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Abstract

Plant mitochondria contain small extrachromosomal DNAs in addition to a large and complex main mitochondrial genome. These
molecules can be regarded as extrachromosomal replicons or plasmids, of which there are two forms, circular and linear. Linear mito-
chondrial plasmids are present in many fungi and in some plants, but they seem to be absent from most animal cells. They usually have a
common structural feature, called an invertron, that is characterized by the presence of terminal inverted repeats and proteins covalently
attached to their 5 0 termini. Linear mitochondrial plasmids possess one to six ORFs that can encode unknown proteins but often code for
the DNA and RNA polymerases. Although the functions of most linear plasmids in plant mitochondria are unknown, some plasmids
may be associated with mitochondrial genome rearrangements and may have phenotypic effects due to their integration into mitochon-
drial genome. The Brassica 11.6-kb plasmid, one of the linear mitochondrial plasmids in plants, shows a non-maternal inheritance, in
contrast to mitochondrial genomes. The origin of these plasmids is still a mystery, but indirect evidence indicates the possibility of hor-
izontal transfer from fungal mitochondria. In this review, the main features of these unique DNAs present in plant mitochondria are
described.
� 2007 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
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1. Introduction

Mitochondria, the power plants of eukaryotic cells, are
sites of respiration. Most eukaryotic cells produce energy
necessary for their survival by a series of oxidative meta-
bolic processes in mitochondria. According to the endo-
symbiont hypothesis, mitochondria are descended from
the symbiosis of a-proteobacteria into ancestral eukaryotic
cells. The genome size and gene content of present-day
mitochondrial genomes are much smaller than those of
the ancestral eubacterial genome, suggesting that massive
gene transfer events from the mitochondrion to the nucleus
occurred during the evolution of this cellular organelle.

However, the mitochondrial genome still retains a subset
of genes that encode many of the protein subunits involved
in the energy-metabolizing enzyme complexes, ribosomal
RNAs (rRNAs), transfer RNAs (tRNAs), and several
ribosomal proteins. Although the mitochondrial function
is conserved in all eukaryotic cells, including animal, fun-
gal, and plant cells, higher plant mitochondrial genomes
have a number of unique features compared to their coun-
terparts in animals or fungi. Higher plant mitochondrial
genomes are not only larger in size but their structure is
also complicated by structural rearrangements due to
homologous intra- or inter-molecular recombination
events. The mitochondrial genomes of higher plants are
the largest mitochondrial genomes so far reported (see
review by Kubo and Newton, 2007 in this issue).

In addition to a large and complex main mitochondrial
genome, the mitochondria of many higher plant species
contain a variety of smaller DNA molecules. These mole-
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cules can be regarded as extrachromosomal replicons or
plasmids that can be autonomously replicated in mitochon-
dria because they are usually present at a high stoichiome-
try relative to the main genome. Extrachromosomal
mitochondrial DNA molecules are found in many fungi
and in some higher plants, but they seem to be absent from
most animal cells. These smaller DNA molecules can be
classified into two types, circular DNAs and linear DNAs.
Circular DNAs have been found in a diverse group of plant
species, ranging in size from approximately 1 to 2 kb
(reviewed in Lonsdale and Grienenberger, 1992). Although
these circular DNAs usually do not have an open reading
frame of significant length, the presence of transcripts,
short regions of homology among circular DNAs, and
sequences homologous to circular DNAs in the nuclear
genome, have been reported (broad bean, Wahleithner
and Wolstenholme, 1987; Flamand et al., 1992; date palm,
Benslimane et al., 1994; maize, Abbott et al., 1985; Smith
and Pring, 1987; rice, Shikanai et al., 1989; sugar beet,
Thomas, 1992; sunflower, de la Canal et al., 1991). The lin-
ear DNA molecules in plant mitochondria are larger than
the circular DNAs, ranging from 2 to 13 kb in size.
Sequence analyses conducted so far have revealed that
most of them have terminal inverted repeats and contain
several long, expressed open reading frames. Their struc-
tures are usually very similar to those of mitochondrial
plasmids found in several fungal species.

In this review, the structure and gene expression of plant
mitochondrial linear plasmids are described in comparison
to those of fungal linear mitochondrial plasmids and their
possible function in plant mitochondria is discussed.

2. Discovery of linear DNA molecules in plant mitochondria

The presence of linear DNA molecules in mitochondria
was initially postulated in Saccharomyces cerevisiae (Sin-
clair et al., 1967). The first linear plasmids actually
described in mitochondria were the maize S1 and S2 plas-
mids, identified as additional bands to the main mitochon-
drial genome by agarose gel electrophoresis (Pring et al.,
1977). A mitochondrial linear plasmid, pAI, was then
detected in the fungal species Ascobolus immerses (Fran-
cou, 1981). The number of linear plasmids identified in fun-
gal and plant mitochondria has since been increasing
continuously. More than 50 linear plasmids have been
found in mitochondria of more than 20 fungal species
(reviewed in Meinhardt et al., 1990, 1997). In contrast,
the presence of linear mitochondrial plasmids in higher
plants is very rare. To date, 14 linear plasmids have been
reported in only eight plant species, Beta vulgaris, Brassica

napus, Brassica rapa, Daucus carota, Sorghum bicolor, Zea

diploperennis, Zea luxurians, and Zea mays (see Table 1).
As mentioned in Section 1, there is no report on the pres-
ence of linear plasmids in animal mitochondria and linear
plasmids seem to be absent from most animal cells. This
unbalanced distribution of linear plasmids among eukary-
otic cells is very interesting from the point of view of the

origin, transmission and function of linear plasmids in
mitochondria.

3. Structure and coding capacities of plant mitochondrial

linear plasmids

Linear mitochondrial plasmids in plants usually contain
terminal inverted repeats and also proteins covalently
attached to their 5 0 termini. They share this DNA structure
not only with fungal mitochondrial plasmids but also with
some DNA viruses, including adenovirus and Bacillus sub-

tilis bacteriophage U29, and with various transposable ele-
ments such as Ac and Ds of maize and Tam from
Antirrhinum majus (reviewed by Sakaguchi, 1990). The
name ‘‘invertrons’’ was given to this group of linear
DNA molecules.

So far, five linear mitochondrial plasmids have been
completely sequenced. These linear plasmids are the maize
S1 (Paillard et al., 1985), S2 (Levings and Sederoff, 1983),
and 2.3-kb plasmids (Leon et al., 1989), the sugar beet
10.4-kb plasmid (Accession No. Y10854), and the Brassica

11.6-kb plasmid (Handa et al., 2002). These plasmids all
contain terminal inverted repeats (TIRs) at their 5 0 ends,
although the repeat sizes vary from 170 bp (maize 2.3-kb
plasmid) to 407 bp (sugar beet 10.4-kb plasmid) (see Table
1). However, there is no sequence homology among the
TIRs of these five plasmids except for those of S1 and S2
(which are completely identical to each other). Attach-
ments of proteins to the 5 0 termini have also been found
in the sugar beet 10.4-kb plasmid (Saumitou-Laprade
et al., 1989), the Brassica 11.6-kb plasmid (Turpen et al.,
1987), the carrot 9.2-kb plasmid (Robison and Wolyn,
2005), the Sorghum N1 and N2 plasmids (Chase and Pring,
1986), and the maize S1 and S2 plasmids (Kemble and
Thompson, 1982), and also the 2.3-kb plasmid (Bedinger
et al., 1986). These findings suggest that most of the linear
mitochondrial plasmids in plants belong to a group of
invertrons (Sakaguchi, 1990). Invertron structure, rela-
tively long inverted terminal repeats with proteins cova-
lently bound to their 5 0 ends, is also a common feature of
linear mitochondrial plasmids in fungi, indicating that
there are some relationships between plant and fungal lin-
ear plasmids.

Although the sizes of linear mitochondrial plasmids in
plants sequenced so far vary from 2312 bp for the maize
2.3-kb plasmid to 11 640 bp for the Brassica 11.6-kb plas-
mid (Table 1), all plasmid DNAs contain one or more open
reading frames (ORFs) (Fig. 1). The smallest linear plas-
mid in plant mitochondria sequenced so far, the maize
2.3-kb plasmid, has one open reading frame that poten-
tially encodes a 294-amino-acid protein (Leon et al.,
1989). The 2.3-kb plasmid also contains two tRNA genes,
trnP and trnW, the only such case so far found in linear
plant mitochondrial plasmids. Maize S1 and S2 have three
ORFs and two ORFs, respectively, one of which, URF2
encoding a 339-amino-acid protein, is common to both
plasmids. S1 and S2 have almost identical sequences (about
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