Chapter 1
Mitochondrial Genome Evolution
in the Plant Lineage

Volker Knoop, Ute Volkmar, Julia Hecht, and Felix Grewe

Abstract Land plants feature particularly complicated mitochondrial genomes.
Plant mitochondrial DNAs may be more than 100 times larger than those of animals
and are structurally much more complex due to frequent ongoing recombination.
The significant increase of plant mitochondrial genome sizes results from a combi-
nation of several factors: more genes are encoded, many of these carry introns and,
most importantly, the plant mitochondrial genome has a propensity to accept foreign
DNA sequences from the chloroplast, the nucleus, or even from other mitochondrial
genomes via horizontal gene transfer. Similarly, plant mitochondria are also more
complex on the transcriptome level where processes such as frequent RNA editing
or trans-splicing of disrupted introns contribute to RNA maturation. The evolution of
these peculiar features is discussed in the framework of our modern understanding of
plant phylogeny to which mitochondrial genome data have contributed significantly.

Keywords Introns « RNA editing « Plant phylogeny « Mitochondrial evolution
Abbreviations

CMS Cytoplasmic male sterility
EGT Endosymbiotic gene transfer
HGT Horizontal gene transfer
LGT Lateral gene transfer

1.1 Introduction

The mitochondrial genomes of land plants (embryophytes) are characterized by a
multitude of peculiarities that are counterintuitive to a general understanding of
increasingly compacted genomes in endosymbiotic organelles. Some 500 million
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years of evolution have created very streamlined, compact and economically
organized mitochondrial DNAs (mtDNAs) in the animal (metazoa) lineage only
rarely exceeding some 16—17 kbp in size (Lavrov 2007; Gissi et al. 2008). In con-
trast, it seems that opposite trends rather complicating than simplifying mitochondrial
genome structures have taken over during evolution in the plant lineage.

Several features of plant mitochondrial gene arrangements and expression will be
dealt with in much detail in other Chapters of this book, e.g., recombinational activity
(Chap. 3), intron splicing (Chap. 6), or RNA editing (Chap. 7). We will here mainly
give a phylogenetic perspective on several peculiar features in the evolution of plant
mtDNAs since Ordovician times when first plants appeared on land and gave rise to one
of the most significant evolutionary transitions of multicellular life on this planet.

1.2 Land Plant Mitochondrial DNAs and Their Peculiarities

The first completed sequence of a mitochondrial DNA of a land plant, the one of the
liverwort Marchantia polymorpha (Oda et al. 1992a, b) at a size of 186 kbp turned out
to be more than 10 times larger than the first completely determined mtDNA sequence
of the animal lineage, the one of Homo sapiens of only 16.6 kbp (Anderson et al.
1981). The Marchantia mtDNA revealed several genes not present in the mitochon-
drial genomes of animals. Moreover, the liverwort mtDNA contains seven introns of
group I and 25 of group II type, typical intervening sequences frequently found in the
organelle DNAs of fungi, algae, and plants (see Box 1.1 and Chap. 6). Only excep-
tional occasional discoveries of introns in mtDNAs of animals were made later, begin-
ning with a first group I intron identified in the mtDNA of the sea anemone Metridium
senile (Beagley et al. 1996). By and large, however, introns are rare in animal mtDNAs,
mostly identified in some early branches of the metazoa phylogeny.

By the time the Marchantia chondrome was completely determined (note that the
term chondriome is alternatively used to describe all mitochondria in a cell, see Chap. 2),
it was already clear that yet more surprising features exist in the mitochondrial DNAs of
flowering plants (angiosperms) and several others were discovered subsequently:

1. Plant mitochondrial genome sizes of 2 Mbp (mega base pairs = million base
pairs) and more, hence exceeding the ones of several free-living bacteria, are
present in the angiosperm family of Cucurbitaceae.

2. Endosymbiotic gene transfer (EGT), the functional transfer of genes to the nucleus,
is an ongoing process in plant mitochondria in recent times of plant evolution.

3. Simple circular mitochondrial genomes such as the ones found in algae or bryo-
phytes may be more of an exception than a rule in land plants. Active recombina-
tion across repeated sequences produces multipartite structure of plant
mitochondrial genomes, at least in vascular plants (tracheophytes).

4. The average plant mitochondrial genome is characterized by some 20-30 introns.
With a single exception these introns are stable within well-defined monophyl-
etic plant clades, but differ significantly between them and have helped to eluci-
date land plant phylogeny. Some disrupted genes need to be reassembled on
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RNA level via trans-splicing group II introns and an example of a trans-splicing
group I introns has recently been identified in a lycophyte.

. The peculiar process of RNA editing apparently repairs DNA coding information
posttranscriptionally on RNA level by precise pyrimidine exchanges in plant
mitochondrial RNAs.

. Foreign DNA derived from the chloroplast or the nuclear genome is inserted into
the mtDNA of tracheophytes as so-called “promiscuous DNA.”

. Several instances of DNA sequences in plant mitochondria acquired by horizon-
tal gene transfer (HGT) across species barriers and over wide phylogenetic
distances have recently been reported.

Box 1.1 Group I and group II introns

These two types of introns are defined through their characteristic secondary
structures and conserved RNA sequence motifs (see, e.g., Bonen 2008; Cech
et al. 1994; Haugen et al. 2005; Pyle et al. 2007 for recent summary updates).
Numerous group I and group II introns are typically present in the organelle
genomes of plants and fungi. A nomenclature to label them according to their
insertion sites has been proposed (Knoop 2004; Dombrovska and Qiu 2004)
as detailed in the legend of Fig. 1.2. Group I and group II introns have also
been identified in mitochondria of basal metazoan lineages (see, e.g., Fukami
et al. 2007), protists, phages, and more frequently also bacteria (Tourasse and
Kolstg 2008). Introns of both classes are often referred to as “autocatalytic,”
“self-splicing,” “ribozymes,” or “mobile,” but this is in fact biochemically
demonstrated only for some of them. Some intron species of both classes
carry open reading frames (ORFs), which participate in intron mobility or
splicing (see Chap. 6): endonucleases in group I introns and the so-called
maturases in group II introns. Intron-encoded ORFs are absent in the over-
whelming majority of seed plant chloroplast and mitochondrial introns with
singular exceptions in both cases: nad1i782g2 in mitochondria carrying matR
and trnK37g2 in chloroplasts carrying matK. Absence of other intron-
encoded ORFs may explain both the obvious positional stasis of seed plant
organelle introns since more than 200 million years of evolution as well as
their reliance on nuclear encoded cofactors for splicing (see Chap. 8), which
have been identified over the last years (recent examples include Asakura and
Barkan 2006; Asakura and Barkan 2007; Keren et al. 2009; Kroeger et al.
2009; Ostheimer et al. 2006; Schmitz-Linneweber et al. 2006; Watkins et al.
2007). Several examples for disrupted group II introns, which require trans-
splicing of independent primary transcripts for RNA maturation, have been
identified in chloroplast and mitochondrial DNAs since quite some time
(Bonen 2008; Glanz and Kiick 2009). Examples for trans-splicing group I
introns, however, have only been discovered very recently (Burger et al.
2009; Grewe et al. 2009). For more details see Chap. 6.
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Fig. 1.1 Streptophyte genera with completed mitochondrial genome sequences currently available
(references given in the text except for the Carica papaya mtDNA, as yet only available as database
accession EU431224) are assembled into a cladogram based on modern insights of plant phylogeny
(Qiu et al. 2006). The mtDNAs of taxa with gene complements identical to closely related genera
included in the figure (e.g., Citrullus, Tripsacum, Sorghum) were omitted for clarity. No complete
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1.3 Plant Mitochondrial Genomes: Completed MtDNA
Sequences

The expanded sizes and genomic complexities of plant mitochondrial DNAs prob-
ably explain why only so few mtDNAs of plants have been determined in compari-
son to the numerous completely sequenced mtDNAs of animals. The first complete
mtDNA of a flowering plant, the model angiosperm Arabidopsis thaliana (Unseld
et al. 1997), was followed by those of more economically important plants such as
sugar beet Beta vulgaris (Kubo et al. 2000), rice Oryza sativa (Notsu et al. 2002),
rapeseed Brassica napus (Handa 2003), maize Zea mays (Clifton et al. 2004),
tobacco Nicotiana tabacum (Sugiyama et al. 2005), wheat Triticum aestivum
(Ogihara et al. 2005) and grape Vitis vinifera (Goremykin et al. 2009). Finally the
mtDNAs from watermelon Citrullus lanatus and zucchini (Cucurbita pepo) have
been determined recently (Alverson et al. 2010), two species of the Cucurbitaceae
long known to harbor particularly large chondromes (possibly exceeding 2 Mbp in
muskmelon Ward et al. 1981). The availability of complete mtDNAs from different
strains or cultivars of the same species (e.g., sugar beet, Satoh et al. 2004; maize,
Allen et al. 2007), allows insights on the mtDNA rearrangements accompanying
important mitochondrially encoded traits such as cytoplasmic male sterility (CMS,
see, e.g., Kubo and Newton 2008 see Chap. 18).

In contrast, only a single gymnosperm mtDNA sequence, the one of the cycad
(fern palm) Cycas taitungensis, has so far been determined (Chaw et al. 2008).
Similarly, it took more than a decade after determination of the Marchantia poly-
morpha mtDNA (Oda et al. 1992a, b) before a second bryophyte mtDNA became
available, the one of the model moss Physcomitrella patens (Terasawa et al. 2000).
The chondrome sequences of two representatives of the third clade of bryophytes,
the hornworts, have been determined only very recently with the mtDNAs of
Megaceros aenigmaticus (Li et al. 2009) and Phaeoceros laevis (Xue et al. 2010).
Finally, the mtDNA of a second liverwort, Pleurozia purpurea, has recently been
published (Wang et al. 2009). This currently leaves us with a considerable phylo-
genetic gap between the bryophytes and the seed plants for mitochondrial genome
sequences of early branching (i.e., non-seed) tracheophyte lineages (Fig. 1.1).

<
<

Fig. 1.1 (continued) mtDNA sequence for a representative of the monilophytes (ferns sensu lato,
including whisk ferns and horsetails) is currently available and only singular mitochondrial genome
sequences are so far determined for mosses (Physcomitrella), lycophytes (Isoetes), and gymno-
sperms (Cycas). Taxonomic labeling is indicated to the right. Note that “bryophytes” are paraphyl-
etic (dotted line). Losses of functional genes from the respective mtDNAs are indicated by arrows
on the branches of the model phylogeny. Losses of ribosomal proteins (rpl, rps), subunits of suc-
cinate dehydrogenase (sdh), and cytochrome c biogenesis (cch) occur independently multiple
times. Conversely, independent losses of core respiratory subunits are rare (afp8 and nad7, under-
lined). Sequential losses of rpl14, rps8, and rpl6 from the mtDNA deep along the tree’s backbone
can be taken as support for this model embryophyte phylogeny. RNA editing emerges with embry-
ophytes and is secondarily lost in marchantiid liverworts (open triangle). The bryophyte-tracheo-
phyte transition zone (gray shading) is characterized by multiple parallel losses of mt genes and an
increase of reverse (U to C) RNA editing. A strong increase in DNA recombinational activity in the
plant mitochondrial genomes and the integration of promiscuous DNA originating from the chlo-
roplast and nucleus apparently emerges with the tracheophyte lineage (black dot)
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These lineages, the “pteridophytes” sensu lato (ferns and “fern allies”), are now
unequivocally distinguished into lycophytes and monilophytes (Pryer et al. 2001).
Only the latter is the sister clade to seed plants and comprises the true ferns, the
horsetails (Equisetum) and the whisk ferns (Psilotum, Tmesipteris). Reports on the
mtDNAs of ferns and “fern allies” have been very rare (Palmer et al. 1992). As a
first mtDNA of this group the one of the quillwort Isoetes engelmannii has been
reported very recently (Grewe et al. 2009).

A monophyletic group of land plants and related green algal lineages has
been recognized as the clade of “streptophytes” (see Fig. 1.1). The available
mtDNAs of several streptophyte algae are a very important addition to the col-
lection of embryophyte mtDNAs for insights on phylogeny and molecular evolu-
tion in the green lineage: Chaetosphaeridium globosum (Turmel et al. 2002a),
Mesostigma viride (Turmel et al. 2002b), Chara vulgaris (Turmel et al. 2003),
and Chlorokybus atmophyticus (Turmel et al. 2007). Whereas the former three
algal mtDNAs are of moderate sizes between 42 and 68 kbp, the mitochondrial
DNA of Chlorokybus at 202 kbp even exceeds the Marchantia mtDNA of 186
kbp in size. As novelties among streptophyte mtDNAs the Chlorokybus mtDNA
features a nad10 and a frnlL(gag) gene and 13 introns at novel insertion sites with
a surprising number of 10 group II introns in tRNA-encoding genes. Somewhat
puzzling is the mtDNA of the tiny unicellular chlorophyte green alga Ostreococcus
tauri: On the one hand the 44 kbp mtDNA is very gene dense, on the other hand
it consists of a large segmental duplication of 44% of the chondrome (Robbens
et al. 2007).

1.4 Ongoing Gene Transfer to the Nucleus

The functional transfer of genes from an endosymbiont genome to the nuclear
genome of the host is frequently referred to as endosymbiotic gene transfer (EGT,
see Timmis et al. 2004). An apparent stasis of EGT has been reached in the ani-
mal lineage, where largely the same (small) gene complement is conserved across
phylogenetic distances dating back some 500 million years. Animal mtDNAs
usually encode 22 tRNAs, 2 rRNAs, and 13 genes encoding proteins of the respi-
ratory chain complexes I, III, IV, and V (the NADH dehydrogenase, apocyto-
chrome B, the cytochrome ¢ oxidase, and the ATPase): nadl-6 and nad4l., cob,
cox1-3, and atp6 and 8. Typically, the gene complement of plant mtDNAs is
extended by genes for additional subunits of these respiratory chain complexes
(atpl, 4, and 9, nad7 and 9) and for two subunits of complex II, the succinate
dehydrogenase (sdh3 and 4). Moreover, ccb genes encoding proteins of cyto-
chrome c biogenesis, rps and rpl genes encoding proteins of the small and large
ribosomal subunit and farC, a transport protein subunit (twin arginine translo-
case), are encoded in plant mtDNAs. Plant mitochondrial gene complement var-
ies widely among angiosperms in particular for rps, rpl and sdh genes (see
Fig. 1.1) showing that endosymbiotic gene transfer is an ongoing process also in
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recent times of plant evolution (Liu et al. 2009). The identification of genes in the
mitochondrial DNA of one but not in another plant lineage has generally been
taken as a first hint for such recent EGT. The rps10 gene was a typical early
example along such lines (Knoop et al. 1995), and then found to be transferred to
the nucleus independently in many plant lineages (Adams et al. 2000). The same
point was made for the sdh genes (Adams et al. 2001b) and the rpl/ and rps genes
similarly turned out to be transferred to the nucleus via EGT many times inde-
pendently in a systematic survey of angiosperms (Palmer et al. 2000; Adams
et al. 2002b; Adams and Palmer 2003).

In contrast, only three examples have as yet been identified for functional
EGT of any of the core components of respiratory chain complexes I-V during
land plant evolution. The example of cox2 transfer among legumes (Fabales) is
particularly intriguing given that the necessary steps of nuclear copy establish-
ment, activation of the nuclear copy, and subsequent defunctionalization and
disintegration of the mitochondrial copy (Brennicke et al. 1993) can be traced
among closely related taxa of this clade (Nugent and Palmer 1991; Covello and
Gray 1992; Adams et al. 1999). Secondly, functional atp8 genes are apparently
lost from Allium (Adams et al. 2002b) and are also missing from the two com-
pleted hornwort mtDNAs (Li et al. 2009; Xue et al. 2010). It will be interesting
to see whether EGT of atp8 may turn out as an apomorphy of the entire horn-
wort clade.

Finally, a third example of gene transfer concerns the interesting issue of the
nad7 gene in liverworts (Kobayashi et al. 1997), which appears to be a very ancient
event in this plant clade. Once a gene is transferred via EGT it normally disinte-
grates quickly and the identification of a recognizable pseudogene copy in the
mitochondrial genome can be taken as evidence for evolutionary recent gene trans-
fer. Strikingly, however, nad7 remains present in the liverwort mtDNAs as a
pseudogene after functional establishment of the nuclear nad7 copy instead of
quick pseudogene disintegration as generally observed in the angiosperms (Groth-
Malonek et al. 2007b). Whether this long-term pseudogene survival simply reflects
particular slow structural mtDNA evolution due to lack of mtDNA recombination
in the liverworts (see below) or a remaining functional necessity of the pseudogene
in liverworts remains to be seen. The former possibility is supported by the extreme
degrees of gene synteny between the two fully sequenced liverwort mtDNAsS, in
fact also in comparison to moss and hornwort mtDNAs (Wang et al. 2009; Xue
et al. 2010). The latter idea of remaining functionality in a pseudogene retained in
mitochondria is supported through the second known example for exceptional long-
term retention of a pseudogene after EGT, in this case among angiosperms: an
rps14 pseudogene is conserved for some 80 million years in the mtDNAs of grasses
(Ong and Palmer 2006).

Similar to atp8, independent EGT of nad7 has obviously occurred in the horn-
worts (see Fig. 1.1). In fact, the recently determined complete mtDNA sequences
of two hornworts (Li et al. 2009; Xue et al. 2010) show many pseudogenes or
recognizable pseudogene fragments of mitochondrial genes such as the cch genes
and most of the rpl and rps genes, which suggests an increase of EGT activity in
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the hornwort lineage. Surprisingly, the ccb genes and many rpl/ and rps genes are
also lacking in the lycophyte Isoetes mtDNA as well (Grewe et al. 2009). Given
our current understanding of embryophyte phylogeny (see Fig. 1.1) a rise in EGT
activity may have taken place at the time of bryophyte-tracheophyte transition in
land plant evolution. Nevertheless, these gene losses need to be explained as inde-
pendent events in the hornwort and tracheophyte lineages given that the affected
genes are present in seed plants.

Obviously the genes known to be subject to frequent, recent, and independent
EGT in embryophytes (cch, rpl, rps, sdh) are the ones that are absent from the
modern metazoan mtDNAs altogether, suggesting that similar functional selective
pressures exist for retention of genes in the organelles. It is striking to see that the
tatC gene so far not found subject to recent EGT in the embryophyte lineage has
recently also been identified in a very basal metazoan lineage, the sponge Oscarella
(Wang and Lavrov 2007).

There is good evidence from the study of EGT in plants that functional gene
transfer is mediated by RNA (e.g., Covello and Gray 1992; Nugent and Palmer
1991; Wischmann and Schuster 1995). Functional nuclear genes are inserted in the
RNA-edited version and certainly lack the organellar introns. The RNA-mediated
EGT serving to functionally migrate a gene from mtDNA to the nucleus is, how-
ever, accompanied by DNA-based transfer of mitochondrial sequences during
evolution, mostly without any discernible function. Small fragments of mitochon-
drial and plastid DNA (called “numts” and “nupts”) have been identified in many
nuclear genomes of diverse eukaryotes. In fact, a full mtDNA sequence copy is
even present on chromosome 2 in the nucleus of Arabidopsis (Lin et al. 1999;
Stupar et al. 2001). Exceptionally such insertions of organelle DNA fragments may
possibly contribute new functionality in their new nuclear location such as the
insertion of a group II intron fragment in one of two lectin genes in Dolichos biflo-
rus (Knoop and Brennicke 1991).

Several examples of EGT show that mitochondrial genes must not necessarily
be transferred to the nucleus in a 1:1 fashion. In some cases genes are functionally
split upon EGT: the transfer of rpl2 in flowering plants (Adams et al. 2001a) or of
cox2 in chlamydomonad algae (Perez-Martinez et al. 2001) are examples. Other
particular cases of gene fissions upon EGT are observed in protist groups. The sdh2
gene is split in two parts in Euglenozoa upon relocation to the nucleus with the
protein subunits independently reimported into the mitochondria (Gawryluk and
Gray 2009). In the case of cox1 only the C-terminal portion is nuclear encoded in
diverse protist groups, whereas the truncated gene remained in the mitochondria
(Gawryluk and Gray 2010).

Secondly, a gene may be functionally substituted such as rps13 apparently
replaced upon EGT by an aminoterminal extension of rpsl9 in Arabidopsis
(Sanchez et al. 1996). Thirdly, a mitochondrial gene may have been replaced by a
homologous gene originating from chloroplast or nuclear DNA as was shown for
rps13 and rps8, respectively (Adams et al. 2002a). Obviously, this substitution
process can also work in the opposite direction with mitochondrial genes replacing
chloroplast counterparts as was shown for rps16 (Ueda et al. 2008).
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1.5 Plant Mitochondrial Genomes: Structures

The notion that “plant mitochondrial DNA evolves rapidly in structure, but slowly
in sequence” (Palmer and Herbon 1988) still holds generally true. Accelerated
primary sequence drift has, however, been observed in angiosperm genera such as
Silene (Sloan et al. 2009), Pelargonium, and Plantago (Palmer et al. 2000; Cho
et al. 2004; Parkinson et al. 2005), or the fern genus Lygodium (Vangerow et al.
1999). Efficient DNA mutation repair mechanisms that are currently being eluci-
dated (Boesch et al. 2009) probably contribute to the generally slow primary
sequence drift in plant mitochondrial sequences.

Like in the liverwort Marchantia, simple circular mtDNA molecules were
deduced as mitochondrial genomes also for the moss, for the hornworts and the
streptophyte algae. It has been pointed out though that many simple, circular
mtDNAs may actually just be an illusion of mapping studies and the corresponding
genomes could in fact rather be populations of coexisting, overlapping, linear, or
branched molecules (Oldenburg and Bendich 2001; Bendich 2007).

Recombinationally active mtDNAs were found in angiosperms, resulting in dynamic,
multipartite and complex structures of the flowering plant mitochondrial genomes (e.g.,
Ogihara et al. 2005; Palmer and Shields 1984; Sugiyama et al. 2005). Variations of mito-
chondrial genome structure may even be observed within different ecotypes, isolates, or
strains of single species such as Arabidopsis or maize (Ullrich et al. 1997; Allen et al.
2007). Active DNA recombination in flowering plant mitochondria leads to populations
of coexisting genomic rearrangements of shifting stoichiometry and possibly also to
heteroplasmy (see Woloszynska 2010 for a recent review).

Repeated DNA sequences obviously play a major role in generating plant mito-
chondrial genome variabilities (Andre et al. 1992; Lilly and Havey 2001; Kubo and
Mikami 2007), and it may be assumed that homologous sequences need to have a
certain length to serve as substrates for homologous recombination. Small repeated
sequences not participating in recombination are particularly striking in the Cycas
taitungensis chondrome. Some 500 sequence elements of 36 bp in the Cycas mtDNA
are characterized by the terminal direct repeats of the AAGG tetranucleotide and the
internal recognition sites BpulOI which suggested the label “Bpu sequences” (Chaw
et al. 2008). On the other hand, much longer sequence repeats are not per se targets
for active recombination. An example is a large part of a cob gene intron (cobi783g2)"
copied into an intergenic region in the mtDNA of Marchantia and other liverworts
(Groth-Malonek et al. 2007a), without any indication for actively ongoing recombi-
nation producing alternative mtDNA gene arrangements (Oda et al. 1992a).

The mitochondrial DNA of the lycophyte Isoetes engelmannii in contrast fea-
tures at least two dozen DNA recombination sites resulting in alternative, coexist-
ing genomic arrangements (Grewe et al. 2009). Similarly, we find strong evidence

'Intron nomenclature consists of gene name followed by the letter i, the number of the nucleotide
in the mature reading frame preceding the insertion site and a qualifier designating groupl/II
introns as g1/2. See Box 1.1 for details.
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for mtDNA recombination in the lycophyte sister lineage Selaginella (J.H., EG.,
and V.K., unpublished observations). Hence, in the light of conserved circular
chondromes in bryophytes, mtDNA recombination is obviously a gain in the earliest
tracheophyte lineages (see Fig. 1.1). Interestingly, though, in contrast to the
dynamically rearranging chondromes of the Brassicaceae (Palmer and Shields
1984; Unseld et al. 1997; Handa 2003), the counter-example of a simple nonrecom-
bining circular mtDNA structure in Brassica hirta also exists, even in the same
plant family (Palmer and Herbon 1987), suggesting that the recombinational activity
may be secondarily lost in evolution.

Nuclear factors involved in plant mtDNA recombination are increasingly being
identified (e.g., Manchekar et al. 2006; Shedge et al. 2007; Odahara et al. 2009).
Another chapter in this volume will be entirely devoted to the functional analysis
of DNA recombinational dynamics of plant mitochondrial genomes (see Chap. 2).

1.6 The Introns in Embryophyte Mitochondrial DNAs

In spite of their many idiosyncrasies, plant mitochondrial genome data have proved
useful to help in the phylogenetic analysis of embryophytes. Not only coding
sequences but also introns, non-coding intergenic regions, gene rearrangements and
a pseudogene have been exploited as phylogenetically informative regions (see
Knoop 2010).

The occurrence of mitochondrial group I and group II introns (see Box 1.1 and
Chap. 6) differ significantly between land plant clades. So far, some 100 different
intron insertion sites have been identified in embryophyte mitochondrial genes
(Fig. 1.2). Their appearances have been taken as evidence for a sister group relation-
ship of liverworts to all other land plants (Qiu et al. 1998), as well as for a sister group
relationship of hornworts and tracheophytes (Groth-Malonek et al. 2005, see Fig. 1.1).
The majority of group I and group II introns appear to be rather stable in presence
within a given group, in fact can be typical signatures of a given plant clade (Vangerow
et al. 1999; Pruchner et al. 2001; Pruchner et al. 2002; Dombrovska and Qiu 2004).
Consequently, such introns can be useful loci for phylogenetic analyses in a given
clade and several of them have been used in that way (e.g., Beckert et al. 1999; Beckert
et al. 2001; Wikstrom and Pryer 2005; Volkmar and Knoop 2010; Wahrmund et al.
2010). Rare variability of mitochondrial intron presence among angiosperms (see
Fig. 1.2) may in fact suggest that independent intron losses occur even less frequently
than total gene losses after EGT, but final conclusions need more systematic and exten-
sive taxon sampling. Most likely, the overall loss of intron-encoded ORFs involved in
intron mobility (see Box 1.1) in seed plant mtDNAs plays a major role in determining
intron position stabilities. Interestingly, of 20 mitochondrial introns among angio-
sperms, 19 are also conserved in the mtDNA of the gymnosperm Cycas taitungensis
(Chaw et al. 2008). Recent studies of the 7ps3 gene in a wide sampling of gymno-
sperms (featuring intron rps3i257g2! absent in angiosperms) suggest that independent
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Fig. 1.2 Venn diagram showing the occurrences of 97 mitochondrial introns in the major
plant clades, for which complete mitochondrial genome sequences are currently available.
The intron nomenclature designates the respective gene, the coding nucleotide number pre-
ceding the intron insertion site and the type of intron (gl/g2) as previously proposed
(Dombrovska and Qiu 2004; Knoop 2004). The nomenclature is here suggested to be
extended by qualifiers “T” for trans-splicing and “M” or “E” for intron-borne maturase or
endonuclease ORFs, respectively. Known alternative states of cis- vs. trans-splicing or pres-
ence of introns-borne ORFs are indicated with brackets. Variability of intron presence mostly
indicating occasional secondary losses within a given group is indicated with an asterisk, e.g.,
nad1i477g2 absent in Geraniaceae (Bakker et al. 2000), atp1i989g2, and atp1i1050g2 absent
in Treubia lacunosa (database accession DQ646161), nad5i753g1 absent in Takakia cerato-
phylla (database accession DQ268963), and rps3i257g2 hitherto only identified in some
gymnosperms (Ran et al. 2010). Other cases rather suggest rare individual gains: nad5i392g2
in Huperzia (Vangerow et al. 1999), nad5i881g2 in Anthoceros (Beckert et al. 1999), or
cox3il71g2 in Lycopodium (Hiesel et al. 1994). Not included in the diagram are introns that
are part of promiscuous DNA originating from the chloroplast such as trnVi39g2 in Cycas and
introns atpli361g2, cox1i747g2, and nad2i258g2 so far identified only in individual monilo-
phyte taxa (Dombrovska and Qiu 2004; Wikstrom and Pryer 2005; Bégu and Araya 2009), for

which so far no complete mtDNA sequence has been determined
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mitochondrial intron losses can occur through retro-processing (Ran et al. 2010) but
may be similarly rare as among angiosperms.

As a so far unique exception for the generally conserved presence of plant
mitochondrial introns within a given clade, one particular group I intron in the cox1
gene, cox1i729¢gl, originally identified in the angiosperm Peperomia polybotrya
(Vaughn et al. 1995), has subsequently also been found with a patchy distribution
among distant angiosperms. Intron cox1i729gl has been suggested to originate
from a fungal donor source and to invade angiosperm mitochondrial genomes inde-
pendently (Adams et al. 1998; Cho et al. 1998). A recent reinvestigation with large
angiosperm taxon sampling and careful phylogenetic analyses has questioned this
idea and instead found that rare gains, if not a single unique gain followed by
numerous independent losses are a more satisfying explanation (Cusimano et al.
2008). Yet further taxon sampling, however, reinforced the idea of multiple inde-
pendent gains of cox1i729g1, now assuming numerous horizontal gene transfers
across plant species borders (see below) instead of independent acquisitions from a
fungal donor (Sanchez-Puerta et al. 2008).

The mRNAs of three genes in angiosperm mtDNAs — nadl, nad2, and nad5 —
are disrupted and need to be assembled via trans-splicing group II introns
(Chapdelaine and Bonen 1991; Knoop et al. 1991; Pereira de Souza et al. 1991;
Wissinger et al. 1991; Binder et al. 1992). Five ancient trans-splicing introns in
these genes (nad1i394g2, nad11669g2, nad2i542¢g2, nad5i1455g2 and nad5i11477g2)
are conserved in the gymnosperm Cycas taitungensis (Chaw et al. 2008) and their
evolutionary histories had earlier been traced back to cis-splicing ancestor present
in pteridophytes, hornworts, and mosses (Malek et al. 1997; Malek and Knoop
1998; Groth-Malonek et al. 2005). While the disintegrations of these five introns
may have been very rare, possibly even singular events, the disruption of intron
nadli728g2 into trans-arrangements occurred later in angiosperm evolution multi-
ple times independently (Qiu and Palmer 2004). Obviously the gain of recombina-
tional activity in tracheophyte evolution has played a major role in evolving
trans-splicing introns. Taken together with the fact that novel group II introns
frequently show up during plant evolution (see Fig. 1.2), whereas group I intron
history is largely dominated by losses in plant mitochondrial DNA, this may
explain why trans-splicing group II introns but so far no trans-splicing group I
introns were discovered. Finally, a first trans-splicing group I intron has recently
been identified in Isoetes engelmannii (Grewe et al. 2009). Preliminary data indi-
cate that yet more trans-splicing introns will be discovered in the mtDNA of the
sister lycophyte Selaginella (J.H, F.G., and V.K., unpublished observations).

1.7 RNA Editing

In plant mitochondria, RNA editing (Box 1.2 and see Chap. 7) comes in the form of
pyrimidine nucleotide conversions from cytidine to uridine and in the reverse direc-
tion. The main task of RNA editing in plants largely appears to be the restoration of
evolutionary conserved codon identities to create functional proteins, which may
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Box 1.2 RNA editing

RNA editing defines any changes in the nucleotide sequence of a transcript
that results in a nucleotide sequence which could principally be directly
encoded in the DNA template. As such it encompasses the insertions,
deletions and exchanges of any of the four standard nucleotides of the RNA
alphabet (A: adenosine, C: cytidine, G: guanidine, and U: uridine) in a RNA
molecule. The definition also includes the deamination of adenosine (A) to
inosine (I) nucleotides, which are read as guanidine (G) nucleotides upon
translation but excludes chemical modifications leading to nonstandard bases
such as for example dihydro-uridine or pseudo-uridine in tRNAs. The term
RNA editing was originally coined for the uridine insertion type of RNA
editing discovered in trypanosome mitochondria (Benne et al. 1986). Many
other types of mitochondrial, cytosolic and chloroplast RNA editing have
been discovered subsequently (Knoop and Brennicke 1999). A nomenclature
has recently been suggested to label RNA editing sites (Riidinger et al. 2009)
and the software tool PREPACT has been developed to analyze and catalogue
the abundant RNA editing sites in plant organelles (Lenz et al. 2009). For
more details see Chap. 7.

include the creation of start and stop codons of the respective reading frames.
Somewhat more rarely, RNA editing in structural RNAs such as introns or tRNAs
may help to stabilize or reestablish base-pairings. Deamination and/or transamina-
tion of the pyrimidine bases are most likely the underlying biochemical mechanisms
for base conversion. Given that one chapter of this book (see Chap. 7) is exclusively
devoted to plant mitochondrial RNA editing, we will here mainly focus on the phy-
logenetic perspective of RNA editing evolution among embryophytes.

RNA editing in flowering plant chloroplasts (Hoch et al. 1991) was discovered
only briefly after its identification in mitochondria (Covello and Gray 1989;
Gualberto et al. 1989; Hiesel et al. 1989). Phylogenetic studies subsequently
showed that the occurrence of RNA editing in mitochondria and chloroplasts is
surprisingly congruent: RNA editing appears to be absent in algae but has been
identified in chloroplast and mitochondria of all land plant clades with the unique
exception of the marchantiid liverworts (Malek et al. 1996; Freyer et al. 1997;
Steinhauser et al. 1999). Similarly the C-to-U type of editing is dominating in both
organelles among seed plants, mosses and (nonmarchantiid) liverworts, whereas
frequent “reverse” U-to-C editing is only seen in hornworts, lycophytes, and ferns
(see Fig. 1.1) in chloroplasts and mitochondria at the same time (Steinhauser et al.
1999; Vangerow et al. 1999; Kugita et al. 2003; Wolf et al. 2004; Grewe et al.
2009). Mitochondrial RNA editing frequencies vary widely across land plant phy-
logeny, ranging from zero sites in marchantiid liverworts over very few, e.g., only
11 in the moss Physcomitrella (Riidinger et al. 2009) to predictions of over 1,000
RNA editing sites in the gymnosperm Cycas or the lycophyte Isoetes (Chaw et al.
2008; Grewe et al. 2009).
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Biochemical and genetic functional studies suggest very similar mechanisms for
recognition of editing sites in transcripts of mitochondria and chloroplasts. In par-
ticular, specific members of the vastly extended pentatricopeptide repeat protein
(PPR) gene families of plants (Lurin et al. 2004) have been shown to be involved
in RNA editing site recognition both in chloroplasts (Kotera et al. 2005) and in
mitochondria (Zehrmann et al. 2009). A particular sub-group of PPR proteins with
a carboxy-terminal extension ending in the highly conserved DYW tripeptide had
previously been connected to RNA editing in plants. The “DYW domain” shows
similarity to cytidine deaminases potentially indicating direct involvement in the
biochemical process of base conversion through deamination of cytidine to uridine
and DYW domain PPR proteins are consistently present in taxa showing RNA edit-
ing but could not be identified in those lacking RNA editing (Salone et al. 2007;
Riidinger et al. 2008). Indeed, there seems to be a quantitative correlation between
the numbers of organellar editing sites and nuclear DY W-type PPR genes (Riidinger
et al. 2008; Riidinger et al. 2009). Nevertheless, the existence of plant organellar
RNA editing as such remains a mystery given that no convincing evidence for
functional gains such as physiological regulation of protein activity or the creation
of protein diversity through partial editing (e.g., Mower and Palmer 2006) has been
found. RNA editing may largely be a correction mechanism, possibly compensat-
ing on RNA level for mutations occurring on DNA level associated with the estab-
lishment of embryophytes. The wide variability of editing frequencies including the
complete absence in marchantiid liverworts and the rise in reverse U-to-C editing
activity in hornworts, lycophytes and monilophytes (see Fig. 1.1) remain, however,
mysterious at present. Given that establishment of plant RNA editing obviously
comes at the cost of creation and maintenance of large nuclear gene families such
as the PPR gene family the phenomenon remains all the more puzzling.

1.8 Gene Transfer Deviations: Promiscuous DNA

Besides EGT other forms of interorganellar gene transfer have been identified as
well in plant cells. Flowering plant mitochondrial genomes have been shown to
have a surprising disposition to integrate and perpetuate foreign DNA from the
chloroplast or nuclear genomes. The initial discovery of a 12 kbp fragment of
cpDNA in the maize mitochondrial genome (Stern and Lonsdale 1982) led J. Ellis
to suggest the term “promiscuous DNA™ at that time (Ellis 1982). Not only chloro-
plast DNA, but also promiscuous DNA fragments of nuclear origin were subse-
quently observed in many angiosperm mtDNAs (Schuster and Brennicke 1987),
e.g., all different types of retrotransposon fragments in Arabidopsis (Knoop et al.
1996). Similarly, sequence inserts originating from the chloroplast and nuclear
genome have also been found in the mtDNA of the gymnosperm Cycas (Wang et al.
2007). Finally, chloroplast and nuclear promiscuous DNA fragments have been
identified in the mtDNA of the lycophyte Isoetes (Grewe et al. 2009), showing that
the propensity for integrating foreign DNA arose with early tracheophyte evolution.
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Notably, an active mechanism of DNA import in potato mitochondria has been
described (Koulintchenko et al. 2003), the physiologic relevance of which is
unclear at present. In contrast to tracheophytes, no promiscuous DNA has as yet
been identified in the mtDNAs of bryophytes. The ability to integrate promiscuous
sequences may well depend on the gain of recombinational activity in the tracheo-
phyte lineage (see Fig. 1.1).

1.9 Horizontal Gene Transfer

A series of publications has shown that plant mitochondrial genomes may be the
prime examples of donors and acceptors of DNA via frequent horizontal gene trans-
fer (HGT) among eukaryotes (Box 1.3). Evidence for DNA transfer across species
borders in plant mitochondria initially came from the surprising identification of
genes in certain species that had apparently been regained in the mitochondria after
they had previously been transferred to the nucleus via EGT in the respective plant
lineage (Bergthorsson et al. 2003). Host—parasite interactions seem to play a major
role for mitochondrial HGT in plants (Davis and Wurdack 2004; Mower et al.
2004). Not only angiosperms, but also the gymnosperm Gnetum (Won and Renner
2003) and the fern Botrychium (Davis et al. 2005) have been identified as acceptor
species for mitochondrial DNA transferred from other taxa via HGT. A particularly
striking example seems to be the case of the mtDNA in the basal angiosperm
Amborella trichopoda, which contains many gene sequences of foreign, including
bryophyte, origins (Bergthorsson et al. 2004; J. Palmer, personal communication).
Intimate physical plant-plant contacts that allow the exchange of DNA into cells

Box 1.3 Horizontal gene transfer

Horizontal gene transfer (HGT) is defined as the migration of DNA sequences
across species borders or alternatively as the nonsexual movement of genetic
information between two organisms (Keeling and Palmer 2008; Bock 2010).
Hence, HGT is an exception to (or extension of) the common vertical trans-
mission of genetic material via cell division or the mating of sexually com-
patible species. In most cases, HGT is identified as a strong discrepancy
between a gene phylogeny to a reliably supported organismal phylogeny.
HGT is a common phenomenon in bacterial evolution (Lawrence and
Hendrickson 2003), but examples of HGT are increasingly also being identi-
fied in eukaryotes, mostly in protists (Andersson 2005). In plants, the major-
ity of identified cases of HGT concern the movement of DNA between
mitochondrial genomes in particular (Richardson and Palmer 2006), whereas
HGT in plastids seems to occur much more rarely (Rice and Palmer 2006).
The term lateral gene transfer (LGT) is often used synonymously for HGT.
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that develop flowering meristems are an obvious prerequisite. Besides host—parasite
interactions epiphytism, illegitimate pollination, or natural grafting may be envis-
aged for such plant—plant interactions. Once such heterologous cell-to-cell contacts
have been established, the obvious question certainly remains why the mitochon-
drial genome in particular appears to be much more prone to HGT than the chloro-
plast or nuclear genomes. Most likely the processes of highly active DNA
recombination (see Chap. 3) and the readiness for fusion and fission of plant mito-
chondria, which may rather be seen as a “discontinuous whole” than as continu-
ously separate organelles (Logan 2010; and see Chap. 2), very likely play a major
role. A strong gain of DNA recombinational activity during early tracheophyte
evolution as reflected with the recently sequenced Isoetes mtDNA may at the same
time explain restructured genomes as well as the readiness to integrate promiscuous
DNA originating from the other two genomic compartments or mtDNA from other
plant taxa. If true, one may predict that bryophytes are not prone for acceptance of
mtDNA via HGT but only act as donors as was observed for the Amborella example
(Bergthorsson et al. 2004). Indeed, phylogenetic analyses of several mitochondrial
loci at dense sampling of mosses have not given a hint for HGT so far (Beckert
et al. 1999; Pruchner et al. 2002; Wahrmund et al. 2009; Volkmar and Knoop 2010;
Wahrmund et al. 2010).

1.10 An Extended Perspective: What Else?

What other idiosyncrasies may be identified further down the road in plant mito-
chondrial genome research? The plethora of peculiarities in plant mitochondrial
genomes, including DNA recombination leading to multipartite genome structures,
intron gains and losses mainly in early land plant evolution, disrupted frans-splic-
ing group II and group I introns, frequent RNA editing, acceptance of promiscuous
DNA from the chloroplast and nuclear genomes, and an ongoing endosymbiotic
and horizontal DNA transfer is rivaled only by the idiosyncrasies observed in cer-
tain protist mtDNAs (Gray et al. 2004). Among the most peculiar mitochondrial
genome organizations is the one of the diplonemid protist Diplonema papillatum,
which consists of more than 100 circular minichromosomes carrying gene modules
which give rise to transcripts that have to be matured by an as yet uncharacterized
mode of ligation or splicing (Marande and Burger 2007). Similarly idiosyncratic is
the organization of the mtDNA in the ichthyosporean Amoebidium parasiticum,
which features a large population of coexisting linear instead of circular minichro-
mosomes with peculiar terminal sequence motifs (Burger et al. 2003). Extreme
degrees of mtDNA recombination as recently observed for the lycophyte Isoetes
may suggest that yet more complexity of mitochondrial genomes could be expected
in other isolated plant lineages (Grewe et al. 2009). The compact and circular mito-
chondrial genome of the jakobiid protist Reclinomonas americana (Lang et al.
1997) reminds of animal mtDNAs in structure but is yet more gene-rich than the
ones of plants. Surprisingly though, rp/10, a gene that was supposed to be absent
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from plant mitochondria has only recently been identified in the mitochondrial
DNAs of bryophytes, Chaetosphaeridium and some angiosperms (Mower and
Bonen 2009; Kubo and Arimura 2010). A few more of the small ORFs conserved
within or between plant clades may be identified as such missing genes in the
future. Although abundant RNA editing of a tRNA species has recently been
described in Isoetes (Grewe et al. 2009) all edits were of the canonical C-to-U type.
Instead, many more types of nucleotide editing converting all types of nucleotides
into purines (N-to-R) were observed in mitochondrial tRNA editing in the amoe-
boid protist Acanthamoeba (Lonergan and Gray 1993) and alternative forms of
RNA editing may be discovered in plant mitochondria, similar to the adenosine
deaminase type editing of a plant chloroplast tRNA recently analyzed (Delannoy
et al. 2009; Karcher and Bock 2009). Yet to be identified is also a functional gene
within an intron, similar to rps3 within a group I intron as in some ascomycetous
fungi (Sethuraman et al. 2009). Indeed, a first example for such a peculiar gene
arrangement may be verified in our ongoing transcriptome analysis of the lyco-
phyte Selaginella (J.H., F.G., and V.K., unpublished observations).

Glossary

Chondrome: Understood as the mitochondrial genome (similar to the term “plastome”
for the chloroplast genome). Sometimes mixed up with the term chondriome, now more
widely used to circumscribe all mitochondria in a cell (see Chap. 2).

Clade: See monophyletic.

Cytoplasmic male sterility (CMS): The economically most important phenotypic trait
connected to plant mitochondrial DNA mutations. The corresponding mitochondrial dys-
functions are revealed as male infertility resulting from nonfunctional pollen grains.

Endosymbiotic gene transfer (EGT): The functional relocation of genes from the organ-
elle endosymbiont genomes into the host cell nucleus as a corollary of the endosymbiont
hypothesis. Functional gene transfer may proceed through mature RNA and reverse tran-
scription. Clearly though, such functional gene transfer is accompanied by DNA-based
copying mechanisms which lead to insertion of small and large DNA fragments of mito-
chondrial (numt) and plastid (nupt) origin in the nuclear genome.

Group I and group Il introns: Introns that are commonly observed in organelle genomes
of plants and fungi, characterized by highly characteristic RNA secondary structures. For
details see Box 1.1.

Heteroplasmy: The existence of different organelle genomes within a single individual,
a single cell or even a single organelle (given that organelle DNAs are generally present in
multiple copies).

Horizontal gene transfer (HGT): The process of DNA sequence migration across species
borders. For details see Box 1.3.
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Lateral gene transfer (LGT): A term that is frequently used synonymously to >Horizontal
gene transfer.

Monophyletic: Literally, of “one stem,” a group of organisms (a clade) encompassing all
descendants which trace back to a single (usually extinct) ancestor. Indentifying mono-
phyletic clades through shared derived characters (>synapomorphies) is the goal of cladis-
tics as introduced by Willi Hennig (1950) into modern phylogenetics.

Promiscuous DNA: Mostly nonfunctional DNA fragments copied from one genome to
another in the eukaryotic cell. Plant mitochondria are particularly prone to accumulation of
DNA sequences from the chloroplast or the nuclear genome. Foreign DNA derived from the
chloroplast or the nuclear genome is frequently inserted in to the mtDNA of vascular plants.

RNA editing: Modification of nucleotide sequences on transcript level, in plant organ-
elles in the form of cytidine-uridine exchanges. For details see Box 1.2.

Synapomorphy: Any shared, derived (i.e., newly acquired) state of a morphologic, bio-
chemical, developmental, or any other character in a group of organisms helping to iden-
tify them as a >monophyletic clade. Examples are the water-conducting tissues and the
dominating diploid sporophyte generation for the vascular plant (tracheophyte) clade.

Trans-splicing: The maturation of a RNA molecule through splicing of separate, inde-
pendent precursor-transcripts encoded by separate, distant genomic loci. In plant organ-
elles, gene arrangements requiring frans-splicing have arisen through recombinational
activity disrupting ancestral group II or group I intron continuities.
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