A M I 6 6 F 6 N W F V P I L I
271
66T6CACCT6ACAT66CATTTCCAC6ATTAAATAATATATCATTCT66TT6TTGCCACCAA6TCTCTT6CTCCTATTAA6CTCASCCTTA
6 A P D M A F P R L N N I S F W L L P P S L L L L L S S A L

361 *
6TA6AA6T666CA6C66CACT66T66Ac6ACTCTATCC6CCCTTAA6TGGTATTACCA6CCATTCTrGA6BASCAGTT6ATTTASCAATT
V E V 6 S 6 T 6 W T V Y P P L S 6 I T s H S 6 6 A V D L A I

451 *
TTTASTCTTCATCTATCAGGTGTTTCATCAATTTTA6STTCTATCAATTTTATAACTACTATCTTCAACAT6CGTSSACCTGBAATGACT
F S L H L S 6 V SS I L 6 S I N F I T T I F N M R 6 P 6 T

541
ATBCATA6ATTACCACTTTTT6T6T66rTCCTTTTAGT6ACAGCATTCCTACTTTTATTATCACTTCC66TACTGBCA6666CAATTACA
M H R L P L F V W S V L V T A F L L L L S L P V L A 6 A I T

631
AT6TTATTAACCSATCSAAACTTTAATACAACCTTTTTTSATCCASCA6SABBBGBA6ACCCAATATTATACCAGCATCTCTTTTSSTTC
M LL T D R N F N T T F F D P A 6 6 6 D P I L Y Q H L F W F

721
TTCG6TCATCCA6ABGT6TATATTCTCATTCTGCCTSSATTC6GTATTATTASTCATATC6TATC6ACCTTTTCAAGAAAACCGGTCTTC
F 6 H P E V Y I L I L P 6 F 6 II S N I V S T F S R K P V F

811 *
B66TATCTAG6CAT6STTTAT6CCATSATAASTATA66TGTTCTT66ATTTCTASTTT666CTCATCATATBTTTACTGTr66CTTASAC
6 Y L 6 M V Y A I S I 6 V L 6 F L V W A NH M F T V 6 L D

901 *
6TT6ATAC6CT6TCCTACTTCACC6CA6CTACCAT6ATCATASCT6T6CCCACTS6AATCAAAATCTTTAGTTSSATCGCTACCATGTr6
V D T R A Y F T A A T M I I A V P T 6 I K I F SW I A T H W

991
6GA66TTC6ATACAATACAAAA'CACCCAT6TTATTTGCT6TA666TTCATCT TTTSTTCACCATAGBAGGGCTCACTBGAATASTTCTA
6 6 S I Q Y K T P M L F A V 6 F I L F T I 6 6 L T 6 I V L

1081 * *
GCAAACTCT666CTAGACATT6CTCTACATGATACTTATTAT6T66TT6CACATTTCCATTATGTACTTTCTAT6G6A6CC6TTTTT6CT
A N S 6 L D I A L H D T YY V V A H F H Y V L S M 6 A V F A
1171 * *
TTATTTGCT6GATTTTACTATTr666TGGTAAAATCTTTGSTCSSACATATCCTSAAACTTTAG6CCAAATCCATTTTTGGATCACTTTT
L F A 6 F Y Y W V 6 K I F 6 W T Y P E T L 6 Q I H F W I T F

1261 *
TTCB66rTTAATCT6ACCTTCTTTCCCAT6CATTTCTTA66GCTTTC666TAT6CCACSTCSCATTCCA6ATTATCCA6ATGCTTAC6CC
F 6 V N L T F F P M H F L 6 L S 6 H P R R I P D Y P D A Y A
1351 *
6GATG8AATGCTCTSASCAGTTTCGGTTCTTATATATCCBTASTTBGGATTCGTCGTTTCTTCSTASTTBTC6CAATCACTTCAASCAGT
6 W N A L S S F 6 S Y I S V V 6 I R R F F V V V A I T S S S
1441 *
GBAAABAACAAAA6AT6T6CG6AAA6TCCTT666CT6TTGAGCA6AATCCAACCACACTASAAT66TT6GTACAAASCCCTCCASCCTTT
6 K N K R C A E S P W A V E Q N P T T L E W L V Q S P P A F
1531 * *
CATACTTTT6SABAACTTCCAACTATCAAA6AAACTAGAAACCAATCCAGTTGCTASAAATCCATCATTABCBAGACAATTATTTTTCTT
H T F 6 E L P T I K E T R N Q S S C

1621 * §
TTCTTTTBATTTGTTTBSCTTT9CCTTAACCGAAGCTATTSCATTSTTTBCACTTATBAB8GATCTTATTTBTGTTCTAAAATATTCBA6
1711 * *
TAAASTATBAAASSCTSSABCAACACTTCTCAAT6CCACTTCCSSAAACAAATTCST

Fig. 2. Nucleotide sequence and predicted amino acid sequence of the mitochondrial cytochrome c oxidase subunit I gene from fertile maize. The sequence is
numbered relative to the A of the ATG initiation codon. The boxed sequences from -161 to - 153 and -65 to -58 represent the DNA sequences to which
the 5' end of the COX I transcripts have been mapped (see Figure 5). The putative ribosome binding site at -21 to -14 is underlined (1uuiim). The predicted
amino acid sequence was translated according to the universal genetic code except that the CGG codon at position 1213 was translated as tryptophan as
proposed by Fox and Leaver (1981).

A DNA sequence rearrangementS' to the COXIgene in the CMS- in the fertile (N) and CMS-C mtDNA, rearrangements near to
S maize mitochondrial genome the COX I gene were apparent in the CMS-T and S mtDNA.
To examine the genome organisation around the COX I gene in The rearrangement in the CMS-T genome is > 1 kb from the
cytoplasmic male sterile lines of maize, a labelled M13 clone 3' terminus of the gene and has not been characterised further.
(fragment h in Figure 1) containing DNA from the coding se- The rearrangement around the COX I region in the CMS-S
quence was hybridised to Southern blots of mtDNA from CMS- mitochondrial genome is apparently more complicated (Figure
T, C and S lines cut with various restriction endonucleases (Figure 6) since several DNA fragments hybridise to the COX I-specific
6). While the same sized restriction fragments were identified probe. Two fragments show strong hybridisation with the labelled
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1 10 20 30 40 50 60 70
M MTNLVRWLFSTNHKDIGTLYFIFGAIAGVIIGTCFSVLIRMELARPGDQILGGNHQLYNVLITAHAFLMIFFM-VMPAMIG
NISISIWTE FL A V L ALFS LL A SG VYIAD - Al I - L
Y VQ-- Y A AV r.lLAIFSI1A AtMLI L A S YH S F LVVG- AV CTL L
H FAD- LL W L AL LI A GH N-L ND -I IV V - I
D S--RQ W MV SL I A GH A-LI DD- I IV I - I

80 90 100 110 120 130 140 150
MFGNWFVPiLI7GAPDAFPRLNNISFWLLP-PSLLLLLSSALVEVGSGTGWT-VYPPLSGIT-SHSGGAVDLAIFSLHLSGVSSI
N FLL L V G VF CI G A I VO PS A L
Y YLL LM T T I A V MG VC VT T S A S QA PS A TSI L
H L LLM M M A M A A ANY P AS T A
D L L1ML M M P S V SM N A AGIA G AS A I

170 180 190 200 210 220 230 240
M LGSINFITTIFNMRGPGMTMHRLPLFVWSVLVTAFLLLLSLPVLAGAITMLLTDRNFNTTFFDPAGGGDPILYQHLFWFFGH
N V I IRL K P G A VI V S ET F
Y A V TL TN K IFI SAG L S EV E
H A I LP A QYQT I V AG L
[DJ AV VJ ST ISLD M VI L L S

250 260 270 280 290 300 310 320
M PEVYILLPGFGIISFIVSTFSRK-SPVFGYLGMVYAMISIGVLGFLVWAHHMFTVGLSDTRAYFTAATmiIAVPTGIKIFS
N I TTI AY N -S I M I I S Y L
Y I V Y K - EIS A L S YI A S I
H M TYY KEP M W M F I M S I V V
D dM I QE G KET S I LA L I M S

330 340 350 360 370 380 390 400 *
M WIATMWGGSIQYKTPMLFAVGFIFLFTIGGLTGIVLANSGLDIALHDTYYVVAHFHYVLSMGAVfALFAGFYYWVGKIFGWT
N L CY RLTPS L V M S V AS F M S W H P L LN
Y L IY RLA Y IA L M VA AS V F G Y I S Y SPQ L LN
H L LH SNMKWSAAV W L V S V IIG IH FPLFS Y
D L LH TQLS SPAI W L V L V VV SV I IM IH YPlFT L

410 420 430 440 450 460 470 480
MYPETLGQIHFWITFFGVNLTFFPMHELGLSGMPRRIPDYPDAVAGWNALSSFGSVISVVGIRRFFVVVAITSSSC.-----KN
N NMV SKAQ LL I Q Q S FS LI IV ASWL LYI Y QLVQ EY----A
Y N K A Q LI I A VI IN F YVA I F ATLSLFL IYILYDQLVN LNNYVN
H LDQ YAK T M I Q YS TT I V F LTAVMLMIFMIWEAFA- R
DJLNNKWLKS I M I Q A Y TT IV TI T LL LF FIIWESLV ------QR

490 500 510 528
M KRCA--ESPWAVEQNPTTLEW---LVQ---------SPPAFHTFGELPTIKETRNQSSC*
N G Y----- SIP FY DSLRALLNRSYPSLEWSIS KP S AS LQSSSFFL FFRLSSYGEQKEISGRON*
Y SVIYAKA DF S TIFNLN---T KSSSIEFLLI V S NTPAVQS*
H VLMVE - S---M --- --- YVG---------C PY E PVYVM SR*
LJ QVIY---- IQLN---SSI ---YQN---------T E SYS LLTN*

Fig. 3. Comparison of the predicted amino acid sequence of the maize cytochrome c oxidase subunit I with the predicted amino acid sequences of the
homologous proteins from N. crassa (N), S. cerevisiae (Y), H. sapiens (H) and D. melanogaster (D). The numbering refers to the maize sequence and only
this sequence is shown in full. The amino acids are only shown in the other sequences where they differ from maize. The two underlined portions of the
yeast sequence represent the sequences originally thought to be small introns. The non-conserved carboxy ends of the sequences were aligned using the two
conserved proline residoes (positions 507 and 508) and the conserved histidine residue (position 511).

probe when CMS-S mtDNA is digested with either EcoRI or
HindlI, together, in each case, with four fragments showing
weaker hybridisation. When digested with BamHI, however, a
single fragment of 4.8 kb shows strong hybridisation, together
with four less intensely hybridising fragments. The 4.8-kb BamHI
fragment is presumably contained within both the two major
hybridising fragments generated by the other two enzymes.
An essentially similar pattern of hybridisation was obtained

using either DNA probes encoding the amino terminus (fragment
i in Figure 1) or carboxy terminus (fragment j in Figure 1) of
the gene (results not shown) suggesting that the S genome con-
tains at least six fragments of DNA containing the entire COX
I gene in two different stoichiometries. The two fragments in
CMS-S mtDNA showing strong hybridisation are apparently pre-
sent in a similar abundance to the single fragment containing the
gene in the fertile cytoplasm, while the other four fragments are
present at much lower abundance.
The results presented here were obtained from plants with a
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B37 nuclear genotype. We have found that S type cytoplasms
in other nuclear backgrounds, e.g., M825, 38-11 and WF9, the
relative abundance of the restriction endonuclease-generated DNA
fragments containing the COX I gene show characteristically dif-
ferent stoichiometries (Isaac et al., in preparation). This suggests
that the nucleus has a major role in determining the structure
of the mitochondrial genome in CMS-S lines, perhaps by pro-
moting specific recombination in sequences flanking the COX
I gene. It also emphasises the importance of the interaction bet-
ween nuclear and mitochondrial genomes during mitochondrial
biogenesis. The CMS phenotype apparently results from the in-
troduction of a cytoplasm into a foreign nuclear background and
may be due to changes in mitochondrial genome organisation
and/or expression.
These results show that sequences around the COX I gene in

CMS-S mtDNA are arranged in at least six different permuta-
tions. To investigate the nature of these rearrangements a Hind-
HI library of CMS-S maize mtDNA (isolated from the line B37S)



COX I gene sequence and rearrangement in CMS-maize mtDNA
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Fig. 4. Transcripts of the maize cytochrome c oxidase subunit I gene. Total
maize mtRNA was fractionated by electrophoresis through 1.3% (w/v)
agarose-formaldehyde gels, transferred to nitrocellulose and parallel tracks
were hybridised with individual 32P-labelled M13 DNA subclones from the
COX I coding and flanking sequences. The origins of the M13 clones a-g
are indicated in the lower part of this Figure and in Figure 1. (The
darkening of the film in the middle of the Figure represents non-specific
hybridisation.)

was probed with a COX I internal gene probe (fragment h in
Figure 1). Plasmid DNA was isolated from a single colony iden-
tified by the probe and shown to contain a DNA insert of - 9.7
kb. This corresponded to the larger of the two major Hind[ll
fragments identified by hybridisation in Figure 6, and contained
the 4.8-kb BamHI fragment identified in CMS-S mtDNA. Se-
quence analysis of the 4.8-kb BamHI fragment revealed that it
contained the entire sequence of the COX I gene and that the
nucleotide sequence was identical to that in N mtDNA from the
3' BamHI site to a point 174 bp 5' to the initiation codon. The
sequences 5' to nucleotide -174 diverge in N and CMS-S
mtDNAs and following a single inserted 'A' residue (relative
to the common sequence in N mtDNA) the next 186 nucleotides
in CMS-S mtDNA are identical to a portion of the free end of
the 208-bp TIR of the SI and S2 DNA elements (Levings and
Sederoff, 1983) (Figure 7). The sequence 5' to the SI and S2
DNA homolgy in CMS-S mtDNA, shows no homology to other
regions of the SI and S2 DNAs, nor to any other known maize
mtDNA sequence (data not shown). At the point where rearrange-
ment has occurred in CMS-S mtDNA there is a short sequence,
5'-ATG--CTTG--TACTTTT-3' (see Figure 7), in N mtDNA,
showing partial sequence homology to the distal end of the TIR
of S1 and S2. As noted by Levings and Sederoff (1983) the ter-
minal 5'-TACTTTT-3' of the TIRs shows a high degree of
homology with the short TIRs found in adenovirus and in a range

-
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Fig. 5. Determination of the 5' ends of the COX I RNA transcripts by SI
nuclease mapping. Hybrids were formed with mtRNA and a 32P-labelled
M13 mtDNA probe (Msp fragment; in Figure 1) which contained the start
of both transcripts. SI nuclease-resistant hybrids were fractionated in a 6%
(w/v) sequencing gel. Lanes (1) input DNA plus tRNA, (2) hybrids treated
with 400 U/ml SI nuclease. Lanes A, G, C and T, M13 sequencing
ladder. The apparent size of the protected fragments are marked.

of linear Bacillus phages.
Schardl et al. (1984) have demonstrated that a high propor-

tion of the mitochondrial DNA in CMS-S maize is present as

linear molecules. They postulate that linearisation occurs as a

result of recombination between the usual circular mitochondrial
chromosome and the S1 and S2 linear DNAs. The recombina-
tion occurring between sequences in the CMS-S mitochondrial
genome and homologous sequences in the TIRs of the S1 and
S2 DNAs, results in the production of linear molecules with S1
and S2 covalently linked at the end. The sequence data presented
in Figure 7 probably represent such a target site for homologous
recombination. Those DNA fragments which hybridise faintly
with a COX I gene probe may well represent such linearised
molecules present in lower abundance than those fragments which
hybridise more strongly. It should be noted that neither the free
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BamHi_ HindII
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Fig. 6. Location of the COX I gene in mtDNA from fertile (N), and CMS-
T, C and S maize cytoplasms. Total mtDNA preparations were cleaved with
either EcoRI, BamHI or HindIl, fractionated by electrophoresis, blotted
onto nitrocellulose and probed with a 32P-labelled M13 clone (fragment h in
Figure 1) containing a sequence entirely internal to the COX I gene. An
essentially similar pattern was obtained using amino- and carboxy-terminal-
specific gene probes (not shown). The tracks containing CMS-S mtDNA
contain labelled fragments of different stoichiometries. One (BamHI) or two
(EcoRl, HindIll) fragments show strong hybridisation to the probe, and four
fragments from each enzyme showing weaker hybridisation (indicated by
dots) can be seen.

*-340
(1) GAATCACAGCCTGACTTCCTCTAGATGAAAGCATABGTAGTBACGACCTATTGTTTTCTT

: I: : : I :,: I it: I M
(2) TTTTGTTTCAGTTTCACTATTBGTTS8ATTTATTTABTTTGSAACATOTAAGOACTTCTC
(3) TTTTTTBTGTGTCTTCTTGCA6BTT8BATTTATTTAGTTTBABACATGTAAGSACTTCTC

t Proximal end 8 opisome terndnal inverted repeat
*-320 *-300 *-290

(1) CTCASCGGACCCAATBA6TAACTAC8CCATBTTACGAATAAAAGC8AGESAAAATC9GAT
(2) C:GAGAB:TATTCTCTICA:TTCT:TCCATCTCTBTCGSCACCATTGTTATCTGTCTCTT
(3) CGGA8AGGTATTCTCTBCASTTCTBTCCATCTCT3TCOBCACCATT6TTATCTBTCTCTT

*-260 *-240 *-220
(1) GAGCAATCTTTTGCAGCTATATGAAATGCACTTTBGAAAATCABGTCTTSAe6ACBAAAA

(2) AATAGTAGAG6ATCGCCGACGCCCTSTCTTTBAAGTAGATACCTGGTT6STATCTTTATG
(3) AATAGTAGAGIATCBCC6ACBCCCTGTCTTTGAAGTAGATACCTGOTTGBTATCTTTATG

*-180
(1) ACA4CGA Tsr crPcAc4ftil

::: : :: :: X:I : I :::----170 bases 5'to COX I(2) TAGATTIBGACATOCTT6TATACTTTAeCACOCMS-S
(3) TAGATTG6ACATOTBCTT6TATACTTTT..-end S episome

Fig. 7. Comparison of DNA sequence homology 5' to the COX I gene
around the point of divergence between mtDNAs from N-fertile (1) and
CMS-S (2), maize cytoplasms and the 208-bp TIR of SI and S2 DNAs (3).
The numbering refers to the number of bases 5' to the ATG initiation codon
of the COX I gene in mtDNA from the N-fertile maize line. Homology
between a sequence in N mtDNA and the distal end of the S TIR around
the point of divergence is underlined.

SI nor S2 molecules contain sequences which hybridise with any
region of the COX I gene (data not shown).
The biological significance of the sequence rearrangement 5'

to the COX I gene and increased copy number of the gene in
the CMS-S maize mitochondrial genome is unknown. These
changes are however associated with the presence of the SI and
S2 linear DNA molecules characteristically found in mitochon-
dria from CMS-S cytoplasms. The involvement of sequences
related to these linear DNAs in the process leading to the rear-
rangement of the mitochondrial genome is supported by our

observation that a 186-bp sequence showing uninterrupted homo-
logy to the distal portion of the 208-bp TIRs of the S1 and S2
DNAs is found at the point of divergence between the COX I
gene of the fertile and one of the abundant copies of the gene
in CMS-S mtDNA. Thus it would appear that the presence of
sequences active in recombination 5' to the COX I gene could
explain our observation that the gene is located on a number of
different DNA fragments in CMS-S mtDNA (Figure 6). We can
further speculate that the target site for recombination is con-
tained within the 186 bp of sequence showing homology to the
TIRs of the SI and S2 DNAs, and most probably in the vicinity
of the sequence 5'-ATG--CTTG--TACTTT-3' also found in the
fertile (N) and CMS-S mtDNAs. The point of divergence bet-
ween the sequence of the COX I gene in fertile and CMS-S
mtDNA is -23 bases upstream from where we have mapped
the 5' end of the COX I transcript. The proximity of this rear-
rangement does not appear to have any quantitative or qualitative
effect on transcription of the gene in mitochondria isolated from
4-day-old dark-grown coleoptiles of the CMS-S compared with
fertile lines (data not shown). It is conceivable that differential
expression of the gene could occur during pollen development
in CMS-S lines but we have not examined this as yet.
While we do not suggest that the specific genome rearrange-

ment we have described in CMS-S mtDNA is causally related
to the CMS phenotype, it may be an example of the type of
molecular event(s) which underlie it. We can speculate that these
events lead to mitochondrial genome reorganisation, as indicated
by the observed restriction endonuclease fragment polymorphism
in mtDNA from CMS lines. This reorganisation in turn may
directly affect mitochondrial genome replication and/or expres-
sion. Support for this hypothesis is provided by our earlier obser-
vations that characteristic variant translation products are
synthesised by mitochondria from each of the different male
sterile lines (Forde and Leaver, 1980; Leaver and Gray, 1982).
Rearrangements of the kind we have described could affect
mitochondrial genome replication or expression resulting in a
failure or deficiency in mitochondrial function or biogenesis dur-
ing the critical period of mitochondrial biogenesis which occurs
in both the tapetum and microspores during pollen formation.

Materials and methods
Isolation of mitochondrial DNA and RNA
Mitochondria were isolated from 4-day-old dark-grown maize coleoptiles (lines
B37N, T, C and S, Pioneer Hi-Bred International, Des Moines, IA) and DNA
and RNA extracted as described previously (Fox and Leaver, 1981).
Restriction, electrophoresis, blotting and hybridisation ofDNA
Restriction enzymes were obtained from Bethesda Research Laboratories and used
as specified by the supplier. Electrophoresis was carried out in 0.8% (w/v) agarose
gels containing 40 mM Tris, 20 mM sodium acetate, 1 mM EDTA, adjusted
to pH 8 with acetic acid. The separated fragments were transferred to nitrocellulose
(Southern, 1975) after depurination (Wahl et al., 1979).

The plasmid pKLD which contains exons 3 and 4, intron 3 and part of intron
2 of S. cerevisiae oxi-3 gene (Hensgens et al., 1983), was used to identify the
maize mitochondrial DNA fragments containing the COX I gene by heterologous
hybridisation. These heterologous hybridisations were carried out in 0.6 M NaCl,
60mM Na-citrate (4 x SSC), 0. 1% (w/v) SDS, 0.2% (w/v) bovine serum albumin,
0.2% (w/v) Ficoll (type 400, Sigma), 0.2% (w/v) polyvinyl pyrrolidone (mol.
wt. 40 000) and 200 Agg/ml sonicated, denatured herring sperm DNA (Serva Fine
Biochemicals). Filters were pre-hybridised at 45°C in the above buffer for at
least 30 min before pKLD DNA labelled with 32p was added (Rigby et al., 1977).
Filters were hybridised for 18 h at 45°C and then washed in three changes of
0.6 M NaCl, 60mM Na-citrate, 0. 1% (w/v) SDS at 52°C. Homolgous hybridisa-
tions were carried out at 37°C in 50% (v/v) formamide, 4 x SSC 0.02% (w/v)
bovine serum albumin, 0.02% (w/v) Ficoll, 0.02% (w/v) polyvinyl pyrrolidone,
50 jig/ml, sonicated denatured herring sperm DNA.
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COX I gene sequence and rearrangement in CMS-maize mtDNA

Cloning and sequencing of the COX I gene
10 itg of maize mtDNA was digested with the restriction enzyme BamHI and
fractionated by agarose gel electrophoresis. The area of the gel containing fragments
of - 12 kb (i.e., which contained fragments hybridising to the yeast oxi-3 DNA
probe) was excised, and the DNA eluted using the 'freeze-squeeze' method of
Thuring et al. (1975). The DNA fragments were ethanol precipitated and one-
third of the preparation was ligated into the BamHI site of pAT153 (Twigg and
Sherratt, 1980). The ligated DNA was transformed into the Escherichia coli strain
HBO11, and ampicilin-resistant colonies were selected. DNA was prepared (Birn-
boim and Doly, 1979) from those colonies which were tetracycline sensitive.
An initial restriction map was prepared of the 3.9-kb EcoRI to BamHI sub-

fragment of the original 12-kb fragment using the method of Smith and Birnstiel
(1976) (Figure 1). Subclones of the fragment were made in the replicative form
of M13mp8 (Messing and Vieira, 1982). Single-stranded isolates of the phages
were sequenced by the extension dideoxyribonucleotide termination procedure
(Sanger et al., 1977,1980) using [32P]dCTP (410 Ci/mM, Amersham Interna-
tional), except that a synthetic pentadecamer primer (New England Biolabs) was
used. The sequencing strategy used is shown in Figure 1.
RNA transcript analysis and SI nuclease mapping
Northern blot analysis was performed as described previously (Dawson et al.,
1984). The 5' ends of transcripts were mapped using S1 nuclease (Berk and Sharp,
1977). The single-stranded M13 clone used as a probe was labelled by a modifica-
tion of the sequencing reaction (Hu and Messing, 1982), using the pentadecamer
sequencing primer and the strands were separated prior to hybridisation. The labell-
ed DNA probe was hybridised with 20 tg total mitochondrial RNA at 43°C for
3 h in 80% (v/v) formamide after which S1 nuclease was added to 400 U/mi
and digestion allowed to proceed for 30 min at 37°C. The protected hybrid
fragments were fractionated by electrophoresis on 6% (w/v) polyacrylamide-urea
sequencing gels in parallel with m13 sequence ladders to provide size markers.
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