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Abstract Land plants possess some of the most unusual

mitochondrial genomes among eukaryotes. However, in

early land plants these genomes resemble those of green and

red algae or early eukaryotes. The question of when during

land plant evolution the dramatic change in mtDNAs

occurred remains unanswered. Here we report the first

completely sequenced mitochondrial genome of the horn-

wort, Megaceros aenigmaticus, a member of the sister

group of vascular plants. It is a circular molecule of 184,908

base pairs, with 32 protein genes, 3 rRNA genes, 17 tRNA

genes, and 30 group II introns. The genome contains many

genes arranged in the same order as in those of a liverwort, a

moss, several green and red algae, and Reclinomonas

americana, an early-branching eukaryote with the most

ancestral form of mtDNA. In particular, the gene order

between mtDNAs of the hornwort and Physcomitrella

patens (moss) differs by only 8 inversions and transloca-

tions. However, the hornwort mtDNA possesses 4 derived

features relative to green alga mtDNAs—increased genome

size, RNA editing, intron gains, and gene losses—which

were all likely acquired during the origin and early evolu-

tion of land plants. Overall, this genome and those of other 2

bryophytes show that mitochondrial genomes in early land

plants, unlike their seed plant counterparts, exhibit a mixed

mode of conservative yet dynamic evolution.
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Introduction

The mitochondrial genomes of land plants (embryo-

phytes)—compared with those of animals and fungi, which

generally show a stable and conservative mode of evolu-

tion despite having decreased gene content (Gray et al.

2004)—exhibit several features highlighting their dynamic

evolution. These features include significant size expan-

sion, frequent intra-genomic rearrangement, formation of

subgenomic circles in addition to the master genome circle,

frequent losses and transfers of genes to the nucleus, RNA

editing, large-scale intron gains, trans-splicing of group II

introns, and replacement of some tRNA genes by their

chloroplast counterparts (Knoop 2004; Kubo and Newton

2008; Palmer et al. 2000; Schuster and Brennicke 1994).

Because land plants represent a lineage of eukaryotes that

spans an evolutionary time of approximately 500 million

years (Wellman et al. 2003), and because most of the

previously mentioned features were initially observed in

angiosperms, it is not clear when these features began to

appear during land plant evolution.

Since the early 1990s and especially during the last

10 years, 15 mitochondrial genomes from land plants have

been sequenced. These include a liverwort (Marchantia

polymorpha) (Oda et al. 1992a), a moss (Physcomitrella

patens) (Terasawa et al. 2007), a gymnosperm (Cycas tai-

tungensis) (Chaw et al. 2008), and 12 angiosperms (Ara-

bidopsis thaliana, Beta vulgaris subsp. vulgaris, Brassica

napus, Nicotiana tabacum, Oryza sativa, Sorghum bicolor,
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Tripsacum dactyloides, Triticum aesitvum, Zea luxurians,

Z. mays subsp. mays, Z. mays subsp. parviglumis, and Z.

perennis) (Allen et al. [unpublished]; Clifton et al. 2004;

Handa 2003; Kubo et al. 2000; Ogihara et al. 2005; Sug-

iyama et al. 2005; Tian et al. 2006; Unseld et al. 1997). In

addition, 6 green algal relatives of land plants have been

sequenced for their mitochondrial DNAs (mtDNAs): four

charophytes (Chaetosphaeridium globosum, Chara vulga-

ris, Chlorokybus atmophyticus, and Mesostigma viride)

(Turmel et al. 2002a, 2002b, 2003, 2007) and two prasin-

ophycean green algae (Nephroselmis olivacea and Ostreo-

coccus tauri) (Robbens et al. 2007; Turmel et al. 1999).

Comparative analyses of these genomes have shown that

the mitochondrial genomes of Physcomitrella, Marchantia,

Chara, Chaetosphaeridium, Chlorokybus, Nephroselmis,

and Ostreococcus possess similar gene order and content to

those of the red alga Cyanidioschyzon merolae and the

early-branching eukaryote Reclinomonas americana (Gray

et al. 2004; Ohta et al. 1998; Robbens et al. 2007; Terasawa

et al. 2007; Turmel et al. 2007). The mtDNA of Reclino-

monas represents the most ancestral form of mitochondrial

genomes in eukaryotes (Gray et al. 2004; Lang et al. 1997).

Furthermore, the above-mentioned species cover a well-

sampled continuum of photosynthetic organisms on the

eukaryote phylogeny from the origin of eukaryotes, to the

emergence of algae possessing plastids of primary endo-

symbiosis, and to the evolution of land plants (Baldauf

2003; Rodriguez-Ezpeleta et al. 2007). Thus, it can be

inferred that the basic genome structure, order, and content

of the mitochondrial genomes have been maintained rather

stably since their origin from bacterial endosymbionts until

the early stage of land plant evolution. Moreover, several of

the derived features of land plant mitochondrial genomes,

e.g., frequent intra-genomic rearrangement, formation of

subgenomic circles in addition to the master genome circle,

trans-splicing of introns, and replacement of some tRNA

genes by their chloroplast counterparts, are only restricted

to seed plants. These features most likely evolved after

liverworts and mosses had diverged from the common

ancestor of all other land plants. To date, no mitochondrial

genome has been sequenced in hornworts, lycophytes, or

monilophytes, three groups that represent critical stages of

early land plant evolution (Qiu 2008). Hence, there is a

major gap in our current knowledge of mitochondrial gen-

ome evolution in land plants.

In this study, we sequenced the mitochondrial genome

of the hornwort Megaceros aenigmaticus. Hornworts rep-

resent one of the three clades of bryophytes, which make

up a paraphyletic group at the base of the land plant phy-

logeny. Several recent studies have suggested that they are

sister to vascular plants (Groth-Malonek et al. 2005; Kelch

et al. 2004; Qiu et al. 2006, 2007). Hornworts have

approximately 300 living species (Duff et al. 2007) and are

far less diverse than other two clades of bryophytes, liv-

erworts and mosses. Thus, sequencing a hornwort mito-

chondrial genome should provide important insights into

the transition from the somewhat ancestral type of mito-

chondrial genomes in liverworts and mosses to the derived

type in seed plants.

Materials and Methods

Approximately 10 g fresh thallus material of M. aenig-

maticus R. M. Schuster was collected in the field from

Tennessee and brought to the laboratory for cleaning under

a dissecting scope. A voucher specimen numbered Qiu

06044 was deposited at the University Herbarium in the

University of Michigan, Ann Arbor, MI.

Total cellular DNA was extracted using the cetyltrim-

ethyl–ammonium bromide (CTAB) method (Doyle and

Doyle 1987) and purified with phenol extraction to remove

proteins. A fosmid library was constructed using the Copy-

Control kit (EPICENTRE Biotechnologies, Madison, WI).

Eight overlapping clones containing mitochondrial DNA

fragments were identified through Southern hybridizations

using mitochondrial gene probes with the HRP chemilumi-

nescent blotting kit (KPL, Gaithersburg, MD). The inserts

were sequenced for both forward and reverse strands through

primer-walking on an ABI 3100 genetic analyzer (Applied

Biosystems, Foster City, CA). Sequences were assembled

using Sequencher (Gene Codes, Ann Arbor, MI).

The genome was annotated in four steps. First, genes for

known mitochondrial proteins and rRNAs were identified

by Basic Local Alignment Search Tool (BLAST) searches

(Altschul et al. 1990) (http://www.ncbi.nlm.nih.gov/blast/

Blast.cgi) of the nonredundant database at the National

Center for Biotechnology Information (NCBI). The exact

gene and exon/intron boundaries as well as putative RNA

editing sites were predicted by alignment of orthologous

genes from annotated plant mitochondrial genomes avail-

able at the organelle genomic biology website at NCBI

(http://www.ncbi.nlm.nih.gov/genomes/ORGANELLES/

organelles.html). Second, genes for hypothetical proteins

were identified using the web-based tool Open Reading

Frames Finder (orf finder; http://www.ncbi.nlm.nih.gov/

projectes/gorf/) with the standard genetic code. Third,

genes for tRNAs were found using tRNAscan-SE (Lowe

and Eddy 1997) (http://lowelab.ucsc.edu/tRNAscan-SE/).

Finally, repeated sequences were searched using REPuter

(Kurtz et al. 2001) (http://bibiserv.techfak.uni-bielefeld.de/

reputer/).

To determine genomic origins of tRNA genes, sequen-

ces of the same tRNA gene from both mitochondrial and

chloroplast (if available) genomes of 9 selected eukaryotes

(see later text) were obtained from the same organelle
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genomic biology website of NCBI as previously indicated.

Sequences were aligned using CLUSTAL_X (Thompson

et al. 1997). The genomic origins of tRNA genes in

Megaceros and other land plants were determined by visual

inspection of aligned mitochondrial and/or chloroplast

tRNA gene sequences from these 10 organisms.

For comparison of gene order and content as well as

determination of genomic origins of tRNA genes, nine

species that have the most ancestral form of mitochondrial

genome of their respective clades and occupy key positions

on the eukaryote phylogeny (Baldauf 2003; Qiu 2008;

Rodriguez-Ezpeleta et al. 2007) were selected from the

same organelle genomic biology website at NCBI as shown

previously. These include the following: R. americana for

jakobids (early-branching eukaryotes; NC_001823),

C. merolae for red algae (NC_000887, NC_004799 [the

latter accession number is for the chloroplast genome]), N.

olivacea for prasinophyceaen algae (early-branching green

algae; NC_008239, NC_000927), C. vulgaris for charo-

phytes (NC_005255, NC_008097), M. polymorpha for

liverworts (NC_001660, NC_001319), P. patens for mos-

ses (NC_007945, NC_005087), C. taitungensis for

gymnosperms (NC_010303, NC_009618), O. sativa for

monocots (NC_007886, NC_001320), and B. napus

(NC_008285) for eudicots. Other red and green algae and

angiosperms at that Web site were also examined for their

gene order and content, but were not included here due to

either space limitation or their possession of many genomic

features unique to themselves.

Results

General Features of the Hornwort Mitochondrial

Genome

The mitochondrial genome of Megaceros has the size of

184,908 base pairs (bp) with 54.0% AT content. Exons,

introns, and intergenic spacers account for 16%, 34%, and

50% of the genome, respectively. The entire genome is

assembled as a single large circular molecule (Fig. 1).

Three long repeats were detected, 1 direct (A) and 2

inverted (B and C). The repeats A and B both involve 2

copies of identical sequences, which are 506- and 536-bp

Fig. 1 Gene map of M.
aenigmaticus mitochondrial

genome. Genes (exons are

shown as closed boxes) shown

on the outside of the circle are

transcribed clockwise, whereas

those on the inside are

transcribed counter-clockwise.

Genes with group II introns

(open boxes) are labeled with

asterisks. Pseudogenes are

indicated with the prefix ‘‘w’’.

The map was drawn using

OGDRAW (Lohse et al. 2007)

J Mol Evol (2009) 68:665–678 667

123



long, respectively. The repeat C has 2 copies of sequences

that are 93% identical, and they differ by a 3-bp deletion in

a total length of 172 bp. Although 1 copy of all 3 repeats is

located in intergenic regions, the other either spans a por-

tion of trnMf and atp8 (repeats A and B, respectively) or is

located in a nad9 group II intron (repeat C). In addition, 2

families of tetra-nucleotide microsatellite sequences were

detected. The TATG sequence iterates 31 times in an

intergenic region upstream of trnPugg, whereas the AAGG

sequence iterates 29 times and is located in a group II

intron in the pseudogene sdh3. The largest intergenic

spacer, between rps4 and 26S rRNA gene, is 11,486 bp

long, and there are three orfs [100 codons in this spacer.

The largest non–orf-containing intergenic spacer is

5,578 bp long and is between 26S rRNA gene and atp9.

There are 3 pairs of overlapping genes: rps14-rpl5 by 1 bp,

cox1-atp4 by 4 bp, and rps12-rps7 by 4 bp.

Use of the standard genetic code and consideration of a

small number of RNA-editing events allowed annotation of

all protein-coding genes. Hence, the hornwort mitochon-

drial genome almost certainly uses the standard genetic

code and experiences RNA editing when its genes are

expressed. Because evolutionary divergence may affect the

prediction of editing sites based on alignment or use of

computer software, and because hornworts are notorious

for possessing a high and idiosyncratic level of divergence

at the molecular and morphologic levels, no attempt was

made to predict RNA-editing sites explicitly without

carrying out cDNA analysis. Putative RNA-editing sites

were only suggested for the sake of removing internal stop

codons and creating appropriate start and stop codons.

Genes requiring a minimal number of editing events to be

translated are listed in Table 1.

Gene Content and Order

The Megaceros mitochondrial genome contains 32 protein

genes, 3 rRNA genes, and 18 tRNA genes (Table 2). The

32 protein genes include 8 genes for NADH:ubiquinone

oxidoreductase (complex I of the respiratory chain as

designated in Gray et al. 1999; nad1-6, 4L, 9), 2 genes for

succinate:ubiquinone oxidoreductase (complex II; sdh3, 4),

1 gene for ubiquinol:cytochrome c oxidoreductase (com-

plex III; cob), 3 genes for cytochrome c oxidase (complex

IV; cox1-3), 5 genes for adenosine triphosphate synthase

(complex V; atp1, 4, 6, 8, 9), 1 gene for cytochrome c

biogenesis (ccmFC), 10 genes for ribosomal proteins, and 2

genes for other functions (tatC, orf-bryo1). Of these protein

genes, 12 are pseudogenes, 9 of them being ribosomal

protein genes. Alignments of these pseudogenes with their

orthologs from Marchantia and Physcomitrella, docu-

menting multiple indels that disrupt reading frames, are

provided in Supplementary Fig. 1. Twenty-eight orfs[100

codons are also present in the genome. All except 2 of them

are between 100 and 134 codons long and may not repre-

sent real genes. One orf, designated as orf_bryo1 (159

Table 1 Start and stop codons

altered by putative RNA editing

in coding sequences of M.
aenigmaticus mitochondrial

genome

Gene Start codon created No. of stop codons removed Stop codon created

atp1 ACG -[ AUG 3 UAG, UGA -[ CAG, CGA

atp4 1 UAA -[ CAA

atp6 ACG -[ AUG 2 UAA -[ CAA

atp9 1 UAA -[ CAA

cob ACG -[ AUG 3 UAA, UAG, UGA -[ CAA, CAG, CGA

cox1 1 UAG -[ CAG

cox2 3 UAA -[ CAA

cox3 1 UAA -[ CAA

nad1 2 UAA, UGA -[ CAA, CGA

nad2 3 UAA -[ CAA

nad3 ACG -[ AUG 1 UGA -[ CGA

nad4 ACG -[ AUG 2 UAA, UGA -[ CAA, CGA

nad4L 1 UGA -[ CGA CAA -[ UAA

nad5 7 UAA, UGA -[ CAA, CGA

nad6 1 UAA -[ CAA

nad9 2 UGA -[ CGA

orf-bryo1 ACG -[ AUG 3 UAA -[ CAA

rps13 1 UAG -[ CAG

rps14 ACG -[ AUG 4 UAA, UGA -[ CAA, CGA

sdh4 1 UAA -[ CAA

tatC ACG -[ AUG 2 UAA -[ CAA
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codons), likely represents a gene with undetermined

function because it is present in all 3 bryophyte mito-

chondrial genomes sequenced so far (Oda et al. 1992a;

Terasawa et al. 2007). The other orf is 196 codons long and

may be a candidate for another uncharacterized gene.

The 17 tRNA genes in the Megaceros mitochondrial

genome (Table 2) represent a significantly smaller set than

those in the mtDNAs of Marchantia and Physcomitrella

(27 and 24, respectively). The tRNAs for 4 amino acids—

N, R, S, and V—are not among the ones encoded by these

genes, and they are thus likely nucleus-encoded and

imported into the mitochondrion. As in other land plants

and charophytes, e.g., Chara (Turmel et al. 2003), Cycas

(Chaw et al. 2008), and Z. mays ssp. mays (Clifton et al.

2004), the trnIcau encodes a tRNA whose anticodon UAU

is likely obtained through post-transcriptional modification.

In terms of genomic origin, our comparative analyses of

tRNA genes from both mitochondrial and chloroplast

(when available) genomes of the 10 species included in this

study show that all 17 tRNA genes in Megaceros mtDNA

are of mitochondrial origin (Table 2).

The gene order in Megaceros mtDNA is similar to those in

mitochondrial genomes of Physcomitrella, Marchantia,

Chara, Nephroselmis, Cyanidioschyzon, and even Reclino-

monas but quite different from those of Cycas, Oryza and

Brassica mtDNAs (Fig. 2). In particular, the gene orders

between Megaceros and Physcomitrella mtDNAs are strik-

ingly similar (Fig. 3). Because moss represents the closest

ancestral outgroup of the hornwort (Qiu et al. 2006, 2007), a

detailed comparison was performed to identify hypothetical

genomic changes that could bring the 2 genomes to complete

collinearity. This exercise may underestimate the number of

changes because the evolutionary distance between the 2

taxa is quite large, and the 2 genomes by no means represent

the ancestral genomes of mosses and hornworts. Still, it was

done to obtain an idea of how similar the 2 genomes are in

terms of gene order. Overall, 4 syntenic blocks can be rec-

ognized. Only 2 major inversions, 1 each for a block, need to

be proposed to bring the 2 genomes largely collinear. In

addition, 6 local inversions and translocations involving

individual genes within the 4 blocks can account for all

remaining differences in the gene order. Finally, 15 deletions

and 1 insertion are required to explain the gene content dif-

ference between the 2 genomes (Fig. 3).

Intron Content

The Megaceros mitochondrial genome contains 30 group II

introns and no group I intron, according to the definitions of

these mobile genetic elements (Michel and Dujon 1983).

They are located in these 15 genes: atp1, atp6, atp9, ccmFC,

cob, cox1, cox2, nad1, nad2, nad3, nad4, nad5, nad6, nad9,

and sdh3. Twelve of these introns are newly discovered in

this study. They and nad1i348 and nad5i881, which were

discovered in 2 earlier studies (Beckert et al. 1999; Dom-

brovska and Qiu 2004), make up the 14 group II introns that

are unique to hornworts (Supplementary Table 1). The gene

ccmFC in Megaceros is a pseudogene; however, its intron

ccmFCi829, which was likely gained in the common

ancestor of mosses, hornworts, and vascular plants, is still

present. Likewise, sdh3i100 is still in the pseudogenized

sdh3. In both cases, the 5’ exon-intron boundaries have been

eroded because of length mutations; however, the align-

ments show that the introns in Megaceros and Physcomit-

rella are most likely orthologous (Supplementary Fig. 2).

All 30 group II introns in the hornwort mitochondrial gen-

ome are cis-spliced. Only four of them—atp6i80, nad1i287,

nad1i348, and NAD9I246—are \800 bp long. Group II

introns longer than this length usually contain orfs with

various domains involved in intron splicing and mobility

(Mohr et al. 1993). Hence, most introns in Megaceros

mtDNA likely contain protein-coding orfs.

Discussion

Genome Size

The mitochondrial genome of Megaceros, at 184,908-bp

long, is almost of the same size as that of Marchantia

(186,609 bp) (Oda et al. 1992a) but significantly larger

than that of Physcomitrella (105,340 bp) (Terasawa et al.

2007). It is also smaller than the smallest seed plant

mitochondrial genome sequenced so far, that of Brassica

(221,853 bp) (Handa 2003). The percentages of introns and

intergenic spacers in this genome are generally similar to

those of two other bryophyte mtDNAs, whereas that of

exons in Megaceros mtDNA is lower (Table 3).

With the exception of Chlorokybus mtDNA, which likely

represents an isolated case of genome size increase in that

species (Turmel et al. 2007), it appears that the mitochon-

drial genomes of Reclinomonas (Lang et al. 1997), red algae

(Burger et al. 1999; Ohta et al. 1998), prasinophycean green

algae (Robbens et al. 2007; Turmel et al. 1999), and

charophytes (Turmel et al. 2002a, 2002b, 2003) are gener-

ally small (\70 kb). A significant size increase occurred

during the origin of land plants, mostly caused by expansion

of intergenic spacers according to our analysis of the per-

centages of exons, introns, and intergenic spacers in mito-

chondrial genomes of Chara and three bryophytes

(Table 3). Since then, the mitochondrial genomes have

remained in the size range of 100 to 200 kb in bryophytes

(Oda et al. 1992a; Terasawa et al. 2007) and have increased

to[200 kb in seed plants (Allen et al. [unpublished]; Chaw

et al. 2008; Clifton et al. 2004; Handa 2003; Kubo et al.

2000; Ogihara et al. 2005; Sugiyama et al. 2005; Tian et al.
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Table 2 Gene contents in mitochondrial genomes of selected protists, charophytes and land plantsa

Gene/speciesb Re. am. Cy. me. Ne. ol. Ch. vu. Ma. po. Ph. pa. Me. ae. Cc. ta. Or. sa. Br. na.

atp1 a1 + + + + + + + + +

atp3 a3 +

atp4 a4 + + + + + + + +

atp6 a6 + + + + + + + + + +

atp8 a8 + + + + + + w +

atp9 a9 + + + + + + + + + +

ccmA ma + +

ccmB mb + + + + + + + +

ccmC mc + + + + + + + +

ccmFc mf + + +

ccmFCc my + + w + + +

ccmFNc mz + + + + +

cob cb + + + + + + + + + +

cox1 c1 + + + + + + + + + +

cox2 c2 + + + + + + + + + +

cox3 c3 + + + + + + + + + +

cox11 c11 +

nad1 n1 + + + + + + + + + +

nad2 n2 + + + + + + + + + +

nad3 n3 + + + + + + + + + +

nad4 n4 + + + + + + + + + +

nad4L na + + + + + + + + + +

nad5 n5 + + + + + + + + + +

nad6 n6 + + + + + + + + + +

nad7 n7 + + + w + + + +

nad8 n8 +

nad9 n9 + + + + + + + + +

nad10 n10 + +

nad11 n11 +

rnpB b1 + +

rpl1 l1 +

rpl2 l2 + + + + + + +

rpl5 l5 + + + + + + w + + +

rpl6 l6 + + + + + + w

rpl10 l10 +

rpl11 l11 +

rpl14 l14 + + + +

rpl16 l16 + + + + + + + + +

rpl18 l18 +

rpl19 l19 +

rpl20 l20 + +

rpl27 l27 +

rpl31 l31 +

rpl32 l32 +

rpl34 l34 +

rps1 s1 + + + + w + +

rps2 s2 + + + + + + +

rps3 s3 + + + + + + + + +
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Table 2 continued

Gene/speciesb Re. am. Cy. me. Ne. ol. Ch. vu. Ma. po. Ph. pa. Me. ae. Cc. ta. Or. sa. Br. na.

rps4 s4 + + + + + + w + + +

rps7 s7 + + + + + w + + +

rps8 s8 + + + + w

rps9 s9 +

rps10 s10 + + + + +

rps11 s11 + + + + + + w + +

rps12 s12 + + + + + + w + + +

rps13 s13 + + + + + + +

rps14 s14 + + + + + + + + + +

rps19 s19 + + + + + +

rpoA oa +

rpoB ob +

rpoC oc +

rpoD od +

rrn5 r5 + + + + + + + + + +

rrn18 r18 + + + + + + + + + +

rrn26 r26 + + + + + + + + + +

rtl x1 +

sdh2 d2 + +

sdh3 d3 + + + + + w +

sdh4 d4 + + + + + +

secY e1 +

tatA w1 +

tatC w2 + + + + + + + + + +

trnAugc ta + + + + + + +

trnCgca tc + + + + + + + + w +

trnCgcacp tcc +

trnDguc td + + + + + + + + +

trnDguccp tdc +

trnEuuc te + + + + + + + + + +

trnFgaa tf + + + + + + + +

trnFgaacp tfc +

trnGgcc tg + + + + + + + +

trnGucc t2 + + + + + +

trnHgug th + + + + + + +

trnHgugcp thc + + +

trnIcau ti + + + + + + + + +

trnIgau t3 + + + +

trnKuuu tk + + + + + + + + + +

trnLcaa t5 + + + + + +

trnLgag t6 +

trnLuaa t7 + + + + + + +

trnLuag t8 + + + + + + +

trnMcau tm + + + + + + +

trnMcaucp tmc + + +

trnMfcau t9 + + + + + + + + + +

trnNguu tn + + + + + +

trnNguucp tnc + +
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2006; Unseld et al. 1997). Among all major lineages of

eukaryotes, land plants are the only ones that possess such

large mitochondrial genomes (Gray et al. 1999, 2004). Two

questions are certainly worth exploring in future studies as

more land plant mtDNAs are sequenced: Is there any reason

for this genome size increase? If so, what caused it?

Gene Content

This is the most gene-poor genome among all land plant

mitochondrial genomes sequenced to date. Compared with

those of Physcomitrella, Marchantia, and Chara, the

hornwort mtDNA has lost or is in the process of losing

most genes encoding enzymes for cytochrome c biogenesis

(ccm) and ribosomal proteins (rpl and rps). The genes for

succinate:ubiquinone oxidoreductase (sdh) and tRNAs are

also on the way out (Table 2). The only nad gene that has

been reported to be pseudogenized in the land plant mito-

chondrial genomes, nad7 (Groth-Malonek et al. 2007), is

also absent in this genome. The rest of the gene repertoire

of Megaceros mtDNA is highly similar to that of Physc-

omitrella, Marchantia, and Chara, and even Nephroselmis

and Cyanidioschyzon (Table 2). Hence, it seems that with

the exception of those four categories of genes that were or

are being lost in the hornwort, the rest of the mitochondrial

genes have been stably inherited since the shared common

ancestor of rhodophytes (red algae) and viridiplants (green

algae and land plants). Because the seed plant mitochon-

drial genomes do contain ccm, rpl, rps, and sdh genes,

some tRNA genes, and other ‘‘standard’’ mitochondrial

genes found in green and red algae (Table 2), gene content

reduction in the hornwort mitochondrial genome represents

an isolated case on its own rather than the loss of these

genes in the common ancestor of hornworts and vascular

plants. The loss of so many genes in Megaceros mtDNA

actually represents a derived feature of this otherwise rel-

atively ancestral type of mitochondrial genome as indicated

by the conserved gene order.

The loss of these four categories of genes from

Megaceros mtDNA also fits the pattern that has been

previously observed. In a large survey of angiosperm

mitochondrial genes, rpl, rps, and sdh genes were shown to

be most prone to be lost from the mitochondrial genomes

of some angiosperm lineages (Adams et al. 2001, 2002).

Table 2 continued

Gene/speciesb Re. am. Cy. me. Ne. ol. Ch. vu. Ma. po. Ph. pa. Me. ae. Cc. ta. Or. sa. Br. na.

trnPugg tp + + + + + + + + + +

trnPuggcp tpc +

trnQcug tq +

trnQuug t10 + + + + + + + + +

trnRacg tr + + + + + +

trnRccu t11 +

trnRucg t12 + +

trnRucu t13 + + + + + +

trnRucucp t13c +

trnSgcu t14 + + + + + + + +

trnSggacp tsc + + +

trnSuga t15 + + + + + + + + +

trnTggu tt + + + + +

trnVuac tv + + + + + +

trnVuaccp tvc +

trnWcca tw + + + + + + + +

trnWccacp twc + +

trnYgua ty + + + + + + + + + +

tufA fa +

orf_bryo1 va + + +

a For tRNA genes, both the functional copy and the pseudogene of the mitochondrion-originated gene are shown here; however, only functional

copy of the chloroplast-originated gene (in boldface text with superscript ‘‘cp’’) is shown
b Abbreviated gene names listed in the second column are used in Fig. 2. The full species names are as follows (in the order as they appear): R.
americana, C. merolae, N. olivacea, C. vulgaris, M. polymorpha, P. patens, M. aenigmaticus, C. taitungensis, O. sativa, and B. napus
c The genes ccmFC and ccmFN of land plants appear as a single gene ccmF in Reclinomonas, Cyanidioschyzon, and Chara; ccmFN is split into

ccmFN1 and ccmFN2 in Brassica
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The dramatically reduced mitochondrial genomes of some

green and red algae (e.g., Chlamydomonas eugametos and

Porphyra purpurea) have also lost some or most genes in

these four categories (Burger et al. 1999; Denovan-Wright

et al. 1998). Likewise, highly reduced mitochondrial gen-

omes of animals and most fungi have lost almost all sdh,

ccm, rpl, and rps genes (Gray et al. 1999). In land plants,

the loss of ccm and tRNA genes has been less well known

until now. In particular, the loss of tRNA genes may be

related to the phenomenon of some mitochondrial tRNA

genes being replaced by their chloroplast counterparts at

some stage of vascular plant evolution.

Chloroplast-originated tRNA genes that replace their

mitochondrial counterparts were first reported to be present

in the mitochondrial genome of potato (Marechal-Drouard

et al. 1990), and then found in all sequenced mtDNAs of

angiosperms (Clifton et al. 2004; Handa 2003; Kubo et al.

2000; Ogihara et al. 2005; Sugiyama et al. 2005; Tian et al.

2006; Unseld et al. 1997). Most recently, the sequenced

gymnosperm Cycas mtDNA has also been shown to con-

tain several tRNA genes of chloroplast origin (Chaw et al.

2008). In contrast, the liverwort Marchantia mtDNA con-

tains no such alien tRNA genes (Oda et al. 1992b). The

analyses in this study further confirm that replacement of

tRNA genes has not occurred in mitochondrial genomes of

Reclinomonas, Cyanidioschyzon, Nephroselmis, Chara,

and Physcomitrella (Table 2). The lack of chloroplast

tRNA genes now shown in the mtDNA of the hornwort

suggests that this intriguing molecular evolutionary phe-

nomenon most likely occurred during or after the origin of

vascular plants. One interesting observation made in this

study is that for different tRNA genes, replacement seems

to have happened at different evolutionary time points. For

example, trnHgug replacement likely took place in the

common ancestor of seed plants or earlier because all three

seed plants examined in this study have only the chloro-

plast copy in their mitochondrial genomes. In contrast,

trnWcca might have had its replacement in the common

ancestor of all angiosperms because only the two angio-

sperms among all examined land plants have the chloro-

plast copy, whereas all other land plants have their native

mitochondrial copy (Table 2). To determine whether

replacement can happen for all tRNA genes in the land

plant mitochondrial genome as well as when it happens for

each tRNA gene, a large study may be required to sample

plants that represent major clades of angiosperms, gym-

nosperms, monilophytes, and lycophytes.

Gene Order

The fact that 8 inversions and translocations can make the

mitochondrial genomes of Megaceros and Physcomitrella

completely collinear (Fig. 3) shows a surprising extent of

gene order conservation. This level of conservation

between mtDNAs of a hornwort and a moss, which

diverged [400 million years ago (Kenrick and Crane

1997), can be better appreciated when placed in the broad

perspective of mitochondrial genome evolution in land

plants. In seed plants, intragenomic rearrangement fre-

quency is much higher. For example, the mtDNAs of Cy-

cas, Oryza, and Brassica show virtually no collinearity

(Fig. 2). In Z. mays, mtDNAs of 2 fertile cytotypes within a

single species have experienced 16 rearrangements (Allen

et al. 2007)! On the other hand, the slow pace of change in

the hornwort mitochondrial gene order is not unexpected

because previous studies have reported that the mitochon-

drial genomes from Chara to Marchantia to Physcomit-

rella show largely conserved gene order (Terasawa et al.

2007; Turmel et al. 2003). The result from this study

extends the phylogenetic breadth of conservative mito-

chondrial gene order evolution to a more derived lineage of

early land plants, i.e., hornworts, right before evolution of

vascular plants (Fig. 2). A broader comparison of these

early land plant and Chara mtDNAs with those of phylo-

genetically more ancestral lineages—such as the prasino-

phycean green alga Nephroselmis, the red alga

Cyanidioschyzon, and the early branching eukaryote Re-

clinomonas—shows that the mitochondrial gene order has

not changed dramatically from the origin of mitochondria

to the emergence of hornworts (Fig. 2). These data also

suggest that the rapid intragenomic rearrangement seen in

seed plant mitochondrial genomes began after hornworts

had diverged from the common ancestor of vascular plants.

It will now be interesting to see whether mitochondrial

genomes of early vascular plants, such as lycophytes and

ferns, have conserved or reshuffled gene order.

The conservation of gene order in Megaceros and two

other bryophyte mtDNAs is also reflected by the lack of

any trans-spliced group II intron in these genomes (Oda

et al. 1992a; Terasawa et al. 2007). In contrast, the highly

rearranged mitochondrial genomes of seed plants have

several trans-spliced group II introns (Bonen 2008; Chaw

et al. 2008; Dombrovska and Qiu 2004; Malek et al. 1997;

Malek and Knoop 1998), which often render exons of a

single gene scattered over the entire genome on both

strands. Although most trans-spliced introns are bipartite

(i.e., the intron being broken into two pieces) and evolved

from a single ancient event during seed plant evolution

(Dombrovska and Qiu 2004; Malek et al. 1997; Malek and

Knoop 1998), two extreme cases of trans-splicing have

been reported. One is tripartite trans-splicing of nad5i1477

in Oenothera berteriana (Knoop et al. 1997). The other

involves nad1i728, which has evolved from cis- to trans-

splicing 15 times independently among [400 angiosperms

investigated. Further, these trans-splicing events occurred

at different evolutionary time points (some quite ancient
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and others more recent) and involve 2 loci within the intron

(Qiu and Palmer 2004). These 2 extreme cases highlight

the dynamic nature of seed plant mtDNAs in terms of in-

tragenomic rearrangement.

Whatever the causative agents may be, their invasion of

the mitochondrial genome during post–bryophyte evolution

of land plants are mostly likely responsible for the gene

order disruption and breakup of cis-spliced introns seen in

seed plant mtDNAs. Sequencing of mitochondrial genomes

from lycophytes and monilophytes will be of urgent need

for identifying such genome rearrangement agents through

comparison with the available bryophyte and seed plant

mtDNAs.

This study was designed as part of a larger project to

determine the starting point when mitochondrial genomes

in land plants embarked on the journey of volatile evolution,

in particular showing reshuffled gene order. The signifi-

cance of gene order change and, more precisely, intrage-

nomic rearrangement seen so far in mitochondrial genomes

of seed plants will be better understood when one considers

the number of species involved and the profound nature of

change on the genome. Seed plants represent a clade of

multicellular eukaryotes with approximately 250,000 spe-

cies that are primary producers of the terrestrial ecosystems

(Mabberley 1987). All indications suggest that the type of

large, rearranged mitochondrial genomes seen in a dozen or

so sequenced seed plants are likely to exist in all seed plants

and possibly all vascular plants (Dombrovska and Qiu

2004; Knoop 2004; Malek et al. 1997; Palmer et al. 1992).

Furthermore, the extent of change in seed plant mtDNAs is

more profound than simple gene-order reshuffling. It may

also involve significant genome size increase, alien DNA

invasion, formation of subgenomic circles in addition to the

Fig. 2 Evolution of gene order in the mitochondrial genomes of

selected protists and land plants. The genes are presented in the order

as they appear in the genome, with 26S rRNA gene chosen as the

standard beginning of the genome. They are shown in 4 different

colors, which indicate 4 blocks of the mitochondrial genome of the

reference species P. patens. The coloring system is designed to

facilitate tracking of gene order changes across the 10 genomes.

Physcomitrella mtDNA is chosen as the reference genome because on

the phylogeny it is immediately below the genome under study, that

of M. aenigmaticus. The genes unique to only one genome or of

chloroplast origin are not colored. If a gene is not present in

Physcomitrella mtDNA, its color is determined based on its general

presence in the Physcomitrella block in other genomes. The genes on

the forward and reverse strands are shown above and below the line,

respectively. The full names of abbreviated gene names used here are

listed in Table 2. The taxa are arranged according to a putative

phylogeny of protistan eukaryotes and land plants (Baldauf 2003; Qiu

2008; Rodriguez-Ezpeleta et al. 2007)

b

Table 3 Percentages of various

components of the

mitochondrial genomes in

Chara and the three bryophytes

Species Genome size (bp) (%) Gene Exon (%) Intron (%) Intergenic

spacer(%)

C. vulgaris 67,737 91 52 39 9

M. polymorpha 186,609 51 23 28 49

P. patens 105,340 65 37 28 35

M. aenigmaticus 184,908 50 16 34 50

Fig. 3 Gene order comparison between M. aenigmaticus and P.
patens mitochondrial genomes. The genomes are shown in the same

colored blocks as in Fig. 2. For Physcomitrella mtDNA, the blue

block has been rearranged to facilitate comparison. Two arrowed

brackets indicate two major inversions involving the blocks va-cb and

ti-t10, respectively. Solid lines mark local inversions involving n3 and

tc, whereas dashed lines indicate local translocations involving t9,

r26, t5, and n1. Small vertical arrows denote gene deletions/insertions

t8, t15, t2, t13, tr, tv, n7, l2, s19, s3, l16, s2, mb, mc, mz, and s8* (*s8

actually represents a deletion in Physcomitrella mtDNA because it is

present at that location in the mtDNAs of Marchantia, Nephroselmis,
Cyanidioschyzon, and Reclinomonas [see Fig. 2])
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master genome circle, intron trans-splicing, tRNA gene

replacement, and lineage-specific dramatic rate acceleration

of sequence evolution (Gray et al. 2004; Knoop 2004; Kubo

and Newton 2008; Palmer et al. 2000; Schuster and Bren-

nicke 1994). Although dramatic reshuffling of gene order

and sometimes gene losses have been found in mtDNAs of

some red and green algae, e.g., P. purpurea (Burger et al.

1999), Chondrus crispus (Richard et al. 1998), C. eu-

gametos (Denovan-Wright et al. 1998), and M. viride

(Turmel et al. 2002b), the number of species involved and

the extent of genome changes impacted are probably not

anywhere near what happened in seed plant mtDNAs. Red

and green algae have only approximately 5000 and 8000

species, respectively (van den Hoek et al. 1995), and some

of them still have the ancestral type of mitochondrial gen-

omes, e.g., C. merolae (Ohta et al. 1998), Prototheca

wickerhamii (Wolff et al. 1994), and Pseudendoclonium

akinetum (Pombert et al. 2004). A logic and intriguing

question to ask is this: Why do seed plants or probably

vascular plants have such unique mitochondrial genomes?

Introns

Fourteen hornwort-specific group II introns, 12 of them

newly discovered here, of 32 present in hornwort mito-

chondrial genomes, as found in this and earlier studies

(Beckert et al. 1999; Qiu et al. 1998) (Supplementary

Table 1), represent a significant wave of intron gain. This

is another derived aspect of an otherwise ancestral type of

mitochondrial genome in the hornwort (the other being

gene loss; see previous text). Physcomitrella (7 of 23),

Marchantia (16 of 25), and even Chara (8 of 13) all have

experienced major waves of intron invasion (Supplemen-

tary Table 1). Most of the introns found in Cycas, Oryza,

and Brassica mtDNAs (Supplementary Table 1) actually

extend down to lycophytes (Dombrovska and Qiu 2004;

Malek and Knoop 1998); thus the common ancestor of

vascular plants might have also gained many introns.

Before evolution of Chara, group II introns were rare in

mtDNAs of Mesostigma (Turmel et al. 2002b) and Chae-

tosphaeridium (Turmel et al. 2002a). However, Chloroky-

bus is an exception; its unusually large mitochondrial

genome has 14 group II introns, and 10 of them are present

in trn genes (Turmel et al. 2007). In all other mitochondrial

genomes mentioned previously, introns tend to occur more

frequently in genes encoding proteins involved in respira-

tion than in those encoding ribosomal proteins, tRNAs, and

rRNAs. Given that the sufficient diversity of charophytes,

bryophytes, and seed plants has been sampled in mito-

chondrial genome sequencing, this intron distribution pat-

tern is unlikely to change significantly. It is then natural to

ask whether this pattern has any evolutionary functional

significance.

Because group II intron distribution in organellar gen-

omes has been exploited for resolving difficult phyloge-

netic problems (Manhart and Palmer 1990; Qiu et al. 1998,

2006), the intron distribution pattern in the Megaceros

mtDNA can also be compared with those in charophytes,

Marchantia, Physcomitrella, and seed plants to infer rela-

tions among three bryophyte lineages and vascular plants.

With a small amount of homoplasy (intron losses or

independent gains), shared presence of six introns

(ccmFCi829, cox2i373, cox2i691, nad1i728, nad4i461, and

nad5i230) in mosses, hornworts, and vascular plants sup-

ports liverworts as the earliest diverging lineage of land

plants. If no homoplasy is allowed, there are three introns

each supporting either hornworts (nad2i1282, nad5i1455,

and nad5i1477) or mosses (nad2i156, nad7i140, and

nad7i209) as the sister to vascular plants. If some homo-

plasy is permitted, two more introns, nad2i709 and

nad4i976, can join the three to support the hypothesis of

hornworts being sister to vascular plants (Supplementary

Table 1). Hence, there seems to be slightly more evidence

for hornworts than mosses to be sister to vascular plants.

The intron distribution data overall also support the para-

phyly of bryophytes. These results are consistent with those

obtained from analyses of multigene supermatrices (Qiu

et al. 2006, 2007) and chloroplast genomic structural

characters (Kelch et al. 2004). Because there is no

sequenced lycophyte or monilophyte mitochondrial gen-

ome, we prefer to wait until those genomes are available to

carry out explicit phylogenetic analyses of intron distri-

bution, gene order, and whole-genome sequence data as

have been done in previous studies (Kelch et al. 2004; Qiu

et al. 2006).

In conclusion, the mitochondrial genome of the horn-

wort M. aenigmaticus represents a largely ancestral type,

in having rather conserved gene order and content that can

be traced back to the beginning of eukaryotes and the

common ancestor of rhodophytes and viridiplants,

respectively. On the other hand, it also has two derived

features, i.e., loss of some genes and gain of many introns.

Its expanded size compared with most green and red algal

mtDNAs and possession of RNA editing also represent

derived features that were likely acquired during the ori-

gin of land plants. This genome does not resemble the

mitochondrial genomes of seed plants, which have highly

rearranged gene order, trans-spliced introns, and chloro-

plast-originated tRNA genes. The hornwort mtDNA rep-

resents a transitional state of mitochondrial genome

evolution in charophytes and land plants, but it does so

with some of its own unique characteristics. Together with

those of Marchantia and Physcomitrella, Megaceros

mtDNA shows that mitochondrial genome evolution in

early land plants is highly conservative yet dynamic in

certain aspects.
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