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Mitochondria from the S male-sterile cytoplasm of maize con-
tain unique DNA-protein complexes, designated S-1 and S-2.
These complexes consist of double-stranded linear DNAs with
proteins covalently attached to the 5’ termini. To learn more
about these unusual DNAs we have determined the complete
nucleotide sequence of the S-1 DNA molecule (6397 bp). The
sequence of S-2 has been previously determined. S-1 and S-2
are structurally similar and contain ~ 1.7 kb of sequence
homology. S-1 is terminated by exact 208-bp inverted repeats
that are identical with the terminal inverted repeats of S-2.
S-1 and S-2 also contain a 1462-bp region of nearly perfect
homology, which includes one of the terminal inverted
repeats. The homology between the two molecules may be
maintained, in part, by homologous recombination. S-1 has
three long unidentified open reading frames, URF2 (1017 bp),
URF3 (2787 bp) and URF4 (768 bp). URF2 occurs in the
1462-bp region of homology and is identical in length and loca-
tion in both S-1 and S-2. Based on their structural organiza-
tion and their viral-like characteristics, we propose that S-1
and S-2 code for functions involved with their maintenance
and replication.

Key words: plasmid-like DNAs/terminal inverted repeats/cyto-
plasmic male sterility/nucleotide sequence

Introduction

Mitochondria of c¢ms-S, a male-sterile cytoplasm of maize (Zea
mays L.) contain plasmid-like DNAs in addition to and distinct
from the usual mitochondrial DNAs (mtDNA) (Pring et al.,
1977). Two of these unique DNAs, called S-1 and S-2 are
associated with the S group of cytoplasmic male steriles. The
S group, which contains >20 members, is restored to pollen
fertility by the nuclear gene, Rf3, located on chromosome 2
(Laughnan et al., 1981). Customarily, S-1 and S-2 are isolated
as double-stranded linear molecules with defined ends and are
6.4 and 5.4 kb long, respectively. The molecules are terminated
by 0.2-kb inverted repeats (Levings and Pring, 1979; Levings
and Sederoff, 1983) and have proteins covalently attached to their
5’ ends that may be involved in priming DNA replication (Kemble
and Thompson, 1982). Similar DNA-protein associations are also
found in adenovirus and Bacillus phages where it is believed that
these proteins prime for DNA synthesis (Rekosh et al., 1977;
Carusi, 1977; Salas et al., 1978; Harding et al., 1978; Ito, 1978;
Yehle, 1978; Yoshikawa and Ito, 1981). Interestingly, several
of the Bacillus phages contain short terminal inverted repeats that
have a high degree of homology with the terminal nucleotides
of S-2 (Levings and Sederoff, 1983).

In most cms-S lines, S-1 and S-2 are present in equimolar
amounts and are ~ 5-fold more abundant than a typical unique
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segment of the mtDNA. The 5-fold difference suggests that
mtDNA and plasmid-like DNAs replicate independently. It has
been shown that nuclear background can influence the content
and relative proportions of S-1 and S-2 (Laughnan et al., 1981).
Several studies have shown that mtDNA sequences from nor-
mal (fertile) and male-sterile cytoplasms share homology with
S-1 and S-2 sequences (Spruill ez al., 1980, 1981; Lonsdale et
al., 1981). Moreover, sequences homologous to S-1 are reported
to occur in the maize nuclear genome (Kemble er al., 1983).

Unlike the other male-sterile cytoplasms of maize, cms-S is
unstable and frequently mutates to the male-fertile phenotype
(Laughnan et al., 1981; Laughnan and Gabay-Laughnan, 1983).
Most newly arisen male-fertile revertants are due to cytoplasmic
changes, which are maternally transmitted through subsequent
generations. Studies of cytoplasmic revertants have revealed that
the change from the male-sterile to the male-fertile phenotype
is accompanied by the loss of the free forms of S-1 and S-2 DNA
species and by rearrangements in the mtDNA which often involve
sequences homologous with the S elements (Levings ez al., 1980;
Kemble and Mans, 1983). These results led to the speculation
that S-1 and S-2 may carry determinants responsible for male
sterility and behave like transposable elements. However, it is
not clear that transpositional events are actually occurring and
that they are responsible for the reversion to male fertility.

The nucleotide sequence of the S-2 plasmid-like DNA has been
previously completed (Levings and Sederoff, 1983). In this paper,
we report the complete nucleotide sequence of the S-1 DNA
molecule. S-1 contains long open reading frames, a sequence con-
taining homology with a portion of a chloroplast gene (Ronald
et al., in preparation) and ~ 1.7 kb of highly conserved homology
with S-2.

Results

The nucleotide sequence was ascertained from S-1 DNA cleavage
fragments cloned into the M13 vectors mp7-mp11. Restriction
fragments from Bcll, Bglll, EcoRl, FnuDIl, Haelll, Hindlll,
Mbol, Xhol, Pstl, Rsal and Tagl digestions were ‘shotgun’ cloned
into the appropriate vector sites for sequence analysis. In those
instances when the cloned fragments were too long for complete
sequencing, double digestion was employed to generate shorter
fragments, e.g., Haelll and HindIll, HindIll and Ssfl, HindIII
and Tagql, Sau3Al and Sstl, Tagl and Ss71. Both strands of S-1
were sequenced completely and the sequence was confirmed with
overlapping clones (Figure 1).

After digestion with proteinase K to remove the terminal pro-
tein, S-1 DNA is purified as a linear molecule with defined ends.
To sequence the ends of S-1, we have force-cloned S-1 terminal
fragments, generated by Pstl or Hindlll digestion, into the Smal
and Pstl or HindIll cloning sites of M13mp8 and mp9. The
resulting clones have the terminus of S-1 blunt-end ligated to the
Smal-cut vector. Previous studies indicate that the 5’ termini of
the S-1 and S-2 DNAs can not be end-labeled even after pro-
teinase K digestion and extensive phenol and chloroform extrac-
tions (Kemble and Thompson, 1982). In contrast, the 3’ termini
are apparently not impaired because the 3’ ends can be digested
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SAGACAGATA ACAATGETCC CGACAGAGAT GGACAGAACT GCAGAGAATA CCTCT! GAAGTCCTTA CATGTCTCAA ACTAMATAMY
TCCAACCIEE AAGAAGACAC ACAAAAAAGA AAAATATEAR CTATATGAGA T T GCAGTTTGAG CGTTTTC
AGEATGTGCA TARATGCTAT CGTGGTGAAL CGCGATATET AATCCCGTAT 6 TCATTGCGGT ACAAGACTT
ATCCTAAR ACCATSCTTG CTTCAGCATT TATGGAATTG TTAATAAATA GGGTTTACCC ATCAATCCAG GGTTCCE
AGTTCACAT CCATATEGA TTGATATAG ATGGTAATCE CATTAATATY ACTTTATAR AAGCAATIAA GCTTACATAT 6C
CCCREATIEL TAATGAGTEC ATATTAAAAG AAAYAAV:;a TATGTTGAAT AAGTACGCAS AAAACTACCA AAGTTGCRAT GTTGAAGCAN
TCAGTGTCAG GGCTTATTCA GAGGGTAGTA TAGATTTGAA TCAAGCTICA ATTCCAACTA AAGATGAATC TTTGAACTAY C
CACTTATIAR AT AC ATAAATARTT TAGAAATACE CAAGATGEET COACGTTEAA CTA TCAGTCATAT ATCCCTS
AT AATGAAAAAC AAAACTCTAT TTTTTGTTGC TGATCTAGAA ACTCTTTTAT T
910 2 4 s 7 8
CTCACGTGEC CT 68 coeTaT T66TTG, 46 GTTAnc ACCATA GACeTTCTA
ACTCAA GTECCAGEAT TTTCAC ki GATGCT ATAGAA 1
GAAGTT GeTTET TTTCAC TarcTe CGACGE ATGATA crrrTe TARRAGTTAT ARAAAC
ATATAG CATCAT AACGAC TITATY AAAACT! AAGGTA AARATG TARAAGECTT GTTTTA
TCATGE GTACCT! TTGARAGTAR AGCTCE TCTAGE AGTTTT CAGAAT GEEEAA :g; TeTTTC
ACCAGA, CACCETTEAT ARACTACCTA GTATTA AGACTC ACTTAT TETARTAACA GeTGe
T TARRGCCATT ATTTGG AGTATG TGATAT! ARAGTATTAR CAATATCASC AT ARAATA
GACGTG CTATARGEAT GATGAT ATCGRATCTA cATTCC GATAATEAGS CTCAATITAT T TACTAC
[ CETGTATAAG CCATAC AGAATTTGTA TTATTATEAT GTARATICTC TATACCCETC ATCTATECTA GATGAT
CTATAGGCAA GACCCGCTGE GTTAGTGATC TAGGATCAAA GAAATCAAAG ATTGTGTTGA ATGATATETT TGGGTTCATT AGAGC
0 [ 8 7 080 89,
TAATTT TAAGCATATT ARAAAGCETC TTCTAC T GATGET TAATCT CACSEREAA TTTCTCEST
TITATT TGAGEAGCTT AAGTAT: TAAGTT CTACAA TACCCG! CTTTGATAGA ARGGARTCA
CATTCA Trrer GACATC TGATGC GETARAEESS ACARAG GEATTTCATC TATAAAAT
CCATGAACAG TCTCTA AGGTTC T ACTCAA, TITCTA AGAAAGTAGA AAATTAGC
TeTATARTGA Tecert CAAAGT AGCTTA AGACAA CTAGTA, CAGARGTTTS GATTTAET
AGCTTA ACTTAT cTeTTC ATCAGCCGCT GTCACE ARGARTECAC CCATTCAT
C6AGGE CT6CTA ACGGATACGE ACTCAG TETTOAGAEE GAnCTT ARGARGAGRT ATCACCTACE GCTTTOSETA
AGTTTA TEAGCA! GTCGARTATE GeATCT ASCACCTARG TECTATATEC TTAAGGCATC AC 1A
TAAAGT AMAGATEAGE CTGATGAAGA ATGGTTCATC AACCAGCTAG CTGACCCTAE GGCTAAMAAA GTEATT <A
ATGTCC GTTCAG AACTTCCGTG AACTGTTGGT TCAAGAGAAA ATGTGTAAGT ATACCATGGG GTTAGAAAGT
71 7 7 750 2760 2770 780 3]
AGTATGTETT ¢ CoAGTA TTGATA GCCCTOCCAT ATAGGTRACT TTGATGTEAR AMGTATCAAT cceacclc
ATCGGATAAT TATGAR " ATGAAG CCGAMATEAR TTTTCTAATE COGARATCAT GATTGCTAAT coseasAT
ARGCTGATEE TECTAN CTAAGE AGGARAGCCT CTAAGAGEEE GAGACACCEC TTCTCA AT?
CATGGAATGE ATTCCC TCTATA AGACCA TGARACAAGA TATGAATAAR CAATTACAAC COCTTCTCAR GeTAATACCA
A AAGTAA GAAGCT coAACGAACE TeTacAGEC TACTAGTCAG A
GAGGAA AGATAT CAACCTITEA CTTACARGA SASAAGHCTA AACCCATTTC
TGTATA ATGTCA TTGTGT CAGATCATTA GTTGTGATCT TTGGTAATTS TCTTGTACAG AG
S AT TTecTY TCTGAT : AGGGAT 6; TeTecT uuu-q CTATAAGGET VAI'AA;%’O
GGGAATGCCT TTGATT TTTTTACTTT CTATAAGGGT CTTGTTATGT CCTTTG Terere CTATAAGEST CTTGTTTA
GGTATACTCT TTGATCCTTA CTCTATTTAC T A aarreriee HiHd Teserree
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AGATTGTAAT ATAGTCCATA TTGTTTTGTA AATTTCTGGG ATGTTAATAT ACGCGAAGTA GGTATATAAT CCATACAATC ACTCAAATCA
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ATACTAACGA CTTTAACGAC ATTTTCTTGT CGATTCAAGA ATGCRTAATG CATGGCTTTC AGATCTTTGA ATTTAGAAAT GTTAGGCTGA
5170 5780 790 580 5810 20 58.

GCTTTATTAA CTGTTGTTAA AATAACATTA GATAACCCCT TCAATACAAG TAGGTCCATA GGAACTCTAC ACTTATACAC TCCTATAAGA
5870 5 589 5900 59 920 59

CTATGAGTAT CCAGATTCCT TTCATCCAAC CATAAATAGC CCTTCGATGC TTCCATACGA ATCACATCAT AGATTAAAGG CGGAATCTCC

596 597 598 5990 6 6010 0. 60
TTAATATTTA TTTGATAATA AACAAC&g:s CCAAAAE&GT ATTTACCTGT TAAGTTCAAT TGATTTATGA AATCATTAAT CATGAAAGGC
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AGCACACCTC GAACCCTCCA lGAAYCg ;3 TAGAYAG::% GYACIV&T?A AACCAGCTTC TGCTTTTCGC AATTAATTTG GGGAATATGT
1 6

GCAATY: AC GAGGAGATAT AAACA'& :; TGCCCGGTAC CCTTAGTAGT ATGTTTTGCC ATATTTGTAT TTTTTGTGTG TCTTCTTGCA

628 5300

GGYTGGATTT ATTTAGTTTE AGACATGTAA GGACTTCTCC GGAGAGGTAT TCTCTGCAGT TCTGTCCATC TCTGYCGGCA CCATTGTTAT

CTGTCTCTTA ATAGTAGAGG ATCGCCGACG CCCTGTCTTT GAAGTAGATA CCTGGTTGGT ATCTTTATGT AGATTGGACA TGTGCTTGTA

TACTTTY

Fig. 1. Nucleotide sequence of the linear S-1 DNA molecule from the mitochondria of the S cytoplasm of maize. The 208-bp terminal inverted repeats are

underlined. The sequence is presented in the 5'—3’ direction.

with exonuclease III and end-labeled or tailed with terminal
transferase (Kemble and Thompson, 1982; Meints et al., in
preparation). Nevertheless, our terminal sequence could be in-
complete if termini missing a nucleotide or so are preferentially
cloned. At any rate, we have consistently obtained terminal se-
quences ending in the same order for both S-1 and S-2 (Levings
and Sederoff, 1983).

The S-1 DNA molecule is 6397 bp long while S-2 is 5453 bp
in length (Levings and Sederoff, 1983). We have recently
discovered an error in the published S-2 sequence which increases
its length by 1 bp to 5453. The molar G+C content of S-1 is
39.4%, which is similar to S-2 (37.5%) but different from the
maize mtDNA (47 %). The maize chloroplast DNA is 40.8% and
the maize nucleus is 42.9% (Shah and Levings, 1974; Levings
and Sederoff, 1983).

The S-1 DNA molecule is terminated by exact 208-bp inverted
repetitions (Figure 1, underlined sequence); S-2 DNA is also
terminated by the same 208-bp inverted repeats as S-1. A short
region of nearly perfect homology (15/16) between S-1 and S-2
begins at the end of the inverted repeat in S-1 and S-2. This 16-bp
homology, which starts at nucleotide 209 and ends at 224 in S-1
and S-2, contains a single mismatch at position 221. When this
homology is considered with the inverted repeat, a 224-bp
homology with one mismatch is observed.

A 1462 nucleotide stretch of S-1, beginning at position 4936
and running through 6397 is found highly conserved in S-2 (Lev-
ings and Sederoff, 1983). This homology, which includes the
inverted repeat, would be perfectly conserved if it were not for
a 2-bp mismatch occurring at positions 4963 and 4964 in S-1
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and at 4019 and 4020 in S-2. The difference is illustrated by com-
paring this region in S-1, 5’ TC 3’, with the same region in S-2,
5" GA 3'. The S-1 sequence in this region was determined by
sequencing 10 independent clones. In one exceptional case, the
sequence of S-1 was 5’ GA 3’ at positions 4963 and 4964, respec-
tively, which is the same as in S-2. It was definitely established
that this clone was from S-1 by sequencing beyond the homo-
logous regions. Since this exception occurred only once, it was
not included in the final sequence. Nevertheless, it appears that
two forms of S-1, differing at nucleotides 4963 and 4964, can
exist.

Three long open reading frames were found in S-1 by com-
puter analysis (Figure 2). They include a 2787-bp unidentified
reading frame URF3 (929 amino acids) starting at position 180
and terminating at 2966. The other strand contains two long open
reading frames: the first, URF2, has a 1017 nucleotide-long open
reading frame (339 amino acids) that begins at position 6218 and
ends at 5202; the second, URF4, has a 768 nucleotide open
reading frame (256 amino acids) that begins at position 4950 and
ends at 4183. Since codon usage in plant mitochondria is not
established, the universal code was employed in the computer-
generated translation. Two possible exceptions to the universal
code have been suggested based on an investigation of the
cytochrome oxidase subunit II gene of plant mitochondria (Fox
and Leaver, 1981; Hiesel and Brennicke, 1983). The UGA
codon, which codes for tryptophan in animal and fungi mito-
chondria, may not code for an amino acid in plant mitochon-
dria, and the codon CGG may code for tryptophan instead of
arginine. Although protein synthesis probably initiates at the
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Fig. 2. Schematic maps of S-1 and S-2 DNAs showing the location of the long unidentified open reading frames (URF). Codon usage was that of the
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methionine codon, AUG, this has not been unequivocally
established in plant mitochondria.

Discussion

The long open reading frames of the plasmid-like DNAs may
code for functions involved with their maintenance or replica-
tion. Other linear DNAs that replicate by a strand displacement
mechanism require additional functions to replicate, i.e., a
terminal protein, a DNA-binding protein and a polymerase
(Stillman, 1983). In adenovirus and several Bacillus phage these
polypeptides are coded by the viral genome, therefore, these func-
tions may also be coded in the plasmid-like DNAs. Since the
plasmid-like DNAs of maize are characteristically found in pairs,
these molecules may share essential replication functions.

The sequence of S-1 shows that the terminal inverted repeats
of the left and right ends of the molecule are identical to each
other and to those of S-2. This identity may be due, partly, to
the requirement for a specific sequence at the ends of the
molecules related to replication and for possible promoter sites
suggested by the location of open reading frames. Alternative-
ly, homologous recombination could generate homogeneity
between repeats. Schardl et al. (1984) have reported that S-1 and
S-2 recombine with homologous sequences present on the com-
plete circular mitochondrial chromosome. Recombination can
also explain the exceptional S-1 derived clone that contains a GA
sequence at positions 4963 and 4964. This sequence is charac-
teristic of the 1462-bp homology region of S-2. The occasional
appearance of this sequence in an S-1 molecule is expected if
recombination occurs between homologous regions of S-1 and
S-2.

We have previously suggested that S-1 arose from related
plasmid-like DNAs found in exotic races of maize (Levings et
al., 1983). Among 12 male-fertile Latin American races of maize,
plasmid-like DNAs are found that are distinct from those of cms-S
(Weissinger et al., 1982). These DNA species, designated R-1
and R-2, are 7.4 and 5.4 kb long, respectively, and like the S
elements, are isolated as double-stranded linear DNAs terminated
by 0.2-kb inverted repeats. The R and S plasmids share con-

siderable sequence homology (Levings et al., 1983; Weissinger
er al., 1982) although R-1 contains ~2.6 kb of sequence not
found in the S plasmids. Based on sequence homology, we pro-
posed that S-1 arose by a recombination event between R-1 and
R-2 (Levings ez al., 1983). This proposal affords an explanation
for the 1462 bp of sequence homology between S-1 and S-2.

A short segment of chloroplast DNA sequence has been found
in the S-1 molecule (Ronald er al., in preparation). The
chloroplast segment contains a sequence from the gene coding
for the 32-kd quinone-binding protein (psbA) of the thylakoid
membrane.

Several characteristics suggest that the plasmid-like DNAs have
a viral origin. These include the structure of the ends of S-1 and
S-2, the presence of long open reading frames, and the occur-
rence of autonomous replication. However, no higher plant
viruses are known that have the same physical properties
(Shepard, 1979). All higher plant DNA viruses are circular, in-
cluding cauliflower mosaic virus, which is primarily double-
stranded (Hull and Shepard, 1977; Volovitch et al., 1978) and
gemini viruses, which are single-stranded (Goodman, 1977). If
the plasmid-like DNAs do have a viral origin, they may be deriv-
ed from an evolutionarily distant biological system.

Materials and methods

S-1 DNA was obtained from maize strains carrying the S (US Department of
Agriculture) maize cytoplasm, designated cms-S. The mtDNA was isolated from
etiolated seedlings as previously reported (Pring and Levings, 1978). S-1 DNA
was purified by electrophoresis on 0.9% agarose gels and electroelution (Smith,
1981).

S-1 DNA preparations cleaved with Bcll, Bglll, EcoRl, Haelll, Mbol, Pstl,
Taql, FnuDll, Hindlll, Rsal or Xhol were cloned into the M13 bacteriophage
vectors mp7-mpl1 (Messing, 1982). Digestion, ligation and transformation pro-
cedures followed the protocols furnished by Bethesda Research Laboratories or
New England Biolabs. In some instances, recloning was carried out to invert
a cloned fragment or to subclone an internal fragment from an existing clone.

The DNA nucleotide sequence was resolved by the dideoxy-chain termination
method (Sanger et al., 1977) with a 17-nucleotide, universal primer provided
by P-L Biochemicals. Sequencing gels were 0.4 mm thick and either 6% or 8%
polyacrylamide. Sequence analysis was performed with the computer programs
of Intelligenetics.
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