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Update on Plant Mitochondria

The Elusive Plant Mitochondrion as a Genetic System’
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MITOCHONDRIAL FUNCTIONS IN HIGHER PLANTS

The mitochondrion, as the site of energy metabolism, plays
a fundamental role within the eukaryotic cell. In plants, the
function of this important organelle is made more fascinating
by the presence of a second energy-generating system in the
chloroplast, with which biochemical and genetic activities
must be coordinated. The majority of components necessary
for mitochondrial and chloroplast functions are supplied by
genes encoded within the nucleus. The presence of genetic
information within the mitochondrion and chloroplast, as
well as within the nucleus, requires that some form of coor-
dinate gene expression must occur. This intracellular coop-
eration is necessary not only to assure production of essential
components for respiratory and photosynthetic processes, but
also for the synthesis of transcription, transcript processing,
translation, replication, and organellar transmission machin-
ery requisite to organellar maintenance.

Mechanisms regulating the cellular genetic network are
poorly understood, as is the evolution of this interorganellar
dependence. Mitochondria are currently viewed as integrated
endosymbionts, originating from a large group of eubacteria
(reviewed by Gray, 1993). The organellar genetic systems
are, therefore, somewhat independent of the nucleus insofar
as they obey many of their own unique rules of genetics,
including uniparental inheritance, somatic recombination,
vegetative segregation, gene expression, and genome orga-
nization. Many of the nuclear genes required for mitochon-
drial function are believed to be the result of continuing gene
transfer from the mitochondrion during the course of evolu-
tion. Within the plant kingdom there can be found a number
of presumptive evolutionary intermediates. The legume fam-
ily, for example, provides convincing evidence that many
functions that were originally encoded within the mitochon-
drion are now gradually being transferred to the nucleus
(Covello and Gray, 1992; Nugent and Palmer, 1992).
Whereas a particular mitochondrial Cyt oxidase subunit
(coxIl) is encoded and expressed within the mitochondrion
in pea, the same subunit is encoded but not expressed within
the nucleus. In soybean and common bean, the same gene
duplication exists within the mitochondrion and nucleus, but
only the nuclear gene is expressed. In mung bean and cow-
pea, the mitochondrial form of the gene is no longer present
and the nuclear gene is the only functional form. This inter-
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organellar transfer has apparently occurred via an RNA in-
termediate. Other mitochondrial genes are now being iden-
tified that have apparently entered this gene-transfer process.

To compound the complexity already inherent in this cel-
lular arrangement, respiratory demands vary greatly among
different plant tissues, with the highest respiratory rates
occurring during seed germination, pollen development, and
fruit ripening. This variation in respiratory activity is presum-
ably reflected in altered regulatory signals at the cell level. It
is also apparent that mitochondrial numbers and mitochon-
drial DNA concentration vary greatly at different stages of
plant development, presenting yet another form of regulation
required within the cell (Bendich, 1987).

THE UNIQUENESS OF THE PLANT
MITOCHONDRIAL GENOME

The plant mitochondrial genome: differs from that of other
higher eukaryotes in the vast diversity demonstrated in ge-
nome size and structure (reviewed by Hanson and Folkerts,
1992). Even within one plant family a 10-fold difference in
mitochondrial genome size can be observed. This unusually
large size range is not reflective of relative coding capacity,
however (Stern and Newton, 1985). The mitochondrial ge-
nome encodes only a fraction (estimated at 20-30 proteins)
of the gene products required for its function; the vast ma-
jority are encoded by the nucleus. The plant mitochondrial
genome is known to encode three rRNAs (265, 185, and a
55 rRNA unique to plants), several ribosomal proteins, and
some of the necessary tRNAs. Those tRNAs necessary for
mitochondrial translation that are not encoded by the mito-
chondrion are located in the nucleus (Dietrich et al., 1992).
Among monocots and dicots, the number and identity of the
missing mitochondrial tRNA sequences vary. The mechanism
of transport of these essential tRNAs to the mitochondrion is
not known, which raises interesting questions about nucleic
acid transport across cellular membranes.

The number and identity of plant mitochondrial protein-
encoding genes is not yet fully defined. It is known that plant
mitochondria encode a number of components of the electron
transport complexes, including apocytochrome b of the bc;
complex, three subunits of the Cyt ¢ oxidase complex (coxI,
coxIl, and coxIIl), and subunits nadl to nad7 of the NADH-
ubiquinone oxidoreductase complex. The organellar genome
also encodes at least four subunits of the Fo-F; ATPase
complex. A variable number of chloroplast sequences, includ-
ing some tRNA sequences that are apparently functional

Abbreviation: cms, cytoplasmic male sterility.
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(Dietrich et al., 1992), have been transferred to the mitochon-
drion. These DNA transfers account for part of the variation
in relative genome size. New transcribed open reading frames
continue to be identified in the plant mitochondrial genome.
For example, based on transcription activity, sequence con-
servation among species, and RNA editing pattern, a Cyt ¢
maturation gene was identified in Oenothera and carrot
(Schuster et al., 1993). It is possible that the functions en-
coded by some of these open reading frames are unique to
plants.

The uniqueness of the plant mitochondrion is not limited
to its genome size variability or a few unusual gene products.
The mitochondrial genome of plants distinguishes itself from
those of other higher eukaryotes in its unusual organization
and gene-processing mechanisms. Much of the variability in
genome size in plants is accounted for by the surprisingly

complex organizations observed among different plant spe-

cies (see Fig. 1). Mitochondrial DNA recombination events
that occur among homologous repeated sequences as well as
among apparently nonhomologous sequences result in a
highly variable genome configuration in higher plants relative
to other eukaryotic systems. These events contribute not only
to the complexity of genome structure but to mitochondrial
mutation frequency as well. The presence of recombination-
ally active repeated sequences leads to a multipartite genome
structure generated by both intermolecular and intramolec-
ular recombination events (Fauron et al., 1991). The presence
of repeats in direct and 'inverted orientation gives rise to
subgenomic DNA molecules and inversions within the ge-
nome. Whether these DNA exchanges occur in all cells of the
plant or are limited to a particular developmental stage is not
known. One clue that homologous recombination events may
occur at a high frequency in plant mitochondria comes from
the high level of sequence identity maintained among the
homologous repeated sequences. Such sequence conservation
could result from copy correction during the course of fre-
quent DNA exchange.

Because of the inherent mitochondrial genomic complexity,
the identification of a replicative form is not trivial and has
not been accomplished for most plant species. Interestingly,
recent evidence from genome mapping and pulsed-field gel
electrophoresis studies suggests that more than one of the
many molecular forms present in the genome may be auton-
omously replicated (Folkerts and Hanson, 1991; Levy et al,,
1991; Janska and Mackenzie, 1993). If this is the case, mito-
chondrial mutation elimination may involve the selective
transmission or elimination of particular mitochondrial chro-
mosomes during plant development (Janska and Mackenzie,
1993). This is possible because much of the mitochondrial
genetic information is duplicated on more than one molecular
form in the genome. Evidence exists to indicate that some
mitochondrial molecules may be maintained at very low copy
number relative to others (Small et al., 1987). These substoi-
chiometric forms may become increasingly important to our
understanding of the evolutionary processes for maintaining
mitochondrial genome integrity. The maintenance of mito-
chondrial DNA molecules at extremely low copy number
may allow the accumulation or retention of mutations with
an insignificant phenotypic consequence and, thus, little or
no selection pressure for their elimination (Small et al., 1987).
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Some of the most poorly understood phenomena in plant
mitochondrial biology are the processes that regulate orga-
nellar somatic segregation and transmission (Conrett, 1987).
Based on protoplast-fusion experiments in a number of plant
species, it is generally accepted that a condition of hetero-
plasmy, or a mixture of different mitochondrial types, is
unstable and will eventually sort to homogeneity irn a random
partitioning process. What is not yet clear is whether this
process is directed by nuclear genes. In the majority of plant
species, mitochondrial transmission to the next generation
occurs predominantly through the female gamete, with little
or no contribution from the pollen. The molecular basis of
this selective cytoplasmic transmission is not understood; the
observation in recent years of paternal transmission of mito-
chondria in some species makes the regulation of this process
even more interesting.

Recent investigations of mitochondrial gene expression
have distinguished the plant kingdom from others in some
unexpected ways. Nearly all plant mitochondrial transcripts
examined to date show some degree of transcript editing.
Generally these changes to the primary transcript involve C
— U transitions, although a smaller number of U — C
changes have been observed (reviewed by Wissiager et al,,
1992). Editing events are essential for proper gene expression
and occur not only within an open reading frame to alter
amino acid sequence, but within start and stop codons that
define the open reading frame. A number of incomplete
processing intermediates are usually present in the transcript
population for any one gene. Although the sites of editing
are constant for a particular sequence, the order in which
these processing events occur appears random. The mecha-
nism of editing is not yet well defined biochernically, al-
though these events appear most likely to involve modifica-
tion of the incorporated nucleotide (Rajesekhar and Mulligan,
1993). The editing process in plants is distinct from that in
trypanosomes, but is possibly similar to editing activities in
some mammalian or viral systems (reviewed by Pring et al.,
1993).

The mechanism of transcript editing in planis is likely
under nuclear control, as suggested by the observation that
the extent of transcript editing in the case of nud3 can be
influenced by a single nuclear gene (Lu and Hanson, 1992).
This nuclear-mitochondrial interaction apparently serves as
one means of posttranscriptional gene regulation. The nuclear
genes regulating these mitochondrial transcript-processing
events have not yet been characterized or mapped. It should
be possible, however, to estimate the degree of genetic com-
plexity associated with this process by determining whether
one nuclear locus can influence the editing of more than one
mitochondrial gene, or whether different nuclear genes are
required for each mitochondrial transcript.

Certain plant mitochondrial genes are encoded by multiple
exons that are interrupted by uncommonly large distances.
This unusual gene organization is apparently the result of
interruption of intron sequences by recombination events.
Proper transcript processing for these genes requires the
trans-splicing of the interrupted intron sequences to derive a
mature transcript. All interrupted introns observed to date
have been group II introns, requiring appropriate intron
secondary structure to allow the association of the separated,
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Model Principles
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Figure 1. Examples of the structural diversity observed among plant mitochondrial genomes. Based on genome-mapping
data, a number of models have been developed to account for the array of genomic configurations. Many of these
models have been based on certain underlying principles that may be unique to the plant kingdom, including a propensity
to undergo multiple recombinations, a multipartite genome structure, and the retention of mutations derived by various
aberrant genomic reorganizations. Many of these mutations are associated with the common phenotype of cms. Small
boxes indicate repeated sequences and arrows indicate relative repeat orientation. Mitochondrial molecules are presented
in circular form based on physical mapping data. There is, however, no definitive physical evidence that they exist in the
genome as circles. Models were taken from Palmer and Shields (1984), Lonsdale et al. (1984), Fauron et al. (1990),
Folkerts and Hanson (1992), and Janska and Mackenzie (1993).
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transcribed intron segments for splicing to proceed (see Wis-
singer et al.,, 1992). The biochemical processes involved in
trans-splicing have yet to be defined. Although the intron
splicing may be an autocatalytic event, cellular factors may
be important to this process. RNA editing, for example,
constitutes a trans-acting factor that is essential for defining
the splicing-competent primary and secondary structure re-
quired for at least some group II introns.

These unique features of the plant mitochondrial genome
have made this organelle and its interactions with the nuclear
genome particularly interesting. Thus, the identification of
mitochondrial mutations as well as those nuclear genes that
can correct the mutant phenotypes has been an essential
focus of the research in plant mitochondrial biology for some
years.

STUDY OF MITOCHONDRIAL GENETICS

Many of the most important lessons regarding mitochon-
drial function have been learned through investigations in
fungal systems, most notably yeast (Saccharomyces cerevisiae).
This is primarily because the indispensable nature of mito-
chondrial functions to the higher eukaryotic cell makes mu-
tational analysis in studies of mitochondrial genetics gener-
ally infeasible. In those yeasts that are able to survive without
a functional mitochondrion via fermentation, a large collec-
tion of important mutations in mitochondrial genes as well
as nuclear genes involved in mitochondrial functions is avail-
able. This collection, together with the availability of nuclear
gene disruption and replacement technologies and DNA-
mediated mitochondrial transformation systems, has allowed
the elucidation of a number of important mitochondrial proc-
esses in biogenesis and gene expression (Bolotin-Fukuhara
and Grivell, 1992). It has, as well, facilitated the identification
of both mitochondrial and nuclear genes involved in mito-
chondrial function in higher eukaryotes, including plants.

Many more difficulties arise in the direct identification of
genetic components of the nuclear-mitochondrial communi-
cation network in higher-plant systems. Gene mutations that
interfere with normal mitochondrial function are likely to be
lethal and can be maintained only in a heteroplasmic (mixed
mitochondrial) population. The nonchromosomal stripe mu-
tants of maize represent mutations within essential mito-
chondrial genes maintained via heteroplasmy and observed
as sectoring within the plant (Gu et al., 1993). Mitochondrial
genomic alterations have been associated with enhanced
disease susceptibility (Levings, 1993), altered chloroplast
function (Roussell et al., 1991; Martinez-Zapater et al., 1992),
severe growth abnormalities (Newton et al., 1989), reduced
plant vigor (Jan, 1992), and aberrant floral developmental
patterns (Kofer et al., 1991; Gourret et al., 1992). Addi-
tionally, a large collection of plant mitochondrial mutations
that result in abnormal pollen development, known as cms,
has accumulated over the past 20 years. The phenomenon of
cms, reported in over 150 plant species, has provided an
important focus for studies of mitochondrial genomic altera-
tion, gene expression, and nuclear-mitochondrial genetic
interactions.
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CYTOPLASMIC MALE STERILITY AND
MALE STERILE MUTANTS

Plant mitochondrial dysfunction can occur for at: least two
reasons: spontaneously arising mutation/genomic re-
arrangements and nuclear-cytoplasmic incompatibilities. Nu-
clear-cytoplasmic incompatibilities generally arise when the
cytoplasm from one species is combined with the nucleus of
a different species. This is effected most readily either by
interspecific protoplast fusion or by wide hybridi:zation fol-
lowed by subsequent recurrent backcrossing to the nuclear
donor (pcllen parent in the original cross). In most cases of
mitochondrial mutation or nuclear-cytoplasmic incompatibil-
ity the observed phenotype is that of cms. The cms phenotype
is characterized by the inability of the plant to produce and/
or shed viable pollen. The phenomenon demonstrates mater-
nal inheritance and is generally not accompanied ty changes
in female fertility.

The apparent association of plant mitochondrial genome
alterations with aberrant pollen development remains an
enigma. It is not clear why this particular plant developmental
stage would be most vulnerable to alterations in mitochon-
drial function when, for most of the identified mitochondrial
mutations, expression of the sterility-associated mitochon-
drial product is detected at all plant developmental stages.
The processes of microsporogenesis and microgametogenesis
are affected differently in many cases of cms. For example,
in at least two cases, only the individual developing micro-
spores (gametophytic stage) are affected by the mitochondrial
lesion (Lee et al., 1980; Johns et al., 1992), whereas in many
other cases the abnormality is most pronounced as premature
or aberrant breakdown of the tapetum (sporophytic tissue
surrounding the developing microspores). In certain cases,
male sterility is the result of abnormal development or fem-
inization of the male reproductive structures (Kofer et al.,
1991; Gourret et al., 1992). Consequently, the precise points
in the pollen development process most profoundly affected
by mitochondrial dysfunction are not known. It is generally
assumed, however, that the development of the mrale game-
tophyte in plants is accompanied by a pronounced increase
in respiratory activity, because mitochondrial numbers in-
crease markedly following meiosis. A commensurate increase
in mitochondrial DNA replication accompanies these proc-
esses (reviewed by Dickinson, 1987).

The mitochondrial mutations associated with cms in sev-
eral plant species have been identified and characterized. In
each case the alteration is distinct, although particular regions
of the mitochondrial genome, such as the 3’ end cf the atpA
gene, appear to be more highly susceptible to rearrangement.
cms-associated alterations may involve DNA deletion (e.g.
Chetrit et al., 1992), insertion of sequences of unknown origin
(e.g. Laver et al., 1991; Johns et al., 1992), multiple intragenic
recombination events generating chimeric gene arrangements
(e.g. Young and Hanson, 1987; Levings, 1993), often produc-
ing polycistronic messages and, in one case, unusual virus-
like particles (Grill and Garger, 1981). This diversity of mu-
tations initially made it difficult to identify those features
linking each system to a similar aberrant phenotype. One
feature that appears to link many of the sterility-associated
mitochondrial sequences is that they generate novel open
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reading frames. Perhaps the most important feature of the
predicted gene products of these open reading frames is the
presence of a hydrophobic stretch of amino acids, often at
the amino terminus of the predicted polypeptide. This obser-
vation suggests that, although each sterility-associated se-
quence appears distinct, the mechanism for inducing mito-
chondrial dysfunction may involve a common phenomenon,
namely the anchoring to, or complete insertion within (Lev-
ings, 1993), the inner mitochondrial membrane of an aberrant
mitochondrial peptide. It is conceivable that such unusual
peptide insertions may have relatively minor consequences
to mitochondrial function during most stages in plant devel-
opment, but may cause phenotypic changes when respiratory
demand is sharply increased. This hypothesis, although often
suggested, has not yet been tested for any cms system.
Alternatively, cms mutations may invoke tissue-specific or
stage-specific changes in gene expression, as has been sug-
gested in the case of cms petunia by Conley and Hanson
(1994).

NUCLEAR GENE REGULATION OF
MITOCHONDRIAL FUNCTION

The vast diversity of potential mitochondrial mutations
obtained with the selection for cms has provided an impor-
tant opportunity for the investigation of nuclear-mitochon-
drial genetic interactions in higher plants. The cms phenotype
provides the most efficient available genetic screen for the
identification of nuclear genes that regulate plant mitochon-
drial function. These nuclear genes, identified by their ability
to restore normal pollen development to a cms line, are
referred to as fertility-restorer genes. Fertility restorers have
been identified in nearly every cms system. Restorer systems
vary in their gene number, with most restorers consisting of
a single dominant gene. No fertility-restorer genes have yet
been cloned, although at least three laboratories are currently
pursuing this endeavor. The apparent mechanisms of fertility
restoration vary and provide opportunity for the identifica-
tion of nuclear factors involved in many levels of mitochon-
drial regulation.

The best-characterized fertility restorers involve nuclear
factors apparently acting in mitochondrial transcript process-
ing, alteration of relative transcript levels, or possibly mito-
chondrial translation (Brown, 1993). Some restorers appear
to limit their effects to tissues involved in pollen development
(Young and Hanson, 1987). One unusual fertility restorer
system involves a single nuclear gene that directs the com-
plete loss of the mitochondrial sterility-associated sequence
from the genome (Mackenzie and Chase, 1990). In some cms
systems only one fertility-restoration system has been iden-
tified, although multiple fertility restorers are available for a
number of cases of cms (e.g. petunia, bean, rice, wheat, rape).
The availability of multiple fertility restorers in a single cms
system is important and has not, to date, been fully exploited.
These systems suggest that a cms-inducing mutation can
serve as an excellent genetic target for identifying a variety
of nuclear mechanisms to modify mitochondrial gene expres-
sion (nuclear-encoded mitochondrial transcription, transcript
processing, and translation factors) or to eliminate mitochon-
drial mutations (nuclear-encoded factors involved in mito-

chondrial DNA replication, recombination, and/or mitochon-
drial segregation). Some of these nuclear regulatory factors
could perhaps be obtained in a more amenable genetic system
like yeast. However, the essential features distinguishing
plant mitochondrial biology, such as tissue specificity of
mitochondrial functions, unique genome organization and
expression, and the implicit complexity that a multicellular
structure imposes on mitochondrial segregation, have added
intrigue to the investigations in plant systems and promise to
provide essential information about intracellular regulation
clearly unique to plants.

A plant mitochondrial transformation system is not yet
available and will be an essential component of more defin-
itive future studies in the area of nuclear-mitochondrial in-
teraction. With the development of high-density maps (and
transposon tagging systems) in most of the crop plants for
which well-characterized cms systems exist, the opportunity
is now available to localize these nuclear factors involved in
plant mitochondrial control. The many different functions
represented by the available collection of restorers assures
the opportunity to identify at least some of the factors in the
elaborate regulation of plant mitochondrial transmission,
gene expression, and genome organization.

ACKNOWLEDGMENTS

Due to space limitations and the general nature of this review, we
were unable to directly cite the many important research contribu-
tions made recently in this field. We wish to thank Dr. Stan Gelvin
for valuable comments on this paper.

Received February 16, 1994; accepted April 6, 1994.
Copyright Clearance Center: 0032-0889/94/105/0775/06.

LITERATURE CITED

Bendich AJ (1987) Why do chloroplasts and mitochondria contain
so many copies of their genome? BioEssay 6: 279-282

Bolotin-Fukuhara M, Grivell LA (1992) Genetic approaches to the
study of mitochondrial biogenesis in yeast. Antonie Leeuwenhoek
62: 131-153

Brown GG (1993) Regulation of mitochondrial gene expression. In
DPS Verma, ed, Control of Plant Gene Expression. CRC Press,
Boca Raton, FL, pp 175-198

Chetrit P, Rios R, de Paepe R, Vitart V, Gutierres S, Vedel F (1992)
Cytoplasmic male sterility is associated with large deletions in the
mitochondrial DNA of two Nicotiana sylvestris protoclones. Curr
Genet 21: 131-137

Conley CA, Hanson MR (1994) Tissue-specific protein expression
in plant mitochondria. Plant Cell 6: 85-91

Connett MB (1987) Mechanisms of maternal inheritance of plastids
and mitochondria: developmental and ultrastructural evidence.
Plant Mol Biol Rep 4: 193-205

Covello PS, Gray MW (1992) Silent mitochondrial and active nuclear
genes for subunit 2 of cytochrome c oxidase (cox2) in soybean:
evidence for RNA-mediated gene transfer. EMBO ] 11: 3815-3820

Dickinson HG (1987) The physiology and biochemistry of meiosis
in the anther. Int Rev Cytol 107: 79-109

Dietrich AJ, Weil JH, Marechal-Drouard L (1992) Nuclear-encoded
transfer RNAs in plant mitochondria. Annu Rev Cell Biol 8:
115-131

Fauron CM-R, Havlik M, Brettell RIS (1990) The mitochondrial
genome organization of maize fertile cmsT revertant line is gen-
erated through recombination between two sets of repeats. Ge-
netics 124: 423-428

Fauron CM-R, Havlik M, Casper M (1991) Organization and evo-



780 Mackenzie et al.

lution of the maize mitochondrial genome. In RG Herrmann, BA
Larkins, eds, NATO ASI Series A, Life Science: Plant Molecular
Biology 2. Plenum Press, New York, pp 345-363

Folkerts O, Hanson MR (1991) The male sterility-associated pcf gene
and the normal afp9-1 gene in petunia are located on different
mitochondrial DNA molecules. Genetics 129: 885-895

Gourret JP, Delourme R, Renard M (1992) Expression of ogu
cytoplasmic male sterility in hybrids of Brassica napus. Theor Appl
Genet 83: 549-556

Gray MW (1993) Origin and evolution of organelle genomes. Curr
Opin Genet Dev 3: 884-890

Grill LK, Garger SJ (1981) Identification and characterization -of
double-stranded RNA associated with cytoplasmic male-sterility
in Vicia faba. Proc Natl Acad Sci USA 78: 7043-7046

GuJ, Miles D, Newton K (1993) Analysis of leaf sectors in the NCS6
mitochondrial mutant of maize. Plant Cell 5: 963-971

Hanson MR, Folkerts O (1992) Structure and function of the higher
plant mitochondrial genome. Int Rev Cytol 141: 129-172

Jan CC (1992) Cytoplasmic-nuclear gene interaction for plant vigor
in Helianthus species. Crop Sci 32: 320-323

Janska H, Mackenzie SA (1993) Unusual mitochondrial genome
organization in cytoplasmic male sterile common bean and the
nature of cytoplasmic reversion to fertility. Genetics 135: 869879

Johns C, Lu M, Lyznik A, Mackenzie S (1992) A mitochondrial
DNA sequence is associated with abnormal pollen development
in cytoplasmic male sterile bean plants. Plant Cell 4: 435-449

Kofer W, Glimelius K, Bonnett HT (1991) Modifications of mito-
chondrial DNA cause changes in floral development in homeotic-
like mutants of tobacco. Plant Cell 3: 759-769

Laver HK, Reynolds S], Moneger F, Leaver CJ (1991) Mitochondrial
genome organization and expression associated with cytoplasmic
male sterility in sunflower (Helianthus annuus). Plant ] 1: 185-193

Lee S-L, Earle ED, Gracen VE (1980) The cytology of pollen abortion
in S cytoplasmic male-3 sterile corn anthers. Am ] Bot 67: 237-245

Levings CS III (1993) Thoughts on cytoplasmic male sterility in cms-
T maize. Plant Cell 5: 1285-1290

Levy AA, Andre CP, Walbot V (1991) Analysis of a 120-kilobase
mitochondrial chromosome in maize. Genetics 128: 417-424

Lonsdale D, Hodge T, Fauron C (1984) The physical map and
organization of the mitochondrial genome from the fertile cyto-
plasm of maize. Nucleic Acids Res 12: 9249-9261

Plant Physiol. Vol. 105, 1994

Lu B, Hanson MR (1992) A single nuclear gene specifies the abun-
dance and extent of RNA editing of a plant mitochondrial tran-
script. Nucleic Acids Res 20: 5699-5703

Mackenzie SA, Chase CD (1990) Fertility restoration is associated
with loss of a portion of the mitochondrial genome in cytoplasmic
male sterile common bean. Plant Cell 2: 905-912

Martinez-Zapater JM, Gil P, Capel J, Somerville CR (1992) Muta-
tions at the Arabidopsis CHM locus promote rearrangements of the
mitochondrial genome. Plant Cell 4: 889-899

Newton K], Coe EH, Gabay-Laughnan S, Laughnan JR (1989)
Abnormal growth phenotypes and mitochondrial rnutants in
maize. Maydica 34: 291-296

Nugent JM, Palmer JD (1992) RNA-mediated transfer of the gene
coxIl from the mitochondrion to the nucleus during flowering
plant evolution. Cell 66: 473-481

Palmer JD, Shields CR (1984) Tripartite structure of the Brassica
campestris mitochondrial genome. Nature 307: 437-440

Pring D, Brennicke A, Schuster W (1993) RNA editing gjives a new
meaning to the genetic information in mitochondria nd chloro-
plasts. Plant Mol Biol 21: 1163-1170

Rajasekhar VK, Mulligan RM (1993) RNA editing in plant mito-
chondria: «a-phosphate is retained during C-to-U conversjon in
mRNAs. Plant Cell 5: 1843-1852

Roussell DL, Thompson DL, Pallardy SG, Miles D, Newton K]J
(1991) Chloroplast structure and function is altered in the NCS2
maize mitochondrial mutant. Plant Physiol 96: 232-233

Schuster W, Combettes B, Flieger K, Brennicke A (1993) A plant
mitochondrial gene encodes a protein involved in cytochrome ¢
biogenesis. Mol Gen Genet 239: 49-57

Small I, Isaac PG, Leaver CJ (1987) Stoichiometric differences in
DNA molecules containing the atpA gene suggest mechanisms for
the generation of mitochondrial genome diversity in maize. EMBO
] 6: 865-869

Stern DB, Newton KJ (1985) Mitochondrial gene expression in
Cucurbitaceae: conserved and variable features. Curr Genet 9:
396-405

Wissinger B, Brennicke A, Schuster W (1992) Regenerating good
sense: RNA editing and trans splicing in plant mitochondria.
Trends Genet 8: 322-328

Young EG, Hanson MR (1987) A fused mitochondrial gene associ-
ated with cytoplasmic male sterility is developmentally regulated.
Cell 50: 41-49



