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A deletion eliminating part of a transcribed region of
mitochondrial DNA (mtDNA) has been found in the
maize nonchromosomal stripe 3 (NCS3) mutant. This
results in the specific loss of a set of three mitochondrial
RNAs consisting, in normal plants, of a 4.9 kb transcript,
its 1.8 kb intron and the resulting processed mRNA of

- 2.9 kb. In the NCS3 mitochondrial genome the DNA
encoding the putative promoter and 5' end of the affected
RNAs is missing. This transcribed region of normal maize
mtDNA has been sequenced and the intron splice junction
has been determined. The 2.9 kb processed mRNA
carries two overlapping open reading frames (ORFs) with
predicted amino acid sequences that show similarity to
two Escherichia coli ribosomal proteins, S3 (rps3) and
L16 (rpll6). The presence of severe stunting and striping
in NCS3 plants correlates absolutely with the molecular
changes described here. This fact and the impaired ability
for mitochondrial protein synthesis by NCS3 plants
indicate that one or both of these reading frames are
translated to functional ribosomal proteins in normal
maize mitochondria.
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Introduction
Although most mitochondrial proteins are encoded by
nuclear genes and imported into the organelles post-
translationally, mitochondria of all species have a distinct
genetic identity. Their genomes encode a number of
important proteins and they contain the transcription and
translation apparatus necessary for the expression of those
proteins.
Because higher plant mitochondrial genomes are generally

larger and more complex than those of other species, they
may possess more functional genes. In Brassica campestris,
24 abundant transcripts covering 30% of the 218 kb genome
can be detected, and a much larger percentage of the genome
gives rise to less abundant transcripts (Makaroff and Palmer,
1987). Extensive transcription has also been described
in Brassica napus (Carlson et al., 1986) and cucurbit
mitochondria (Stern and Newton, 1985a). Functions for
many of these transcripts have not been determined. To date,
most of the genes in plant mitochondria have been identified
by their similarity to genes in other species. It is not yet

known if the uncharacterized transcripts in plant mito-
chondria are in fact translated into protein products.
One approach to the identification of functional regions

of a genome is to analyze mutations that cause detectable
phenotypes. We are using a group of maize mitochondrial
mutants to search for actively expressed genes in the plant
mitochondrial genome. These mutants have been called
'nonchromosomal stripe' (NCS) mutants, reflecting both
their non-Mendelian mode of inheritance and the pattern of
sectoring that arises on the leaves. Each independently
isolated mutant shows a unique change in the arrangement
of its mitochondrial DNA (Newton and Coe, 1986; Lauer
et al., 1990; Newton et al., 1990).
One of the NCS mutations, NCS3, produces severely

stunted plants with sectors of undeveloped tissue on both
the leaves and the ears. Both phenotypic and molecular
evidence suggest that NCS3 plants are heteroplasmic,
carrying a mixture of normal and mutant mitochondria that
varies from plant to plant. Sectoring results from somatic
segregation of mutant from normal mitochondria during
development.
The molecular change associated with the NCS3 mutation

involves a decrease in the abundance of a 16 kb XAzoI
fragment of mitochondrial DNA and the concomitant
appearance of a novel 20 kb XhoI fragment (Newton and
Coe, 1986). Although the disappearance of the normal
fragment from heteroplasmic mutant tissue is not complete,
there is an absolute correlation between this DNA alteration
and the expression of the NCS3 mutant phenotype: NCS3
plants always exhibit the novel 20 kb fragment on agarose
gels, and highly affected plants show a relatively more
abundant 20 kb fragment and less of the 16 kb fragment than
very slightly affected plants (Newton and Coe, 1986).
We report here that this restriction fragment change,

associated with the NCS3 phenotype, is the result of a
deletion in the mitochondrial genome that has eliminated part
of a transcribed region of DNA. This region contains two
overlapping open reading frames that show similarity to the
Escherichia coli and chloroplast S3 and L16 ribosomal
proteins, two genes not found in the mitochondrial genomes
of animals and fungi. A loss of ribosome function would
be expected with the disruption of such genes, and our
observation that NCS3 mutant mitochondria apparently fail
to synthesize protein is consistent with this expectation.

Results
The NCS3 DNA rearrangement has caused a deletion
in the mitochondrial genome
The NCS3 mutation arose in a maize line carrying
CMS-T male-sterile mitochondria (Coe, 1983). In CMS-T
mitochondria, the 16 kb XhoI fragment that is affected by
the NCS3 mutation lies between map positions 171 and 187
on the map of the 540 kb chromosome (Fauron et al., 1989).
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Fig. 1. Origin of the 20 kb XAoI fragment found in NCS3. (A) Partial restriction maps of the normal 14 and 16 kb XAoI fragments aligned with the
20 kb XhoI fragment that appears in NCS3 mutants. XhoI-digested NCS3 and normal mtDNA samples were probed with subfragments of pMX5-7
and pMX5-30 on a series of identical Southern blots. Stippled boxes on the restriction maps represent probes which showed homology to the 20 kb
XhoI fragment in NCS3. Probes represented by diagonally hatched boxes did not (see panel B). The open box (no fill) shows the location of pSB1
on the 20 kb XhoI fragment. Only relevant restriction enzyme sites are shown. Abbreviations for these are: B, BamHI; C, HincII; H, HindlIl; N,
NdeI; P, PvuHl; R, EcoRI; S, SmaI; T, StyI; X, XhoI. The region bounded by a broken line represents the end of an 11 kb repeated region on the
CMS-T genome. The dotted arrow indicates the NCS3 junction point on the three XhoI fragments shown here. (B) Southern blots of NCS3 (3) and
normal (n) mtDNA resulting from hybridization with probes 1-7 (see panel A). Fragment sizes are designated to the left of the blots.

This fragment has been cloned as plasmid pMX5-7. The
20 kb XAoI fragment, unique to the NCS3 mutant genome,
shares homology with, and is partly composed of, sequences
from the 16 kb fragment. In order to identify other sequences
that are included in the novel restriction fragment, a portion
of the 20 kb XhoI fragment (clone pSB1) was used as a
hybridization probe on Southern blots of XhoI-digested
mtDNA. In addition to the expected 16 kb fragment, a 14 kb
XhoI fragment (subsequently cloned as pMX5-30) was

identified. This 14 kb fragment maps at the zero point (from
co-ordinate 536 to 10) of the CMS-T map (Fauron et al.,
1989). Those portions of the two progenitor fragments that
give rise to the new 20 kb XhoI fragment are shown in Figure
1. As illustrated in the figure, only sequences from the left
portion of pMX5-30 and from the right side of pMX5-7
contribute to the formation of the 20 kb fragment.
Because part of the 16 kb fragment lies within the large

11 kb repeated region of CMS-T (Fauron et al., 1989), it
shares homology with a 13 kb XhoI fragment that includes
part of the other 11 kb repeat. The 13 kb fragment (located
between map positions 352 and 365) is unchanged by the
NCS3 rearrangement. A probe from the left end ofpMX5-7
in Figure 1 (probe 4) shows homology to this 13 kb fragment
in both mutant and non-mutant samples, as expected (Figure
iB). However, hybridization with this probe shows that the
abundance of the 16 kb band is reduced in the NCS3 sample
only. In addition, a 0.9 kb SmaI-StyI subfragment of
pMX5-7, which lies outside the 11 kb repeated region, but
to the left of the mutation junction (probe 5 in Figure 1),
shows no homology to any region of the mutant genome
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(Figure 1B). The fact that these probes detect no newly-
formed fragments in NCS3 mtDNA indicates that the
formation of the 20 kb mutant fragment, linking sequences
present on 14 and 16 kb XhoI fragments in normal DNA,
has been accompanied by a deletion. This deletion is bounded
on one side by the NCS3 mutation junction within the 16 kb
XhoI fragment, and it extends at least to the XhoI site at the
left end of that fragment in Figure 1.
Although no homology between the 14 and 16 kb

fragments has been detected by Southern blot analysis, such
experiments do not reveal short regions of homology that
could serve as recombination sites. The composition of the
20 kb fragment suggests that recombination between the two
progenitor XhoI fragments has played a role in the generation
of the mutation. To investigate this, the junction regions from
pMX5-7, pMX5-30 and pSB1 were sequenced, revealing
a 12 bp reiterated sequence that lies precisely at the mutation
junction in all three fragments (Figure 2).
The entire sequence of events giving rise to the NCS3

mutant genome is not yet known. Although the 16 kb
fragment essentially disappears from NCS3 DNA, the 14 kb
fragment is not markedly reduced in abundance (see Figure
1). It appears, therefore, that a simple reciprocal recomb-
ination event cannot entirely account for the generation of
the NCS3 genome.

In a search for other rearrangements or deleted regions
in NCS3, mtDNAs from mutant and normal plants were

probed sequentially with nick-translated cosmids spanning
the entire CMS-T genome (described by Fauron et al.,
1990). No other changes in the NCS3 genome were found
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rps 3 and rpl 16 genes in maize mitochondria

TTACACGGCTCACAAACTCTGC *2CCC2OCCC TACCTATTATTCGTAGGCGGTAC ..pMX5-30
TTACACGGCTCACAAACTCTGC c GTTTACTTGAAAATGACAACCGC ..pSB1
CCAATAGAGCGAGGGCGTCCTT C?CTCC GTTTACTTGAAAATGACAACCGC ..pMX5-7

Fig. 2. DNA sequences at the junction regions of pSBI and the two progenitor fragments, pMX5-30 and pMX5-7. The 12 base sequence at the
NCS3 junction is underlined.

(C.M.R.Fauron and M.D.Hunt, unpublished data). The only
unique sequence eliminated from the NCS3 genome appears
to be a region of -1 kb (represented by probe 5 in Figure
1). Although the deletion extends into the adjacent 11 kb
repeat, all repeated sequences and the unique sequences on
the other side of the 11 kb repeat are still present in some
context in the mutant genome (Hunt, 1990). A more precise
analysis of the rearrangement will require the construction
of a map of the complete NCS3 mitochondrial genome but,
taken together, the Southern analyses strongly suggest that
it is the loss of sequences from the 16 kb region that is
associated with the mutant phenotype.

Transcript analysis
The discovery of a deletion in the NCS3 mitochondrial
genome led to a search for transcribed sequences in this
region of normal mtDNA. In general, transcription in NCS3
mutants appears unaltered. Northern blot hybridizations,
using previously characterized and cloned mitochondrial
genes as probes, indicated that transcripts from these genes
were not affected by the NCS3 mutation (Hunt, 1990).
The same is true of the portion of the 14 kb XhoI fragment

that is involved in the NCS3 recombination. This region of
the genome is transcribed in both mutant and normal plants
and there is little difference between the transcript patterns
of the two types (Figure 3). This result is consistent with
the fact that an intact copy of the 14 kb DNA fragment is
still present in NCS3 plants (Figure 1).

In contrast, a portion of the 16 kb progenitor fragment
that spans the mutation junction identifies a specific set
of three transcripts, with sizes of -4.9, 2.9 and 1.8 kb,
that are severely reduced in abundance in NCS3 plants
(Figure 3). Because the mutant plants retain some normal
mitochondria, an over-exposure of panel 16 in Figure 3
reveals small amounts of these three RNA species (not
shown). Two other bands (- 2.3 kb and 3.5 kb) can often
be seen on Northern blots hybridized with probes from this
region, particularly if the stringency of hybridization is
lowered. The source of these signals is not known, but on
a given blot, mutant and normal samples are similar in
appearance, indicating that these transcripts are expressed
equally in mutant and normal tissue and that they are not
affected by the NCS3 mutation.

Neither these transcripts nor the NCS3-affected transcripts
arise from within the 13 kb XhoI fragment that overlaps the
other 11 kb repeat. No stable transcripts of any size hybridize
with probes from the unique (i.e. non-repeated) portion of
the 13 kb fragment (Figure 3).
A more detailed examination of the transcribed region

within the 16 kb XhoI fragment of normal mtDNA
(Figure 4) shows the location and orientation of the three
NCS3-affected RNAs. The use of several small DNA probes
(Figure 4B) indicates that the 4.9 kb transcript hybridizes
only to probes from within a 5.3 kb region bounded by the
PstI site and an EcoRI site shown in Figure 4A. The same
region also encodes the two smaller NCS3-affected RNAs.
These are the only transcripts detected from within the
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Fig. 3. Identical Northern blots of NCS3 (3) and normal (n) RNAs
hybridized with 32P-labeled DNA from regions associated with the
NCS3 DNA rearrangement. The probes used in each panel are listed
below. 14: A 0.9 kb HindllI-HincII fragment spanning the mutation
breakpoint on the 14 kb XwoI fragment referred to in the text. See
Figure 1 for the location of the HindIII and HinclI sites. 16: A 4 kb
KpnI-EcoRI fragment from normal DNA that crosses the mutation
junction on the 16 kb XhoI fragment. See Figure 4A for the location
of the KpnI and EcoRI sites. 13: A 2.3 kb XhoI-HindllI probe from
pMX5-32 (the 13 kb XhoI fragment referred to in the text) that lies
just outside one of the 11 kb repeats. rrn18: The 18S ribosomal RNA
from maize mitochondria (Maloney and Walbot, 1990). The blot in
panel '16' was stripped and reprobed with rrnl8 to show equal loading
in the two lanes.

boundaries of the 16 kb fragment (data not shown) and they
are transcribed from the same strand of DNA (Figure 4C).
The relative positions of the transcripts suggest that the
1.8 kb RNA is excised as an intron from the 4.9 kb
transcript.

Genomic and cDNA sequence analysis
Figure 5 shows the DNA sequence between the PstI and
EcoRI sites that serve as approximate boundaries of this
transcribed region in normal maize mitochondria. That the
1.8 kb RNA does, in fact, represent an intervening sequence
was verified by PCR amplification and cloning of cDNA
fragments from the region ofmRNA between primers a and
h in Figure 4. Two clones derived from the processed RNA
(287 bp) were sequenced to determine the precise location
of the splice junction. This cDNA sequence is aligned with
the genome sequence in Figure 5.
Each of the two independently isolated cDNA clones

that were selected for sequencing showed specific deviations
from the corresponding genome sequence. At two points
(nucleotides 64 and 1935 in Figure 5) both cDNAs have
a thymine substituted for a cytosine found in the DNA
sequence. At a third point (nucleotide 69), one of the
cDNAs has a thymine while the other retains the cytosine
found at this position on the DNA. These changes conform
to the recently reported pattern of RNA editing in plant
mitochondria (Covello and Gray, 1989; Gualberto et al.,
1989; Heisel et al., 1989; Schuster et al., 1990).
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Fig. 4. The location and orientation, in normal mitochondria, of the NCS3-depleted transcripts. (A) A restriction map of pMX5-7 is shown with the
transcribed region enlarged below it. Stippled regions indicate the part of this region that is within the CMS-T 11 kb repeat. The segment of DNA
that has been deleted in NCS3 and an interpretation of the location of each of the transcripts are indicated above the map. Abbreviations for
restriction enzyme sites are: B, BamHI; H, HindIll; C, Hincdl; K, KpnI; V, PvuII; P, PstI; R, EcoRI; S, SaIl; M, SnaI; T, Styl. (B) DNA
restriction fragments (numbered 1-10 and drawn below the map in panel A) were used as probes in a 'Northern walk' along the transcribed region
of pMX5-7. Only normal mtRNA was used in these Northern blots. (C) Eight custom-synthesized oligonucleotides from the transcribed region of
pMX5-7 were end-labeled and used as probes on blots containing normal RNA. The locations and orientations of each of these primers are shown as
arrowheads on the map in panel A.

The 1843 bp intervening sequence contains no extensive
open reading frames. Its 3' region (beginning with base 1788
in Figure 5) has a primary and potential secondary structure
that is consistent with features of domains 5 and 6 of group
II introns (Michel and Dujon, 1983).
The 12 bp repeated sequence that lies at the NCS3

recombination junction (Figure 2) is found within the intron
(see Figure 5). The sequence that precedes the recombination
junction in Figure 5 is part of the region deleted from
NCS3 DNA. This means that DNA encoding the 5' flanking
sequence, the first exon and part of the intron of this
transcript has been lost from the mutant genome.

Coding potential of the 2.9 kb RNA
With the excision of the intron from the primary transcript,
a long open reading frame (ORFI) is formed. It begins 74 bp
upstream from the intron junction and continues through the
splice site for another 1603 bp. If this ORF were to be
translated from the first methionine codon, it would produce
a 64.5 kd protein. Further sequencing revealed a second
561 bp open reading frame (ORF2) that overlaps (by 149 bp)
the end of ORFI and could encode a protein of -21 kd.
The NBRF-PIR protein database was searched for

polypeptides showing similarity to the deduced amino acid
sequences of ORFI and ORF2. Although a translation of
the first portion of ORFI bears no resemblance to anything
in the database, the amino acid sequence derived from the
last 702 nucleotides of this reading frame (beginning with
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base 2819 in Figure 5, or amino acid 326 in Figure 6) is
similar to the S3 ribosomal proteins of E.coli and higher
plant chloroplasts (Figure 6A). The deduced amino acid
sequence of this portion of ORFI shows 27% identity with
the E. coli S3 sequence and includes one absolutely conserved
block (amino acids 494-506). When conservative amino
acid changes are taken into account, the overall similarity
rises to 57%.
A more striking resemblance is seen between the ORF2

amino acid sequence and the L16 ribosomal protein of E. coli
or chloroplasts (Figure 6B) with 50% identity between the
E. coli and maize mitochondrial genes. Another 20% of
the ORF2 sequence is composed of amino acids that have
undergone conservative changes. ORF2 begins 149 bp before
the stop codon of ORF1, but similarity to E. coli L16 begins
at a valine (GTG) codon at position 3495, 26 bases upstream
from the ORFl stop codons (Figure 5).

Protein synthesis by NCS3 mitochondria
The synthesis of proteins by mitochondria of NCS3 and
non-mutant plants were compared by [35S]methionine
labeling of nascent polypeptides in isolated mitochondria
(Leaver et al., 1983). Figure 7 shows an electrophoretic
profile of total mitochondrial protein and labeled proteins
from normal and highly affected NCS3 plants. The vast
majority of mitochondrial proteins are products of nuclear
genes and are synthesized outside the organelle. Total
mitochondrial protein includes these, predominantly, as well
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rps 3 and rpl 16 genes in maize mitochondria

Fig. 5. The DNA sequence of the transcribed region affected by NCS3. The PstI and EcoRI sites near either end of the transcribed region are
indicated. Two potential protein sequences from the open reading frames, ORFI and ORF2 (beginning at nucleotide positions 1 and 3372,
respectively), are aligned with the DNA sequence. The sequence of a cDNA fragment, beginning at an underlined Sall site, is shown below the
corresponding genomic DNA sequence. Asterisks indicate agreement between cDNA and genomic sequences. At points where the cDNA differs from
the genomic DNA, the appropriate letters are substituted (Y = either cytosine or thymine). Ambiguous bases in non-coding portions of the sequence
are designated by N (= any base) or S (= C or G). The twelve-base NCS3 recombination site in the intron is shaded. The G residue at position
263 (bold face and underlined) is the last base within the 11 kb repeated region.

as proteins made within the mitochondria. On Coomassie-
stained gels, there is no visible difference between the
protein complements of NCS3 and normal mitochondria
(Figure 7A). When they are compared with their normal
counterparts, however, the mutants consistently show a
marked reduction in the amount of label incorporated into
mitochondrially synthesized proteins (Figure 7B).
A prolonged exposure of the fluorograms of these

gels (Figure 7C), to allow viewing of labeled proteins in
the mutant lanes, reveals no specific alteration in any
mitochondrially synthesized protein in NCS3 tissue. The
difference lies in the overall amount of protein produced
within the organelles. Since even severely affected NCS3
plants are heteroplasmic and, therefore, carry a mixture of
mitochondrial types, we attribute the low level of protein
synthesis in the mutants to the residual normal mitochondria.
A genetic lesion affecting one or more ribosomal protein
genes might be expected to prevent the formation of
functioning ribosomes. The reduction in protein synthesis
that we observe in NCS3 is a result consistent with that
expectation.

Discussion
Short, directly repeated sequences have been implicated in
the generation of deletions in circular genomes of other
species (deZamaroczy et al., 1983; Manna and Brennicke,
1986; Holt et al., 1988; Johns et al., 1989; Shoffner et al.,

1989; Zeviani et al., 1989). They also appear to be important
in the generation of NCS mutations in maize mitochondria.

In the case of NCS3, the progenitor 14 and 16 kb XAoI
fragments are separated by a great distance (>100 kb)
on the published map of the CMS-T genome, making a
slipped-mispairing deletion mechanism (Efstratiadis et al.,
1980) improbable. Since homologous recombination is very
active in plant mitochondria, it seems more likely that
intramolecular recombination between short reiterated
sequences has led to the deletion of a region of the
CMS-T mitochondrial genome. The mutation event cannot
have been a single reciprocal recombination event, because
one of the parental fragments and only one of the reciprocal
recombination products are recovered in the mutant genome.
This situation is consistent with a model proposed by Small
et al. (1989) in which two separate subgenomic circular
molecules can reintegrate to form a new 'master genome'
that contains a large duplication and a small deletion relative
to the progenitor genome. This mechanism has recently been
demonstrated in the reversion of a CMS-T tissue culture line
to fertility (Fauron et al., 1990).
The NCS3 deletion eliminates DNA encoding the

promoter region, first exon and a portion of the intron of
a normally abundant transcript. The 5' end of this transcript
lies within one of the 11 kb repeats in CMS-T mitochondria.
(Although these sequences, including the putative promoter,
are present on the other copy of the 11 kb repeat, they do
not give rise to stable transcripts in that context.) The
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Fig. 6. (A) The protein sequence derived from ORFI is aligned with homologous sequences from E.coli and liverwort (Marchantia polymorpha)
chloroplast, designated M.p. in the figure. Between the sequence lines, asterisks indicate conservative changes and letters show points where the
amino acids are identical. Amino acid numbering (starting at the first methionine codon in ORFI) is shown in the right margin. (B) The
ORF2-derived amino acid sequence aligned with homologous sequences from E.coli and from Zea mays chloroplast (Z.m.). Designations are the
same as described for panel A.

rps3- and rpl 16-like sequences lie downstream from the
deleted sequences within the unique part of the 16 kb
fragment. That region is not directly affected by the
mutation, but the loss of 5' sequences prevents expression
of both genes.

Defining the coding regions of ORFs 1 and 2
Comparisons of deduced protein sequences indicate that the
NCS3-affected transcripts could encode ribosomal proteins
analogous to S3 and L16 in prokaryotes and chloroplasts.
The point at which translation actually begins in either
reading frame is uncertain since the exact sizes of these
proteins in plant mitochondria are not known. The deduced
protein sequence from ORF2 is highly conserved with
respect to the L16 proteins of E. coli and chloroplasts. The
region of apparent homology does not begin at a methionine
codon, but with a valine (GUG), although there are three
in-frame methionine codons which precede, and are not far
upstream from, that GUG codon in ORF2.

Similarity between the S3 proteins of E. coli and
chloroplasts, and the S3-like region found on ORFI is
somewhat weaker than that found for the L16 protein, and
is confined to the last portion (-40%) of the large open

reading frame. Within this region, however, the resemblance
to other S3 proteins is significant. (The similarity scores for
S3 proteins when compared with ORFI ranged from 13 to
30 standard deviations above the mean score.)
Within ORF1, there are no in-frame methionine codons

near the point where similarity to other S3 proteins begins.
The nearest AUG codons are 168 bp upstream and 135 bp
downstream from the start of homology, and RNA editing
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of the sort described in plant mitochondria could not create
a nearby AUG codon. It is possible that a functional S3-like
mitochondrial protein is larger than its homolog in other
organisms, or is derived by post-translational processing
from a larger precursor. Alternatively, a substitute for the
canonical AUG start codon should not, perhaps, be ruled
out in plant mitochondria until direct sequencing of more
mitochondrial proteins has been performed. In bacteria, for
example, GUG can serve as an initiator of translation, and
mammalian mitochondria can accept other AUN codons as

initiators (Anderson et al., 1981; Kozak, 1983).

Transcripts from the NCS3-altered region are edited
Recently, several laboratories have reported the post-
transcriptional alteration of mRNA in plant mitochondria
(Covello and Gray, 1989; Gualberto et al., 1989; Heisel et
al., 1989; Schuster et al., 1990). This editing generally
involves the deamination of specific cytosines to leave uracil
residues. The comparison of cDNA and genomic sequences

in this paper provides further evidence for the generality of
this sort of post-transcriptional editing in plant mitochondria.
The two individually isolated cDNA clones described here
show two C - U conversions in identical places. At a third
point, one of the clones has a uracil residue while the other
retains the cytosine found in the DNA sequence. This is
consistent with the observation by Schuster et al. (1990) that
several cDNA clones of the nad3 gene in Oenothera
exhibited only partial editing, indicating that editing may be
a rather slow or inefficient post-transcriptional process.

The existence of RNA editing in plant mitochondria means

that the cDNA sequence, rather than the genome sequence,
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Fig. 7. A 12-18% SDS-polyacrylamide gradient gel showing
proteins from isolated mitochondria that had been incubated in the
presence of [35S]methionine. In all panels, lanes 1 and 3 contain
samples from NCS3-affected plants, and lanes 2 and 4 contain proteins
made by normal mitochondria. Paired samples (1 with 2, and 3 with
4) were prepared simultaneously. (A) Total mitochondrial protein
stained with Coomassie blue. (B) Fluorogram of the gel shown in
panel (A). (C) An overexposure of lanes 3 and 4 from the same gel.

must be used to infer an amino acid sequence from a given
coding region. Complete cDNA sequencing of the ORFI
and ORF2 regions will probably alter the deduced amino
acid sequences, and it may uncover translation control
regions, including initiation codons and ribosome binding
sites, that are not apparent from surveying the genome
sequence.

The maize S3- and L 16-like ORFs overlap
In E. coli, the rps 3 and rpl 16 genes are found together on
the S10 operon with rpl 16 immediately downstream from
rps3 (Nomura et al., 1984). This arrangement is highly
conserved among prokaryotic and chloroplast genomes (see
Christopher and Hallick, 1990), and raises the possibility
that physical coupling of the two genes may be important
in the coordination of their expression at the translational
level. In E.coli, a 15 bp spacer, containing a ribosome
binding site for L16 translation, separates the two genes
(Zurawski and Zurawski, 1985), but in maize mitochondria,
the reading frames overlap by 149 bp. The rps31rpl 16 region
of maize mtDNA may function as a ribosomal operon, but
the mechanism of translational coupling of these overlapping
reading frames is not known. Genes for ribosomal proteins
similar to others encoded on the E. coli S10 operon have
not been reported in plant mitochondria, and we find no
apparent homology to any of those genes on the 2.9 kb RNA
described here.

In addition to the S3-like sequence that we report, several
sequences similar to proteins of the small ribosomal subunit
in prokaryotes and chloroplasts-S4, S12, S13 and S14-
have been found in some plant mitochondrial genomes (Bland
et al., 1986; Schuster and Brennicke, 1987; Gualberto et
al., 1988; Wahleithner and Wolstenholme, 1988). The

mitochondrial S4-like sequence is an incomplete copy of a
plastid gene, and is non-functional (Schuster and Brennicke,
1987). Whether the other three genes are expressed is
unknown. Translation products have not been found and the
presence of these genes within the mitochondrial genome
appears to vary from species to species (Levings and Brown,
1989). No mitochondrial genes for proteins of the large
ribosomal subunit had been reported previously.
There are several reasons to believe that one or both of

the ribosomal protein genes described in this paper are, in
fact, expressed in plant mitochondria: (i) NCS3-affected
plants exhibit a severely stunted phenotype indicating that
a functional gene has been disrupted; (ii) the deleted region
of the genome that is associated with this phenotype is, in
normal plants, transcribed into a mRNA with the potential
coding capacity for L16- and S3-like ribosomal proteins; (iii)
NCS3 mitochondria appear to be incapable of synthesizing
proteins-an expected result if the mutation prevents
formation of functional ribosomes.
These observations constitute strong genetic evidence that

normal maize mitochondria carry at least one functional
ribosomal protein gene.

Materials and methods
Plant material
The nuclear genotype of the WF9 inbred line in maize is associated with
a relatively high frequency of mitochondrial mutations (Duvick, 1965; Coe,
1983). NCS3 arose in a family carrying WF9 nuclear genes and CMS-T
mitochondria (Coe, 1983). Current stocks have been removed from the
destabilizing effects of WF9 nuclear genes by repeated outcrosses with pollen
of other inbred lines (B37, A619 or Ky2 1). Normal plants have arisen from
NCS3 families by the segregation of normal from mutant mitochondria.
These have been propagated in the same inbred lines and are used as the
normal control plants in our studies.

Mitochondria were isolated from unpollinated ear shoots 1 -4 days after
silk emergence.

Oligonucleotide primers
Synthetic oligonucleotides were synthesized at the University of
Missouri-Columbia DNA Core Facility. The sequences of primers a-h
used in Figure 4 are shown below. The locations of these primers on the
sequence in Figure 5 are given in parentheses (5' - 3').

Primer a; 5'-TCGCGTCGACAAGGAAACTGT-3' (-114--96)
b: 5'-ACAGTT TCC TTGTCG ACGCGA-3 '(-96--114)
c: 5'-GAGAGGACGTTGCAGATGTCC-3' (147-167)
d: 5'-GGACAT CTGCAACGT CCT CTC-3' (167-147)
e: 5'-ATA GAG CGA GGGCGT CCT TCT-3' (1269-1289)
f: 5'-AGAAGGACGCCC TCG CTC TAT-3' (1289-1269)
g: 5'-CGATAC GTC CAC CTACGAGAC-3' (1974-1994)
h: 5'-GTCTCGTAGGTGGACGTATCG-3' (1994-1974)

DNA isolation and analysis
Methods for mitochondrial isolation and the preparation and electrophoretic
analysis of mtDNA have been presented by Newton and Coe (1986). The
DNA blotting and hybridization methods have been described by Feiler and
Newton (1987).

Isolation and analysis of mtRNA
Intact mitochondria were collected from the 47/35% interface of a
60/47/35/20% sucrose step gradient, and mtRNA was isolated as described
(Stern and Newton, 1985b) except that RNA to be used for cDNA cloning
was not exposed to the RNase inhibitor, aurintricarboxylic acid.
RNA was fractionated on 2.2 M formaldehyde- 1.2% agarose gels and

blotted using standard procedures (Maniatis et al., 1982). Blots were
hybridized with oligo-labeled DNA probes (Feiler and Newton, 1987).

Single-stranded probes were generated by end-labeling oligonucleotides
with T4 polynucleotide kinase obtained from Promega (Maniatis et al., 1982).
Hybridizations were carried out at 500C in 5 x SSC, 10 x Denhardt's
solution, 7% SDS, 20 mM Na phosphate (pH 7) and 100 ag/ml salmon
sperm DNA. Blots were washed at room temperature in 6 x SSC, ending
with a single 2 min incubation at 50°C.
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Cloning
Restriction fragments of mitochondrial DNA were cloned into one of the
following appropriately cut plasmid vectors: pUC19 (Vieira and Messing,
1982), pUC8cl (see Stern and Newton, 1985a), pIBI24 (International
Biotechnologies, Inc.) or Bluescript (Stratagene Cloning Systems). Nested
deletions of plasmids were generated using E.coli exonuclease III from
Bethesda Research Laboratories (Henikoff, 1984).

First strand cDNA was synthesized in a 25 1l reaction using 1.5 jg of
mtRNA. The cDNA synthesis kit and protocol supplied by Amersham was

employed except that 75 ng of specific primer (primer h in Figure 4) was

substituted for that supplied with the kit. Residual RNA was hydrolyzed
with NaOH after polymerization of the first strand cDNA.

Second strand synthesis and polymerase chain reaction (PCR) amplification
(Saiki et al., 1988) of the cDNA segment were performed together in a

50 tI volume as described by Kocher et al. (1989) using the entire first
strand DNA sample and 1 FtM each of primers h and a. The PCR samples
were cycled at 94°C for 1 min, 50°C for 1.5 min and 72°C for 1.5 min.
These conditions favored production of the shorter (processed) cDNA
fragment. After 30 cycles, any remaining overhanging ends were removed
with 2.5 U of Klenow fragment (Pharmacia) added directly to the PCR
reaction and incubated for 5 min at 37°C. Since primer a contains a Sall
site, the PCR-amplified product was digested with SalI, ligated into
Smal-SalI cut pUCl 9 or pIBI24 and analyzed for the appropriate insert.

DNA sequence analysis
Sequence analysis was performed by the dideoxy chain termination method
(Sanger et al., 1977) using double-stranded template, [a-35S]dATP (New
England Nuclear, > 1000 Ci/mmol), and template-specific primers (UMC
DNA Core Facility) or M13 sequencing primers (United States Biochemical
Corp.). The kit and protocol, using T7 DNA polymerase (Tabor and
Richardson, 1977), were supplied by Pharmacia, and sequences were

analyzed on 6% polyacrylamide-8 M urea gels. Sequence analysis was

performed using programs provided by DNAstar, Inc. (Madison, WI).

Protein synthesis by isolated mitochondria
Intact mitochondria were removed from the 35/47% interface of the sucrose

step gradient, diluted slowly to avoid osmotic shock and used immediately
for the labeling of nascent mitochondrial proteins (Leaver et al., 1983;
Newton and Walbot, 1985) with [35S]methionine (New England Nuclear,
> 1000 Ci/mmol). Erythromycin and streptomycin (40 14g/ml) were used
to inhibit protein synthesis by any contaminating plastids and bacteria. Gel
electrophoresis of labeled mitochondrial proteins and fluorography have been
described (Cooper and Newton, 1989).
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Note added in proof
Overlapping rps3 and rpl 16 genes, similar to those described here, have
been found independently in Petunia mitochondria (K.D.Pruitt, Ph.D.
dissertation, Cornell University, 1990).


