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rRNA 

SOS 

ssc 
Tris 
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open reading frame 

polymerase chain reaction method 

piperazine-N, N'-bis-(2-ethanesulfonic acid) 

ribonucleic acid 

ribosomal RNA 

sodium dodecyl sulfate 

standard saline citrate 

tris(hydrox ymeth yl )am inomethane 

transfer RN A 
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Introduction 

Mitochondria, which arc present in all eukaryotic cells, arc the energy 

converting organellcs. They contain multiple copies of the mitochondrial DNA 

(mtDNA) and consequently their own genetic systems. Although the mitochondrial 

genomes of mammals and fungi have been well investigated in detail, the studies of 

those from plants have been made kittle progress because of their large si1c and 

complex structure. The mammalian mitochondrial genome is a circular molecule of 

about 16 kb ( 16.569 bp in human) (Anderson et al .. 1981) and extraordinarily 

information is tightly packed. The fungi mtDNA is larger than that of mammal 

(about 80 kb in yeast or 94.192 bp in Podospora ) (de Zamaroczy and Bcrnardi, 

1986: Cummings et a/ .. 1990). On the other hand, plant mitochondrial gcnomcs. 

which vary in size from about 200 kb in Brassica (Labacq and Vedel, I 98 I) to 

approximately 2,500 kb in muskmdon (Ward et al .. I 981 ). are much larger than 

those from mammals and fungi . They are usually organized mult iple circular 

molecules, with conversion of circular forms mediated by frequent homologous 

recombination between repeated sequences. For example, the mitochondrial genome 

of Brassica campestris is found to be organized as a tripartite structure. a "master" 

circle of 218 kb and two subgenomic: ci rcles of 135 kb and 83 kb which arc formed 

through a directly repeated 2 kb sequence (Palmer and Shields. 1984). In addi tion to 

the multiple partite structures. sequences highly homologous to chloroplac:;t DNA arc 

generally present in the plant mitochondrial genomes. and thus this may complicate 

structures of them. Different chlorop,Jast sequences arc found at various locations in 

the mitochondrial genomcs of diffe1rent species. These findings demonstrate that 

DNA transfer from chloroplast to mitochondria is common in higher plants and that 

most of the events might happen recently. 

The molecular mechanisms that regulate mitochondrial gene expression have 

been most thoroughly investigated in animals (especially human) and fungi 

(particularly yeast). In vertebrate, each strand of the circular mitochondrial DNA is 

divergentl y transcribed from a single major promoter near the primary origin of 
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replication (reviewed in Clayton. 1984; Clayton, 1991 ). On the other hand. there are 

several sites of transcription initiation on the mitochondrial genome of yeast, 

Saccharomyces cerevutae (Christianson and RabinowitL, 1983). Moreover, it is 

demonstrated that not onl) mitochondrial R A polymerase but also transcription 

factor are requtred for promoter-specific transcription in human and yeast (reviewed 

in Schinkel and Tabak, 1989). Studies of gene expression in plant mitochondria are 

considerably less well advanced than animal and fungal mitochondria. To date, 

several characteristics of transcription in plant mitochondria are almost clear (reviewed 

in Gray et al., 1992). Like the situation in yeast, transcription of plant mtDNA is 

initiated at multiple sites, although many separate initiation sites arc present for a 

single gene unlike the case of yeast. The most highly conserved consensus of 

transcription initiation region have been identified in the monocot and also in the 

dicot. However, these consensus motifs seem to differ between the various plant 

species. indicating the nexibility of promoter sequences in plant mitochondria. 

Molecular mechanisms of other events occurred in plant mitochondria, for example 

RNA processing. trans-splicing and RNA editing. are still unknown. 

Recently. mtDNA of a liverwort, Marchantiapolymorplza, was found to be a 

single circular molecule of about 184 kb in size by electron microscopic observation 

and restriction endonuclease mapping in this laboratory (Oda et al., 1992b). Then. 

the complete nucleotide sequences of the liverwort mtDNA was determined and its 

entire gene organi1.ation was identified (Fig. I, Oda et al., 1992a; Oda et al., 1992c). 

In the sequence of 186,608 bp, 96 possible genes were detected. These included 

genes for three species of ribosomal RNA, 29 genes for 27 species of tRNA , 31 

open reading frames for functionally known proteins, five for functionally unknown 

open reading frames which showed similarity to those of other organisms, and 28 

open reading frames predicted as possible genes. Thirty-two introns were found in 

the coding regions of 17 genes. Twenty-five of them belonged to group 11 introns 

and remaining seven were group I introns. At present, liverwort is the only plant 

species whose complete nucleotide sequences of mtDNA are available. ln contrast 

to the heterogeneity of most plant mtDNA, no recombination was detected in liverwort 
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(Oda et al., l992a). It was also found that no sequences homologous to chloroplast 

DNA were present. Since the nucleotide sequences of the liverwort mitochondrial 

DNA were well-conserved at the DNA level in the course of evolution, RNA editing 

was apparently lacking in the liverwort mitochondria. 
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Fig. 1. Gene organization of the mitochondrial genome from a liverwort, Marchantia polymorpha 
(Oda et al., 1992a; Oda et al., 1992c). Genes shown outside the map are transcribed anticlockwise, 
and those inside arc transcribed clockwise. Solid and hatched boxes indicate exons and introns, 
respectively in the coding regions. Asterisks indicate introns having ORF homologous to RNA 
maturase. Genes for tRNAs are shown as trn with the one-letter amino acid codes and their anticodons. 
Genes encoding the small subunit and large subunit ribosomal proteins are shown as rps and rpl, 
respectively. rrn. atp, nad, cox, and cob represent the genes for ribosomal RN As, H' ATPase subunits, 
NADH dehydrogenase subunitS, cytochrome- c oxidase subunitS, and apocytochrome b, respectively. 
orfs indicate the open reading frames. 
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In this thesis, the author has intended to make progress in our understanding 

on the genetic information system of plant mitochondria using a liverwort, Marchantia 

polymorpha. In chapter I, sixteen genes for ribosomal proteins were detected. The 

genes formed two major clusters. very similar in organization to £. coli ribosomal 

protein operons. Tranc;cription analysis of all the ribosomal protein genes were 

carried out. In chapter 11. eight genes for NADH dehydrogenase subunits were 

characterized. Transcriptional analysis of these genes were performed. A lmost all 

of them were supposed to be eo-transcribed with their neighboring genes. In chapter 

Ill, 11fnad7 was actively transcribed but the two predicted introns in the gene were 

not spliced. The Southern blot analysis of the nuclear DNA and the Northern blot 

analysis of the poly(ArmRNA suggested that the nuclear genome encoded the 

mitochondrial gene for ND7 polypeptide. 

- I -

C hapter I 

Genes for ribosomal proteins in liverwor t mitochondrial genome 

Introduction 

Organelles (mitochondria and plastids) contain prokaryotic-type ribosomes, 

whose constituent proteins are partly encoded by the organelle genome, the remainder 

being specified by the nuclear genome and imported into the organelle post­

translationally. The complete nucleotide sequences of liverwort, tobacco, and rice 

chloroplast genomes have revealed that each encodes about 20 genes for ribosomal 

proteins (r-proteins) (Ohyama et al., 1986: Shinozaki et al., 1986; Hiratsuka et al., 

1989) (Table 1.). On the other hand, the completely sequenced human mitochondrial 

genome has no genes for r-proteins (Anderson et al., 1981 ), while the yeast 

mitochondrial genome encodes only one species of r-protein (Butow et al., 1985). 

In these latter cases, all or almost all of the mitochondrial r-proteins must be encoded 

by the respective nuclear genomes. In fact, some yeast nuclear genes for mitochondrial 

r-proteins have been cloned and sequenced (Myers et al., 1987: Kitakawa et al., 

1990: Kang et al., 1991 ). To date, only ten r-proteins (SI. S3. S7. SI 0, S 12. S 13. 

SJ4, Sl9, L5 and Ll6) have been described in the mtDNA of several species of 

angiosperms (Gonzaletz et al., 1993:: Hunt and Newton. 199 1: Gualberto et al., 

1988: Ye et al .. 1993: Sutton et al., 19'93: Bock et al., 1994; Zhuo and Bonen, 1993: 

Zanlungo et al., 1994; Suzuki et al., 1991: K im et al., 1991: Bland et al., 1986: 

Schuster and Brennicke, 1987a: Bone:n, 1987; Wissinger et al., 1990; Wahlei thner 

and Wolstcnholme, 1988; Schuster et al., 1990a; Brandt et al., 1993; Conkl in and 

Hanson, 199 1; Schuster and Brennicke, 199 1; Schuster, 1993). The complete sequence 

of the liverwort mitochondrial DNA have been determined in this laboratory (Oda et 

al., 1992a) and genes encoding sixteen different r-proteins (SI, S2, S3, S4, S7, S8, 

SlO, Sll , Sl2, Sl3, S14, S19, L2, L5, L6, and Ll6) have been identified. In this 

chapter, the author described the gene organization and the characteristics of the 

deduced amino acid sequences of these mitochondrially encoded r-proteins. 

Furthermore, the author reported the expressions of these genes at RNA levels. 
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Table 1. Genes for nbosomal protein!> found m several organisms. 

genome 

E. coli 

Mitochondr ia 

Human 

Yeast 

Neurospora 

Angtosperm 

Ltvcrwort 

C hloroplast 
Liverwort 

ribosomal protein genes 

rpsA-rpsU 

rp/A-rp/G, rp/1-rp/S, rp/U-rp/Y, rpmA-rpml 

varl 

rps5 

rpsl, rps3. rps7. rps/0, rps/2, rps/3, rps/4, rps/9, rpl5, rpl16 

rpsl. rps2, rps3, rps4, rps7. rpsR. rps/0, rps/1, rps/2, 

rps/3, rps/4, rps/9, rp/2, rpl5, rp/6, rpll6 

rps2, rps3. rps4, rps7, rpsR, rpsll, rps/2, rps/4, rps/5, 

rps 18, rp/2, rpll4, rpll6, rp/20. rp/21, rp/22, rp/23, 

rp/33, rp/35, orf69 

Materials and Methods 

Analysis of nucleotide and amino acid sequences 

Cloning and sequencing of the liverwort mitochondrial DNA were performed 

in this laboratory as described previously (Oda et al., 1992a; Oda et al., 1992b). T he 

complete nucleotide sequence has been deposited in GenBank Data Library (accession 

number M68929). Computer aided analysis of nucleotide and amino acid sequences 

was carried out using the Hitachi DNASIS program on an NEC-9801 YM computer, 

and the IDEAS program on a FACOM M-780 computer (Data Processing Center, 

Kyoto Universi ty) using NBRF PIR Release 25 database. 

Isolation of mitochondria RNA from a cell culture of a liverwort, Marchantia 

polymorpha. 

Cells of M. polymorpha were cu ltured in 1-M51C medium as described 

(Ohyama et al., 1988) on a gyratory shaker under continuous illumination. Liverwort 
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mitochondrial RN A was isolated from 7 or I 0-day-old suspension culture of cells. 

The cells were washed twice with 2% sucrose and suspended in homogenization 

buffer (0.4M mannitol, 2mM EOTA, O.lM Hepes-KOH pH 7.5, 0.1% BSA (Fraction­

V}, lmM ~ -mercaptoethanol, 0.6% polyvinylpolypyrrolidone and lmM aluminon). 

After disrupting the cells by a French press, the cell homogenates were filtrated by 

Miracloth (Calbiochem Co.). Nuclei and chloroplasts were removed by two cycles 

of centrifugation at 1,000 x g for 5 min. Mitochondria in the supernatant were 

collected by centrifugation at I 0,000 ;I( g for 15 min, and washed by homogenization 

buffer without polyvinylpolypyrrolidone. Mitochondria were precipitated by 

centrifugation at 10,000 x g for 15 min and suspended gently in dilution buffer 

(0.4M mannitol, 2mM EDTA, 20mM Hepes-KOH pH 7.5, 0.1% BSA (Fraction-V), 

lmM ~-mercaptoethanol and lmM aluminon). Mitochondrial suspension was layered 

on the top of Percoll step wise gradient-s ( 17% and 28% Percoll in a solution containing 

0.4M mannitol, 2mM EDTA, 20mM Hepes-KOH pH 7.5, 0.2% BSA (fatty acid 

free), lmM j3-mercaptoethanol and 1 mM aluminon) and centrifuged at 13,500 rpm 

for 30 min in a Beckman SW28 rotor. The mitochondrial fraction was obtained 

from the interface between the two Percoll layers. To remove Percoll, 20 times the 

volume of the dilution buffer was added, then mitochondria were pelleted by 

centrifugation at 15,000 x g for 15 min. The mitochondrial pellet was resuspended 

in lysis buffer (50mM Tris-HCl pH 7.5, 20mM EDTA and 2% sarkosyl) and extracted 

with phenol, phenol/chloroform, and then with chloroform. After ether extraction 

and ethanol precipitation, mtRNA was precipitated 4 times in the presence of 2M 

lithium chloride (Ausubel et al., 1987'). After then, the purified RNA (mtRNA) was 

precipitated with ethanol and dissolve:d in sterile water just before the use. 

Northern Hybridi::ation 

RNA samples were denatured!, loaded on 0.8% agarose gel containing 2.2M 

formaldehyde, 20mM MOPS pH 7.0, 5mM Sodium acetate, I mM EDTA, and capiJiary­

blotted onto Nylon membrane (Biodyne™ A, Pall, Tokyo). Hybridiattion was done 

at 45°C in a solution containing 6 x SSC, 0. 1% SOS, 200 J..l.g/ml calf thymus DNA, I 
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x Denhardt's and 20% formarnide. After hybridization, the membranes were washed 

successively in 6 x SSC, 0.1% SDS at 42°C. Oligonucleotides were synthesized by 

automated DNA synthesizer (Applied Biosystems, USA) and have been designated 

according to the exon that they specify as follows. Oligonucleotides were labeled by 

[y2-P]ATP (S,OOO Ci/mmol, Amersham) using a MEGALABEL kit (TAKARA, 

Kyoto). 

rps2 : S'-GGCCTITTGCACTAATGATAGATCCAATC-3' (Fig. SA, 1) 

rps4 : S'-AGTIGCCTIGCTIGAAACATAG-3' (Fig. SA, 2) 

rps/2 : S'-CGAACAAGCTGATICATIGITGGC-3' (Fig. 6A, 1) 

rps7 : 5'-GAAACTACGATIGGCITCAGC-3' (Fig. 6A, 2) 

atp6 : S'-GGGGAAAAACCGTIGTTICACCG-3' (Fig. 6A, 3) 

llfcoh : S'-TGGCTCCATGAAGAGGATCCC-3' (Fig. 6A, 4) 

rps/0 : S'-GCAGAAGCCCTGACCTTIGATTCTCAAAAG-3' (Fig. 7A, 1) 

rpl2 : 5'- GCTICGATCCACCTCCTCGGTGAAA-3' (Fig. 7 A, 2) 

rps/9 : S'-AGGACCTTICCATATAGAGCGTG-3' (Fig. 7A, 3) 

rps3 : 5'-GAGTCTGACTGAAATCGGATITAC-3' (Fig. 7A, 4) 

rp/16 : S'-GCTIATAGCACGACGCGCTGCTTCAA-3' (Fig. 7A, 5) 

rpl5 : 5'-CA TGA TA TGCCCTCGT AGAGTGC-3' (Fig. 7 A, 6) 

rps/4 : 5'-CTTATATACGGAACGAGGGCGCCCTGTG-3' (Fig. 7A, 7) 

rps8 : S'-CTTGGCA TAG AA TCTCACCGCC-3' (Fig. 7 A, 8) 

rpl6 : S'-CCCTITATAAACTTCAGGAGG-3' (Fig. 7A, 9) 

rps/ 3 : 5'-CGTIGGCCGCGTAAGGGCAATCC-3' (Fig. 7A, 10) 

rpsl 1 : 5'-GGTCGGCATCCATIATGTGGCG-3' (Fig. 7A, 11 ) 

rpsl : 5'-GGAGTTITCAGTCCTGTATCCACCAA-3' (Fig. 7A, 12) 

Results and Discussion 

Amino acid sequences of r-proteins encoded by liverwort mtDNA 

Amino acid sequences of r-protein genes detected in the liverwon mitochondrial 

genome were compared with their counterparts from £. coli, Iiverwort chloroplast, 

and the mitochondria of angiosperms (Fig. I). The degree of sequence identity of 
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the liverwon mitochondrial r-proteins with their homologues in other systems ranged 

from 23.7% to 62.1% (£. coli), 22.4% to 64.2% (livcrwon chloroplast), and 43.6% 

to 80.8 % (angiosperm mitochondria) (Table 2.). The low values in liverwon 

mitochondria vs chloroplast amino acid sequence comparisons indicate that inter­

organellar gene transfer does not occur between the liverwort chloroplast and 

mitochondrial genomes as observed in Oenothera rps4 gene (Schuster and Brennicke, 

1987b). The mitochondrial RPS 12 is encoded in the mitochondrial genome of not 

only the li verwort but also most higher plants investigated to date, while in Oenothera 

only small part of the reading frames is retained by the mitochondrial genome and a 

complete copy is encoded by the nuclear genome (Grohmann et al., 1992). This 

nuclear-encoded S 12 and the li verwort mitochondrial S 12 showed 79.2% identity. 

Table 2. Amino acid sequence homology(%) of livcrwort mitochondrial ribosomal proteins to those 
of E coli, angiosperm mitochondria. and liverwort chloroplast. and of livcrwort chloroplast to that of 
E colt. 

Protein E. coli Angiosperm rnt Liverwon cp Liverwort cp/ £. coli 

s 1 23.7 43.6 
2 27.1 22.8 44.3 
3 25.4 46.9-S0.4 24.1 40.6 
4 25.0 22.4 40.1 
7 35.8 58.5 29.9 43.8 
8 35.1 26.7 45.5 

10 3 1.S 58.3 
I l 48.0 48.8 51.5 
12 62.1 80.8 64.2 70.2 
13 38.3 55.0-6 1.2 
14 43.3 64.6-70.4 38.4 45.0 
19 41.7 54.1 42.9 63.0 

L 2 44.8 43.2 48.4 
5 28.6 60.9-68.7 
6 36.6 

16 50.4 7 1.9-78.5 45.9 53.8 
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--------------------------------------------------------------------------------
--------------------------------------------------------------------------------
----------------IPLRYARPRitATSLSSRYYYl.U:MOSLPSNOT~TNTLIOP~IASVYOSASLIAOEISWIU.BO~ 

LORIC~LI~CIBMMIB:l::~:IPYOYN-:YLNBV-0: :R:PL::R: N:: :::85:::~::::: ::::::D::PO:RNN 
LCCICELI~CIEIKIB:l::NR:IPYOYN-:YLNBV-:: :R::L::R:::::I:ES::: ~ :::::::.A_:::D::POPRN: 

LNRICBLIRCI BMMIE:I::NR:IPYOYN-YYLNEV-:: :R::LY:R: N:: :::BS::: ~ :::::::~:::D::P~RN: 
LCCIEELI~VIDKMIE:I::~CIPYCYN-:YFNBV-0: :R:PL::R: N:~:::BS:::~:::::::::::O::PQ:~: 

----------------TIHTARPCIVIC~C--BDVE:L-~ADIACVPAO: NIABVRKPELD: ~:V:DS:TSO::RR 

----------------EIYTCPPALLVB:RCOCIEO::LNVONILSSBDRRLRKTLIB: :~:CBP~IL:U:AL:::SR 

~-SPROICRSIP~OIUC·P-~CIRICCSCRL-NCAEIMTBC~YCBTSLHVPSDQIDYMTOASTPYCILC~ 

PI:: :S:PS~:V:D:PLIM:~C: 8::: :C:::: :·C:::: :R:: :0:: : ~ : :CN: : NO~ :::: PABV: :RD: :S::: :RI 
AA:: :S:PSO:V:D:PL~C:E::: :C:: : :.A_-~:::: :R:: :C:: : ~ : :~N : :NO~::: :~EV: :R:::::::: :I 
TR:: :S:PS~:V:D:PL~C:E::: :C:: : : :-E:::: :R:: :C:: :~: :J;;_N: : NQ~ :: :~LABV: :R:: :S:::: :1 
RR: :HS:PM:V:E:P:----R:E::: :CP::: :~: :~:Q:~:Y:HIU(: :RN: : NO~ ::: :PABV: :R:: :S:::: :I 
V-M: :~V-:NAKR-L-CA: ::~V: : : :-0:: :::R::WYRB:RVP: :TLRAD:::NTSB:H:T: :VI:::: :I 
V-A: :R~I-ELA:~-C-NI:::~: OIA:::-::::::RV:WARB :RVP:OTIRAR: N:CYYA:O:l::V::I:: :I 

SYFLTOUOTSCAIS~T~IS 

::SO-N:: :R--:: :E : :E: 
: :SK 
: :S~-~:: :R--:: :E: :E: 
: :SO-~:O:R--:: :8: :E: 
P~OBILCCKAAVBOPB~PAAOP~OO~C~ 

PODEE 

4 30 
559 
550 
562 
555 
233 
217 

49 .6%(207/417) 
50 .4% (203/4 03) 
50. 1% (208/415) 
46 .9%(194 / 414 ) 
25 . 4 .. (60/2361 
2 4 .1%(531220) 

MPASRP~CROILBNVWO~T~O~PLISBLO~O~--~OSDPSI--OLOTI~LPYCNLPIU·--MORMTB 
KARYLCP~~LSRRBCTD:P::SCVRAID-T:C:IBOAPC:BCARKPRLSDYCVO:RE~O~:YCVLBR:PRNYY 

KSRYROPR~IIRRLCA:P-CLTNXT~: ~-SOYI-NOS·T~·-VS:YRIR:B&KO~PBYOLTER:LL:YV 

TYID~S-----LLPNIE~VILVRLNPCSTKPQAROLISBXNIC~IPGPQVSNCDLISIOBNSLDPP~SN 

~AAR~CNTCBN: :ALL:C:::NVVY :KC:CA:RAB:: ::V:::A: K::CRV:::ASY: ::PN:VV::R:~O--:R 
RIAR: M CSTCQV: :OLL: M:::N:I P ::GKAP:IPC:: ::VN:RH:LI:NNT:D::SYHC~~:V:T:WR:~0--:1 
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(e) rps7 

Liverwort 
Wheat 
B. coli 
Liverwort 

(f) rpsB 

Liverwort 
B coli 
Livervort 

(g) rpslO 

mt 
mt 

cp 

mt 

cp 

Liverwort mt 
Potato mt 
B. col1 

(h) rpsll 

Livervort 
B. coli 
Livervort 

mt 

cp 

Fig. 1. (cont.) 

I~OTNRIRRKKPNB~T~VVLYEPOOIOPP~IDLDLLD 

V-:AALELAEO:B::TW:::DACKMBCTP~:BRSDLSAD:NER:IVBLYS~ 

:I::-LHSPO~O~I::: :TPDLHOI:CL:NQIIDRBWIYL: :NEL:VVBYYSROV 

196 
:106 
:102 

:15. 0%(49/196) 
22.4%(U/196) 

MNLPC~NCVPSSSLDWFBSSRLSB~CT~ICRETESPYALCLSKRRYLCYALECLLPSRPRCRRASTYNCSDNL 

MPRRRVIGO 
MSRJ(SIAB~ 

CYIRCLNG~O~OLI~VBICMIDG~TRSRA!VYKTPBRLAPBGOVI~LVN---AI~ICB~VRISCTTRLVP 

MGOFD:E: :I!::::: :NFR:::: :R:: V::::::::::: :RTERDVI~:MVO-- :VD: I::::: :V: :GVA:: IYD:: 
RJ(:LPDP~FCSB:LA:F:N:L:V::::STAES:::SALBT: :ORSC~E:EMAFEV:L:: :R:TV: ::SR:VC:S:YQ:: 
QVAXPDPIYRNR:VNM::NRI~:: :SLAYR:L: :~I~O~TKKNP:P:LR-O:~:T:NVT::AR::O:S:YO:: 

SIIATNROETLAIRWMLES~~ISLDQCLYABILBASQKMGIAR~DL~FSHYRWW 

C:V:RD: :0::::: :I:CA:F:: :-ISYR:: :BK:.-.F::: :D:YR:R: :S: :R:BN: :C: :ST::: :A:F::: 
VBV-PV:RNA::M::IV:A:R::CDKSMALR:ANB:SD-AA:N---K:T:V:::B:V:RM: :: :!<.A:A: :: :LSLRSFSH 
LE:~TOC!<.A:::::L:CASR::SGONMAP~:SYE:IO-AARD---N:: :IR:~BT::M:::::A:A:P: 

OACASS~OPALGYLN 

230 
148 
178 
155 

58.5%(86/147) 
35. 8%(57/159) 
29.9%(47/157) 

MHTLSNLLSSIKNAQKAQ~VLYFSSPKKIS~FVCSAC~RVPVSRLCWOFCRILYNECYIHCFSOEADC-S-L 

MSMQDPIAOKLTRI:NGQA:N:AAVTMPS:~:KVAIANV:!<.B: :F:EO:~V:C:T~PE: 

MCNDTIANMITSIRNANLG~I:TVQVPATNITRNI~ILPOECPIDNPIDN!<.QNTKDI: 

RIVL~YRSSCICV---I~TIS~CFRIYSS~LS~ECLCITILSTSKGNLICDREAOKTNPGGGEILCQVP 

ELT:::PQ-:!<.A:VBS:O---RV:R::L: ::!<.B:DQ:P: VMA: :: :AVV:: :::VMT-::A:RQACL-: :::I:Y:A 
ILH:::-0-:~SY:TTLRR:::::L: :::NHXEIP:VLC: M: :V:::: :R:IMT-::::RQKKI-:::L::Y:W 

152 
130 35.1%(46/131 ) 
132 26.7%(35/131) 

MTAKICIVI~F-----ENQRSCLL~ICLPKKOTLYTVLRSPHID~REOFBMRIB 

MRORRALRRVSOKBRPP~VT:T::C:: :R: :OHPFL: :HFW: :PPY:: ::: ::ESRV:: ::::::::::::::: :F:K:!<. 
MONORIRIRL~:PDHRL:DQATAEIV:TAKBTGAOVRCP:P::TRKERP:::I:: :VN:DA:O:Y:I:T: 

~OLLV-IETETHKLREK~HDLLGVO~IIPYYOTRLD~VC~ 

:EP::-:~::R:E::~:PFR~TRRT 

L-R::D:VBP:B:TVDA:MR:D:AACVO: :ISLC 

102 
108 
103 

58.3%(49/84) 
31.5%(28/89) 

MOKK-----BCITNMO~CITYIOSTPCNTIITLTDYNCNT~TWSSSGSVGP~GSRRSTNYAAOATA-ENAARVAIOLC 

:A:API~V-RJ(:VSDGVAB:HAS:N: ::V:I: :RQ::ALC:ATA:CS: :R: ::~::PF: ::-V:ACRC:DA~Y: 
:P:~INLRKGKBRLP~CVIB::AS:N: ::V:V: :IR:QVVS: ::A:AC: :::TKK::PP: ::-::A:::I:IL:DQ: 

FKFVBVRI!<.CLGYC!<.BSSLRCLKLCGLII~IRDVTPTPRNGCRPP~V 1:15 
I:NL: :MV: :P:P:R: :TI :A:NAA: PR: :N:T:::: I::::::::::::: 
M:OA: :M:S:P:P:RDTA: :AIRRS: I :LSFV:::: :M::::::: :R:::: 
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129 
130 

48.0%(60/125) 
48.8%(61/125) 

(i) rpsl2 

Liverwort •t 
Maize mt 
Wbaat Dlt 
Oenotbera ne 
B. coli 
Livarwort cp 

(j) rpsl3 

Liverwort Dlt 
Wbaat mt 
Maize lilt 
Tobacco Dlt 
Oenotbera Dlt 
B. coli 

(k) rps14 

Livervort Dt 
Broad bean mt 
Oenotbera mt 
Arabidopsls Pll 
Brass! ea mt 
Yeast ne 
E. coli 
Liverwort cp 

(1) rps19 

Livarwort Dlt 
Petunia mt 
Oenotbar• pa 
E. coli 
Liverwort cp 

Fig. 1. (cont.) 

MPTMNOL~CRESKRRT~TRALNK<:PQ~QGVCLRVST~P~NSA~IAKVRL~IIAYIPC~CRNLQERS~ 

~~: ~::: ~: :: :::: ~: ~~: ~:: ~~ ~ ~ ~ :: ~ ~ ~::: ~ ~ :~: ~ ~ ~ ~ ; : :~:: ~: :; ; ~:: ;~: ~~; ; :; ; :; ~:;:: !: 
;~;~~; ;~;~;~~~~=:: :: ~; :~::; ;~; ;~;~;:;;:;;;; ;~~=::; ;~~::~~~; :7: ~;;;;;;;; ;~ 
MVRGCRVODLPC~YHCIRCVKDLOGIPGRRRCRSKYCTKKPKDYI 

L: : : : : : !<.: : : : : : l: : : : : : : : : L: : : D: : !<.: : : : : : AER: :Sit 
L::::: :lt:.>.::: :.f:.;.:::::: :L:: :0: :J!t::::: :AER: :SI<. 
L: : : : : : lt: : : : : : F: : : : : : : : : L: : : D: : : : : : : : :AB: : : ST 
LI:::: :11.:::: :R: :TV: :AL:CS:VJ\D:II.OA:;;; :V:R: :A 
L: : : : : : !<.: : : : : R : : I : : : TL: AV: VJU): 00: : : : : :V: : S: 

126 
125 
125 
125 
124 
123 

80.8'1.(101/125) 
80.8%(101!125) 
79.2%(99!125) 
62.1%(77 / 124) 
64.2%(79/123) 

MSYILCTNLNSNKOVKIALTRIFCIG:PKKAIOVCDQLGLSDTII':VNltLTKYOPDOILKI~SONYLVDSB~AAVIQROI~ 
::: :S :ARSLPDE: :R: :S:KMO::::::::: LRYR: :I :CN: :M:E::::: I:: :EOM:A:OBV: HW::: :CERA: :E: 
::: :S:ARSLPDE: :R: :S:KMD::::::::: LRYR:: I :CN:: IRE::::: I:: :EQM:A :DBV:HW::: :GERA :E: 
:L: :S:AR:VCDE: :R: :S: K:D::::::::: :RYR:: I :CN:: I!<.B::::: I:: :EQM:C :OBV: HW::: :CERA: :E: 
::: :S:AR.>.VADE: :R: :S:IQIO::::::::: :RSR: :--CN: :RitE:::: :1:: :EOMRG:DHV:HW::: :CERA: :ER 
VAR:A:I:IPDH:HAV::::S:Y:V:~TRSKAILAAA:IAEDV:ISE:SEC:I:TLRDEVAK-FV:ECD:R:B:SMS: :: 

LISICCYRCPRHNACLPLRGQRTHTNAKTCRKLRYVSIRS 
: : : : SR: : :I: :OD: S: : : : : : : : : : : R: A: : OIWK 
::: :SR::: I: :QO:S:::::::::: :R:A: :OIWKGNERRLPICEOATD 
:: : : S: :: :I: :OD: S: : : : ::: : : : : R: :: : : IWK 
f: : : S: : : : I: :OD:.>.: : : : : : S: : : : R: S: : RIRK 
:MOL:::: :L: :RR:: :V:::: :l!t:: :R: -: :CPRKP:U 

120 
116 
129 
116 
114 
118 

57.8%(67/116) 
55.0'\(66/120) 
61.2%(71/116) 
56. 0'1. ( 65/116) 
38.3%(46/120) 

• • 0 • 

MSNO--IIRDHKRRLLVAKYELKRMB~ICODRNLPNKIRYEYFFJ!tLSI!tLPRNSSII.TRVRNRCIFT 
: :E~R-N:::::::: : A:: :: :R:~:: :P:I!t:SD: :SDHWD~RY::::::::: :FA:::::: :S: 
: -EKR- N:::::: ::: :T::::: :~::: F :N: PA:: SDM: DKHRY:::::::::: PA::::::::: 
: :*1!1;0-NS::::::: :A: :P: :R:~:: :P:K:PO: :SOH:OKRCY::::::::: :PA:::::: ::/ 
: :EI!tO-NS::::::: :A: :F: :R:~:: :F:K:PO: :SDM:DKHRY::::::::: :PA:::::: :ST 

MCNPRFPI~~LPPCFINA: L::NFI!t:OQFJ!I:EN:IL~L:F:ARNM:: :T:L:L:AOL::NA::NYMRS:QIII.: ::VDS 
:AI!t:SKKA:EV::VA:AD: :FA: :AEL:: :IS:V:ASDED:WNAVL: :QT: ::O::PS:O:: ::RO: 
:~SL:O:EK::QN:EI!t: :II.IL:NSL:KKITETSSLOEI!tW-:POI!t::QS: :: ::AP::LBR::PL: 

CRPRS~LFRISRIVFRELASI!tCSLIGINKSCW 
::::::: B:::::: ::: :S:: :R: P: M::!<.:: S: 
:::::: :E::::::::: :C:: :R:;.: M ::!<.: :S: 

: : : : : : SEP: : : : : : : : : C: : : R: : : M: : : : : S: 
: : : : : : SEF: : : Y: : : : : G: : YR: : : H: : 1!t: : S: 
:HA:P:LSD::LC:YO: :: N:L::N:P:~:Cl: 
:::HCPLRK:CL:: :~: :A:MR :QIP:L~:C 
:::J!I:AN:RD:CL: :RLL::M:HACL:P:VT::S: 

99 
100 

99 
100 
100 
114 

99 
100 

69.7%(69/99) 
70. 4'\(69/98) 
68. 7%(68/99) 
64 .6%(64/99) 
37.4%(37/99) 
43.3'\(42/97) 
38.4'1.(38/99) 

MTR-SIW!<.CPPVDT--------CLF~OKKIRWRIWSRRSCILPQFVCCYAOIYNCI!tCFVCLKITE~MVC~CEF~TRK 
:P:R :.-.: : :S:: :APLLRMK~---DLLFNRJ(::::: :S:.-.:8: :O:fVR:::: :T.-.:RC::: :CI!t:::::::: :f::: 
:P:R:::: :S:: :AFLL~---DLLLNIUI: :11: :fS: :l.E: :N·SVR· · · · ·TP·RC· · · · · K· · · .. •· . ·P· .. 
:P:-:L!<.:: ::I:LBLLKKVBKAVESCD:~L:T:: :::T:P:NXI:~TIA~;;~OB;P~;~;,;;;;~~;;;p;;~ 
:::-: :l!t:: :: :ADBLLKKIENLNL:I!tE:I!tlllT:: :A:T:V:TMI:RTIAVR: :QBRLPIY: :DR:::::L::::P::T 

TSSLCKRALPSI!t~l~IUVR 

RRPSRTNIC:CR!<.BG:K 
RR~SRTNICliQRKBC:I!t 

YRCRAAD~:~ 

FRGRA: NDU: RR 

54 .1'\(46/85) 
49.4%(4 2/85) 
41. 7%(35/84) 
42 . 9%(36/84) 
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(m) rpl2 

Llventort 
B. coll 
Liverwort 

(n) rpl5 

mt 

cp 

Liverwort. mt 
Arsb1dops1s mt 
Oenothera mt 
Brsss1ca mt 
E. coli 

(O) rpl6 

Llverwort mt 
B. col1 

Fig. l. (cont.) 

. . . . . . 
MRNSCW!tC~OLTFRLitRNSACRHSSCRITVFHRCGCSMLOUIDFMSTSS-MCIVER 

MAVVltCJU>TSPCR.RBVVlWV: PI!LHJr:CJU>FAFLLBI\NSit :0: : :NN: : : : TR: I:: : R: OAV: IV: :: : NlU>CIPAV: : : 
MAIRLYRAVTPGTRNRSVPitFDBIVItCOPOitltLTYN:BI~: ::NR:l::SO:::::B:: :V:::: :O:~YIT: ItlltT 

IBYDPNRSSWIALVRWIBCVLRPCMLAPSitANSRRBitNMPPPCLLFSPSSLPROAORIItYBitTRALRPCI!OILBSSWVL 
L:: ::::AN::: :LYJU>:I!R:---------------------------------------------------------­
::: ::::NTY:C:INYBD:Bit :-------------------- -------------------------------------

. . 
CTRDLRAitBVSLCPLCSPLCLPSIAVACAJU>APPAPRMitCPSSLTCRERLSPLRGI!NTPSOSBCORW!tTOSCAPRRJtSLV 

--------------------------------------------------------------------------------
--------------------------------------------------------------------------------
LSWSOCPJtARNGLMISABDIC~RRPBMAGPBTIPBBAPRALBAYGPSGSCRVLRTSBPPTYILASBNLBVGNTVKNPH 

--------------------------------------------------------------------------------
--------------------------------------------------------------------------------

. . 
GSitPSTLLNYHOPSOitANDPSCLRVEETAWDSO~WLHPRCDVASS&NitVILDSYYQMVGNCIPLAJtiPICTWVHNIBRNP 

---------------------------------VI:A:It:Lit:CDOIOSGV:AAIItP-::TL:KRN::V:ST:::V:Mit : 
---------------------------------YI:V:R:IItLDDTIISSB&APILI-::TL: : TNM:L::AI::: :IT: 

COCAitLTRMGTPAQIIO~VBNTPOCIVRLPSGVDitLIDSRCRATIGIVSNLNBCitRKPNXACOSRWLCRRPIVRGVAKN 
:lt:CQ:A:S:: :YV::VAR-OCA-YVTL: :R: :EKRJtVEAD::::L:B:C:AB: ML :VLC:::AA: :R:V::T:::T::: 
:lt:CQ:V:::: :V: Jt : :A:- :CO-LVTL:::: :BIR:: SOit: L::: :QIG:VDYNNLRIG::: Sit:::: lt:: lt::: :V:: 

PVDBPHCCGBGRTJtCCRPS-VSPWCitPTJtGCPitTVVRitRRN SOl 
:::::::: ::::NP:ItH:--:T:: :YO:::It-::RSN: :TOitPIVRRRSit 273 
:1:::::::: ::API::ItltPLT:: :H:AL:ItRSRitNN:VSDTLILRRRitNS 277 

u . 8%( 112/250) 
43.2%(108/250) 

KPSPNRNRLEPHYNOVIRPDLLLitiNYBNIMEVPRLCit iiV---VPJtAPSNP---II\NVJtLAMBIVCGOitPIOTRSRGST 
KPP: N: : :BD: .1. :0:1.: : : ,1,: .tA: V:: : :C.;.: B: R: ---: : : : :V: :--I: : :G: : : :: : P.1.: ::: : : :0-: : : : 
KPP: N:: :BD: L:O:::: :L:.;.A: V::: :C.;.:B:RI---:: :TS:TYDPI:: :C::::: :LR:::::: :E-:::: 
KPP:N:: :BD:S :0: P:: NRITPTLW!tPLGS :I!: R: ---: :NG: V:: --I:: :G:::::: PR:::::: :0-:::: 
KA!t:HDY:ItDBVVJtlt:MTEP::NSV:O: ::VE::TLNMC:GE:IADit-ltLLD:AAADLMIS:: :PLI:JtA:It:V 

GltSPRFNitPVLNQBSitRDTCYVTYLAR-STLRCHIKYNPLEitLVTIISPYDYPVItiOitNSIOL-----SMATSLLRLPPB 
::::: s: p: ---LC:Nit:lt::: SO:: :0::::: :G:S: :.;.VRI,I,: VM : LL: P: :B: R::::: P-----: :B:BPCI!PS:: 
:::::9: p: ---L: : Nit : K::: SO:: :0: I::: :C:S: :.;.VRI,I,: VM : LL: SW:E:WB:::: P-----: :B : BPCBPS:: 
:::: :S:P:---LG:Nit :lt: ::90:: :Q: ::: ::C:S: :SVRIS: VM :LL:P:: B:R:::: :P-----: : B: BPCEPA : O 
AC---:-:-------1:0-: :PIOCitV--::: :OR:WB:P:R:I: : AVPRIRDPRGLSAitSPDCRCDV : : GVREOII::: 

IODHPBIPBHIRGPDVTIVTSANTODBTVILWSGPLOitBV 188 
LJ! : : : : : : : : : : : : N: : : I : · : : : : : : : Ll.: : : : : : : : DBCETO 18 5 
LB::::::::::R:N:::::::::::::W.::::::::DBGBSPitWitTP 192 
L: : : : : : : : : : : : : N: : : : : : : : : : : : :LP: : : : : : : : DECBTO 18 5 
:-:YDitVDRV-::L:l: :T:T:ItSDB:CRA:LM:DPPPRit 179 

68. 7%(123/179) 
64. 8%( 116/179) 
60.9%(109/179) 
28.6%(52/182) 

M!! 

MSRVAJtAPVVVPAGVDVItiNGQVITI ItGitNGBLTRTLNDAVBVItRADNTLTPGPRDGVADGWAOAGTARALLNSMVIGVT 

AJtPPCPLEIIGVGYJtASTKAOCSILYLitLGPSBEIRLOVTPSVRVPCLitPNLICCTGMDBOitVTOPAAIVItSCJtPPBVYit 
RD:~::LV: :::R: AVJt--: NV I N:S:::::PVDH:LPAGITAB:PTOTB:VLit: A: It :YIC:V::DLRAYRR::P:: 

GltCIOYRNBIIRitltOG~ 101 
:::VR:AD:VVRT:BA: :: 177 36.6%(37/101) 

- It -

(p) rpll6 

Llventort mt 
Maize mt 
Oenotbera mt 
Petunia pe 
Brseslca lilt 
B. coli 
Livervort cp 

VLYPMTJU>UYOitORCit-CC!tADOTOLCPCitYOIItSCB 
KEIUlLVMYLTRJtSIMLLUYLLVTI!PCtVSitCOSRIVItiRRO:::::::: VS: :S :C: :SR: RBP:::: :0: :R:: T:: SR 

::::::::VS: :R::: :SR: :BP:::: :S: :R: ;_;:: :R 
MLLUVLLVTI!S!.VSJtCOPLI~M.O::::::: :VS: :R::: :SR:: :P:::: :C: :R: :.;.: : :R 

MYLTRJtSIMLLRitVLLVTI!SCtVSJtCCPBIV!tMCD:::::: :---: :S:: · :SR:: :P:: :lt:C: :R: :T:: :R 
M:O::::::: :NB:: :NR- :L- :0: :DVS: :SP: L:AVC 
M:S: ::: ::::OBC:NL:-:ISTR:NVI::: :PPLOAL: 

ACRISVOAIBAARRAISRit-F--------~SitiWVRVP~DIPITSitP~CitOitC~CWIARVLit~ILPI!MDCV 

~ ~ ~ ~ ~ ~: ~ ~ ~ ~ ~ ~ ~ ~ ~:= ~ =~~= ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ ~ ~ ~ ~ ~~ ~ ~ ~ ~ ~ ~ ~ ~: ~ ~ ~ ~ ~: ~ ~ ~ ~ ~ ~~ ~ ~ ~ ~: ~ ~ : ~: 

~::~~~~::::::::I~~~~~~~~:~;;~~::~~:~:::~::Ii:::;;::::~~:~:~~~!:~~~~::;~; 
PSW:TSRO:::C::::T:V-A--------::CC:L:I:I:P: It:::IR:::T:::S:::SPBV:Y:V:JtP: It ::V:ISC: 

SLSNAOOM TL.V..llltLCLS I JtPPJtWS 
:::: :R:: :R:::: :PCS:T: :VO:: 
: : : : : R: : : : : : : : :.;.C.;.: T: : VO: : 
:::: :R: :LB 

::A: :R:: :R:::: :PCS:T: :VO:: 
PEEL:RE:Pit : ::A::PIItTT:VTitTYM 
:BNI:RA: Miti::Y:MPIRTO:ITT:SLNitltQBI 

135 
185 71.9%(97/135) 
U4 78.5%(106/135) 
155 78.2%(93/119) 
177 7 4 .2%(98/132) 
136 50. 4%(68/135) 
143 4 5. 9%(62/135) 

Fi.g. l. Amino acid alignmen!S of r-protems deduced from the liverwort mitochondnal DNA sequence. 
WJ.th counterpans from £. coli, the Iiverwort chloroplasts, and angiosperm mitochondria. Amino 
ac1ds are denoted by their 1-letter symbols. Numbers at the ends of sequences indicate the numbers 
of amino acid residues. Identical amino acids are designated by a colon. Dashes are assumed 
deletions, introduced to maximize the matchings of the sequences. Amino acid residues co~ected for 
RNA editing are underlined (Gonzaletz et al .. 1993; Hunt and Newton, 1991; Sutton et al .. 1993; 
Bock et al .. 1994. Zhuo and Bonen. 1993; Gualbeno et al., 1989; Wissinger et at, 1990: Schuster et 
al. 1990a: Brandt et al., 1993; Schustcr and Brennicke, 1991; Conklin and Hanson. 1991; Schuster. 
1993). Arrowheads specify the sites of intron insertion. 

Organi:ation of liverwort mitochondrial r-protein genes 

Most of the genes for r-proteins in the liverwort mitochondrial genome were 

organized into a cluster (rpsl 0-rpl2-.rpsl9-rps3-rpl16-rpl5-rpsl 4-rps8-rpl6-rps13-

rpsll -rpsl) similar to that seen in E. coli r-protein operons S 10 (S lO-L3-lA-L23-

L2-S 19-L22-S3-LJ 6-L29-S 17) (Zurawski and Zurawski, 1985), spc (Ll4-L24-L5-

S I4-S8-L6-L1 8-S5-L30-Ll5-secY-X) (Cerre tti et al., 1983) and a (S l 3-Sll -S4-

rpoA-L17) (Bedwell et al., 1985). An additional cluster (rpsl2-rps7) had the same 

order as the homologous genes in the E. coli str operon (S 12-S7 {us) (Post and 

Nomura, 1980). Genes for rps4 and rps2 were located elsewhere in the liverwort 

mitochondrial genome. A large cluste r of r-protein genes has not been found in the 
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mitochondrial genomes of the other organisms, whereas a very similar clustered 

organization of r-protein genes exists in chloroplast genomes (Ohyama et al., 1986; 

Shinozaki et al., 1986; Hiratsuka et al., 1989). The organization of the r-protein 

gene clusters in Jiverwon mtDNA was compared with those of the liverwon chloroplast 

and E. coli genomes (Fig. 2). Several r-protein genes that are present in E. coli 

operons were not found in the liverwort mitochondrial genome, whereas the rpsl 

gene (which is not located in the E. coli SlO-spc-a or str operons) was found in the 

liverwort cluster. Nevertheless, organization and order of respective genes were 

very similar in these three genomes. This finding strongly suppons the endosymbiont 

hypothesis, which postulated that the organelles of eukaryotes originated from 

prokaryotic (specifically eubacterial) ancestors in evolution (Gray et al., 1989). 

E. coli 

M. polymorpha 
mitochondria 

M. polymorpha 
chloroplast 

N _,_. 
<11<11 

P\ I 

STR operon 

\\ 
•• 
C'O"­- ... e.e-

\\ • • 

... .. e. 

t-l 
1kb 

Fig. 2. Organization of r-protein genes in E. coli, Iiverwort mitochondrial and Jiverwort chloroplast 
genomes. Solid boxes indicate the common genes detected between the liverwort mitochondrial 
genome and either the liverwon chloroplast or E. coli genomes. Hatched boxes are genes having 
introns. Open boxes in E coil and the liverwort chloroplast genome indicate genes that are absent in 
liverwort mitochondrial genome (except that the rpsl gene appears only in the liverwon mitochondrial 
genome in this comparison). 
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In the mitochondrial genomes of angiosperms, ten genes for r proteins are 

identified so far. Differed from the case of the liverwort mitOchondria, genes for 

rps/2, rps/3 and rps/4 are closely linked to non-ribosomal protein genes (Fig. 3) 

(Gualbeno er al., 1988; Su.r.uki et al., 1991; Bland et al., 1986; Schuster and Brennicke 

1987a; Bonen, 1987; Wissinger et al., 1990; Wahleithner and Wol<;tenholmc, 1988; 

Schuster et al., 1990a). For example. nad3 and rps/2 genes arc eo-transcribed in the 

wheat, maiLe and rice mitochondrial g•enomes (Gualbeno et al., 1988; Suzuki et al., 

1991). On the other hand, maize mitochondrial rpsJ and rp/16 genes are not only 

closely linked but even overlap, as did the liverwort rps3 and rpl/6 genes. Such 

rpsJ-rpl/6 gene clusters are also found in the mitochondria genomes of Brassica, 

Oenothera, and Petunia, although the Oenothera rps3 and Petunia rpl/6 genes are 

thought to be pseudo genes. Especially in Brassica (Ye et al .. 1993), more two 

r-protein genes, rpl5 and rps/4. are clustered and their organiLation is similar to 

those within the E. coli SI 0-spc operon and the liverwon mitochondrial cluster. rn 

Oenothera and Petunia, rps/9 genes are also found in the clusters (rpsl9·rps3-rps/6) 

which have quite similar organizations to those of the liverwon mitochondria] genome 

and E. coli S 10 operon (Bock et al., 1994: Sutton er al., 1993). 

While the liverwort rps3 gene analyzed here shows a classic ATG codon, no 

ATG is encoded in the rp/16 gene at the beginning of the sequence similarity with 

other organisms. There is a termination codon (TAA) at 24 bp upstream of GTG 

(valine) at the beginning of the homology (Fig. 4). This finding raises the possibility 

that the GUG (valine) codon rather thtan an internal ATG is used for translation 

initiation of the rp/16 gene in the l iverwort. The maize (Hunt and Newton, 1991 ) 

and Brassica (Ye et al., 1993) rpl/6 genes encode three and two in-frame ATG 

codons further upstream that could also serve as initiation codons, respectively. On 

the other hand, in the case of Oenothera (Bock et al., 1994 ), a termination codon 

(TAA) is found at 9 bp upstream and a in-frame ATG codon is absent. Since GTG 

at that position is conserved in the other plants maize, Oenothera and Brassica, this 

GTG codon is also considered as translation initiation codon in the liverwort. 
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Fig. 3. Organization of r-protein genes in angiospenn mitochondri~ genomes. Solid boxes and open 
boxes indicated r-protein genes and non r-protein genes, respecuvely. !latched boxes are genes 

having introns. 
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T B C K K Y G E T 5 L K V F 5 D 0 I D Y A K 
--ACTGAATGCAAAAAGTACGGTGAAACATCTTTACATGTTTTTTCCGATCAAATTGATTATGCGAA 

.. ... • • .. • • .. • ...... 0 0 0 •• 0 0 •• 0 0 •• 0. 0 0. • ... 0 ...... 0 •• 

--ACTGAATGCGoAAAG~....w.;.c;..r~~ATTTAACCAGWATcGA~CC 
T E C G K Y G K T S C N V F N 0 K I D Y A P 
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AACACAAGCATCTACTCCTTATGGAATCTTAGGTGTCAAAGTGTGGGTTTCATATTTTTT~CACAAA 

::: :::::::: : : ::::: : ::::::::::::: :: : :::::: 
TGCGGAAGTATCTACTCGTGACGGAATTTCAGGTGTCAAAGTGCGGATCTCATATAGTCAA---AATA 

A E V S T R D G I S G V K V R I S Y S 0 N K 
R K Y L L V T B F 0 V S K C G S K I V K 

V L Y P K R T K F R K Y 0 K G R C 
K G T S C A I S K T Y K I S 

AAAAAGGGACAAGTTEoCTATATCCAAAACGTACAAAATTTCGTAAATATCAAAAAGGCAGATG -
•••••••• 0. 0 • 0. 0 ••••• 0 0 0 ••• 0 •• 0 •• • 0 0 •••••• 0 

• 0 •• • •••• 0 0 0 0 0. 0 •• 0 0 0 ••••• 0. 0 0. 0 ••• 0. 0. 0 0. 

AGAAGGGA----- -C~oCTATATCCGAAACGTACGAAATATAGTAAATATAGTAAATGCAGATG-
K G R A I 5 E T Y E I 

I R R D V L Y P K R T K Y S K Y S K C R C 

Fig. 4. Overlapping regtons of rps3 and rp/1 6 genes in liverwort and m<me mitochondnaJ genomes. 
Amino acids are denoted by their !-letter symb-ols. Black boxes indicate initiation codons (GUG) in 
both Iiverwort and maize rp/16 genes. Three m frame A TG codons in maize are boxed. Termination 
codon (TAA) 24 bp upstream from the initiation codon in liverwort rpll6 gene is underlined. 

The liverwort rp/2 gene has one g;roup 11 intron of775 bp, while the counterparts 

of higher plants have no introns. The rpsl4 gene is also interrupted by a 896 bp 

group 11 intron in the liverwort mitochondria, though no introns have been reported 

for those of angiosperms. In contrast, t.he rpsJ genes of higher plants studied so far 

contain one intron and the insertion sit(~s of these introns are the same among them 

(Hunt and Newton, 1991; Ye et al., 1993; Sutton et al., 1993; Bock et al., 1994). 

There may be two possibilities for such differences of the intron contents. One 

possibility is that these introns had been present in the last common ancestor of 

bryophytes and angiosperms and then were got lost from one or the other. The other 

is that each gene has acquired introns independently after the divergence of them. 

Overall, the organization of r-protein genes is much different in liverwort 

and angiosperms mtDNAs. lndicatio111s are that r-protein gene organization has 

undergone drastic changes in the mitochondrial genome of angiosperms in the 

course of evolution, probably as a result of recombination events (PaJmer and Shields, 
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1984) as well as gene transfer into nuclear DNA (Stern and Lonsdale, 1982). On the 

other hand, there is apparently no homologous recombination through directly repeated 

sequences in the liverwon mitochondrial genome, suggesting that this genome retains 

the primitive form (Oda et al., 1992a). It is possible that the mitochondrial genomes 

of angiosperms do not encode as many r-protein genes as the liverwon mitochondrial 

genome, in spite of the much larger average size of the former. 

Inferred characteristics of liverwort mitochondrial r-proteins 

Interestingly, whereas liverwort chloroplast r-proteins were similar in size to 

their E. coli counterparts, liverwort mitochondrial r- proteins L2, S3, S7 and S8 were 

larger than their counterparts in E. coli (Fig. lm, le, le, and If. respectively). 

Moreover. r-protein S3 in angiosperm mitochondria appeared to be much larger than 

that its liverwort mitochondrial homologue (Table 3.) (Hunt and Newton, 1991; Ye 

et al., 1993; Sutton et al., 1993). However, liverwort and angiosperm S3 amino acid 

sequences deduced from the corresponding mtDNA sequences showed a high degree 

of simi larity with each other in the N-terminal and C-terminal regions (Fig. I c). On 

the other hand, the wheat S7 protein is much smaller than its counterparts from 

liverwort mitochondria and slightly shorter than those of E. coli and liverwort 

chloroplast. In the case of yeast mitochondrial r-protein (L8) (encoded by nuclear 

genome), the N-terminal region is homologous to E. coli r-protein L17 while the 

C-terminal region shows similarity to that of E. coli S 13 r-protein (Kitakawa et al., 

1990). It has been postulated that the yeast L8 protein gene might have arisen as the 

result of fusion of genes for Ll7 and S 13 proteins (Kitakawa et al., 1990). However, 

the extra portions of liverwort mitochondrial L2, S3, S7, and S8 proteins showed no 

similarity to any other known r-proteins. Therefore, it is possible that their genes 

may be products of fusion with genes for uncharacterized r-proteins, or they may 

simply be unusually large as a consequence of insertions. In either case, extra 

segments of the proteins may be removed by post-translational processing during the 

assembly of ribosome particles. 
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Table 3. Siles of ribosomal proteins from liverwort mitochondna. £. coli. ang10sperm 
mitochondria. and liverwon chloropia"' genomes. 

Protein Li verwort mt E. coli Angiosperm mt Ltverwon cp 

S I 270 557 170 
2 237 241 235 
3 430 233 550-562 217 
4 196 206 202 
7 230 178 148 155 
8 152 130 132 
10 102 103 108 
1 I 125 129 130 
12 126 124 125 123 
13 120 118 114-129 
14 99 99 99-100 100 
19 93 92 94 92 

L2 501 273 277 
5 188 179 185-192 
6 101 177 
16 135 136 144-185 143 

umbers indicate amino acid residucs. 

Ribosomal proteins S l and L6 in livcrwort mitochondria appeared to be 

smaller than their counterparts in E. coli, lacking the C and N terminal portions of E. 

coli SJ and L6 r-proteins (Fig. la and lo. respectively). Wheat SI is much smaller 

than the liverwort SI and is only about one-third the size of the E. coli counterparts 

(Gonzale;. et al., 1993). The missing portions of these proteins may not play an 

important role in ribosome assembly and function. However. the presence of "extra" 

and "missing" portions of liverwort mitochondrial r-proteins must remain an inference 

until direct sequencing of the mitochondrial r-proteins themselves has been performed. 

Evolutionary events of organelle gene transfer into the nuclear genome 

It has been shown that ribosomes in E. coli contain over 50 distinct r-proteins. 
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Genes for 16 and 20 species of r-proteins have now been detected in the liverwort 

mitochondrial and chloroplast genomes, respectively. The remainder are assumed to 

be encoded by the nuclear genome. It is of interest that 11 genes (rps/2, rps7, rp/2, 

rps/9, rps3, rpl/6, rps/4, rps8, rps /1 , rps4, and rps2) were found to be encoded by 

both organelle genomes. Similarly homologous genes are known to exist in chloroplast 

and mitochondrial genomes for subunits of NADH dehydrogenase (nad genes in 

mitochondria, ndh genes in chloroplast) and ATP synthase (atp genes) (Ohyama et 

al., 1991). It is unlikely that such common genes are maintained in the two organelle 

genomes by chance. In the plant kingdom, endosymbiosis of a chloroplast ancestor 

is thought to have followed that of a mitochondrial ancestor. Thus many genes of 

the mitochondrial genome must already have been transferred into the nuclear genome 

by the time of the endosymbiotic event that gave ri se to the chloroplast ancestor. 

Since then, additional migration of both chloroplast and mitochondrial genes to 

nuclear genome is presumed to have taken place. It is conceivable that there may 

have been duplication of mitochondrial genes already encoded by the nuclear genome 

at the time the chloroplast genome was being established, with one copy subsequently 

acquiring the signal peptide sequence necessary to transport the encoded r-protein 

into the chloroplast. In that case, the homologous chloroplast gene could simply 

have been lost, rather than being transferred to the nucleus. However, this is only a 

speculation for the present. 

Transcriptions of the rps2 and rps4 genes in Liverwort mitochondria 

RNA blot analysis was carried out using oligonucleotide probes specific to 

either rps2 or rps4 as shown in Fig. SA. In the case of rps2, multiple transcripts of 

6.0 kb, 3.5 kb, 3.0 kb and 1.8 kb were detected (Fig. 5B, lane I ). Three smaller 

RNA species, 3.5 kb, 3.0 kb and 1.8 kb, hybridi zed with the many other ribosomal 

protein sequences (see below). They are identical in size to either 18S rRNA or 26S 

rRNA and thus were most likely the rRNAs, which were identified due to spurious 

cross-hybridization of either rps2 or the other r-protein gene sequences. Nevertheless, 

at least the 6.0 kb transcript was specific for rps2. This transcript could contain the 
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~ig. SA, B. Transcription analysis of the liverwort rps2 and rps4. A Gene organization of the 
llverw_ortrps~ and rps4 genes. Lane], rps2 and lane 2, rps4. The genes beneath the horizontal lines 
are onented tn the opposite _dir:ction to the genes above the lines. Each probes is shown by an 
ast~nsk under the gene orgamzatton. B Nort~em hybridization was performed by the probes specific 
t~ lane 1, rps2 and lane 2, rps4 genes. The stze of each transcripts is indicated by a number given in 
kilobases (kb). 
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coding region of rps2 (714 bp) and was too large to cover those of orj277 and 

orj228 located approximately 0.3 kb and 2.4 kb downstream from rps2, respectively. 

However. Northern analysis using the probes specific to both orfs revealed that there 

were no signals (data not shown), suggesting that these orf'i may not be transcribed 

or may be transcribed at very low levels, and that rps2 is transcribed independently 

of them. 

When probed with a oligonucleotide complementary to rps4, two major bands 

of 2.4 kb and 1.4 kb were observed (Fig. 5B, lane 2). Both transcripts are able to 

cover its coding region (591 bp), but could not contain rrn/8located about 4.6 kb 

downstream from rps4. In addition. such signals as 2.4 kb and 1.4 kb were not 

detected using a probe specific for trnG located 30 bp upstream of rps4 (data not 

shown). These findings indicate that rps4 is transcribed individually. The heterogeneity 

of transcript size might be resulted from RNA processing and/or multiple transcription 

intiation sites as reported in maize mitochondria (Mulligan et al., 1988a; Mulligan et 

al. 1988b). 

eo-transcription of the rpsl2 and rps7 in liverwort mitochondria 

To study the expression of the rps 12 and rps7 which were organized into a 

cluster, oligonucleotide probes specific for them were prepared (Fig. 6A). Northern 

blot analysis showed these genes to be transcribed in liverwort mitochondria (Fig. 

68). A large transcript of about 7.0 kb was detected with probes from both of them. 

This indicated that rps/2 and rps7 were eo-transcribed in a primary transcript of 7.0 

kb. Three smaller RNA, 3.5 kb, 3.0 kb and 1.8 kb hybridized with rps/2 probe, but 

they were probably rRNAs which cross-hybridized fortuitously as described above 

(Fig. 6B, lane I). On the other hand , one more major band of 3.0 kb was found with 

a probe for rps7 (Fig. 6B, lane 2). The 7.0 kb transcripts were much larger than the 

coding regions of rps/2 and rps7 ( I ,070 bp in total), suggesting that they were 

eo-transcribed with additional genes downstream and/or upstream. To examine this 

possibility, Northern blot analysis using probes complementary to atp6 and ljfcob 

which were located 1.1 kb and 2.4 kb downstream from rps7, respectively, were 

- 2 1 
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Fig .. 6A, B. Transcription analysis of the region containing rpsl 2 and rps7. A Gene organization of 
the hverwort rps! ~an~ rps7 genes. Each probes is shown by an asterisk under the gene organization. 
B Northern hybnd1za11on was performed by the probes specific to lane I, rps12; lane 2. rps7; lane 3. 
atp6; lane 4, lpcob genes. The size of each transcripts is indicated by a number given in k.ilobases 
(kb). 

carried out. Four bands of 7.0 kb, 3.0 kb, 2.2 kb and 1.8 kb were detected in the 

case of atp6 (Fig. 6B, lane 3), while no signal was observed in the case of ljfcob 

(Fig. 6B, lane 4). These results suggested that rps12, rps7 and atp6 but not ljiCOb 
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were transcribed in a single primary transcript of 7.0 kb and that the 3.0 kb transcript 

probably contained only rps7 and atp6 genes. It has not been clear whether this 

3.0kb RNA molecule was produced by processing of the 7.0 kb transcript or was 

transcribed from the region upstream of rps7 gene independently of rps/2. The 

rpsl2-rps7 region of liverwort mitochondria possibly function as a ribosomal protein 

gene operon like the str operon of E. coli. 

Transcription analysis of the twelve genes organized into a Large ribosomal protein 

gene cluster 
Next, expressions of the twelve genes forming the large ribosomal protein 

gene cluster (rpsl0-rpl2-rpsl9-rps3-rpll6-rpl5-rpsl4-rps8-rpl6-rpsl3-rpsll-rpsl) 

were analyzed. Using oligonucelotide probes complementary to each gene as shown 

in Fig. 7 A, Northern hybridizations were performed (Fig. 7B). In several cases, 

three bands of 3.5 kb, 3.0 kb and 1.8 kb were detected, but they were supposed to be 

resulted from cross-hybridizations with rRNAs as mentioned above. Four probes 

complementary to rp/2, rps/9, rps3 and rpl16, mainly hybridized a common 7.3 kb 

transcript (Fig. 7B, lanes 2 to 5), while one major band of about 9.6 kb was found 

when probed for rpsiO (Fig. 7B, lane 1). In contrast, no major signal was detected 

when hybridized with each probe specific for rpl5, rpsl4, rps8, rp/6, rps13, rpsll 

and rpsl (Fig. 7B, lanes 6 to 12). The distance between 3' end of rpsJO and 5' end 

of rpl5 is 7.2 kb, therefore it is likely that the 7.3 kb transcript initiates from the 

region between rpsiO and rp/2 and terminates between rpl16 and rpl5. These results 

suggest that only four genes, rpl2, rpsl9, rps3 and rpl16 are eo-transcribed and 

expressed as a single transcription unit similar to the S10 operon of E. coli. On the 

other hand, it is supposed that rpl5, rpsl4, rps8, rpl6, rps13, rpsll and rpsl are not 

transcribed or are transcribed at very low levels. When probed for lj!YUld7 located at 

1.3 kb upstream of rpsiO, the 9.6 kb transcript was also found, demonstrating that 

lj!YUld7 and rpslO were probably eo-transcribed (see also Chapter Ill). 
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Introduction 

Chapter 11 

Genes for NADH dehydrogenase subunits 

in liverwort mitochondrial genome 

NAOH dehydrogenase, which is also called as NAOH:ubiqumone 

oxidoreductase (EC 1.6.99.3), is the respiratory chain complex I. This is the largest 

complex of respiratory enzyme complexes in mitochondrial inner membrane and the 

first en.qmc in respiratory chain that accepts electrons from NAOH and transfers 

them to ubiquinone. It consists of approximately 30-40 subunits, and also contains 

one FMN (flavin mononucleotide) and iron-sulfur clusters as redox groups (Weiss et 

al., 1991; Walker, 1992). rn mammals, seven subunits of this enzyme arc encoded 

by mitochondrial gcnomes and synthesized in mitochondria. These mitochondrial 

genes for the subunits are identified and designated as NO 1-4, N04L, and NOS-6 

(Chomyn et al., 1985: Chomyn et al., 1986) (Table 1.). Podospora anserina 

mitochondrial genome also contains seven genes for subunits of the cn7yme complex, 

NO 1-4, N04L. NOS-6 (Cummings et al .. 1990). On the other hand. the mitochondrial 

genome of yeast has not been reported to have a gene for any subunit of NAOH 

dehydrogenase. It is assumed that genes for other subunits of this enzyme are 

nuclear-encoded and that their gene products are imported from cytoplasm into 

mitochondria. 

Nine kinds of genes for subunits of this enzyme, nadl (B land et al., 1986; 

Stern et al., 1986; Wahlcithner et al., 1990; Wissinger et al., 1991; Chapdclaine and 

Bonen, 1991 }, nad2 (Xue et al., 1990), nad3 (Gualberto et al., 1988; Rasmussen 

and Hanson, 1989; Schuster et al., 1990b; Suzuki et al., 1991 ; Kim et al., 1991 }, 

nad4 (Lamattina et al., 1989; Wintz et al., 1989; Lamattina and Grienenberger, 

199 1; Gass eL al., 1992: Geiss et al., 1994), nad4L (Brandt el al., 1992), nad5 

(Wissinger et al., 1988; Ecke et al., 1990; de Souza et al., 1991; Knoop et al., 1991; 

Park and Breitenbcrgcr, unpublished data in Genbank, accession no. M57478), nad6 
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(Haouazine et al., 1992: Nugent and Palmer, 1993), nad7 (Bonen et al .. 1994; Herz 

er al. 1994; G~Hber et al., 1994). nad9 (Kubo et al. , 1993; Lamattine et al., 1993; 

Grohmann er al .. 1994) have been identified so far on mitochondrial genomes from 

higher plants. 

Seven coding regions whose deduced amino acid sequences have significant 

similarities with those of subunits of human mitochondrial respiratory NADH 

dehydrogenase have been found in the chJoroplast genomes of Marchantia polynwrpha 

(Ohyama et al., 1986) and Nicotiana tabacum (Shinozaki et al., 1986) and named 

ndh genes (ndhl -4, ndh4L, and ndh5-6 in M. Polymorpha, or ndhA-ndhG in N. 

Tabacum, respectively). In addition, three gene, ndhlf, ndhl and ndhl (previously 

named ORF392. frxB and ORFI69 in liverwort chloroplast genome, respectively) 

have been identified on chloroplast genomes by comparing bovine nuclear-encoded 

subunits of this enzyme ( Dupui set al., 1991 ). 

Recently a complete nucleotide sequence of the mitochondrial genome from 

a liverwort, Marchantia polymorpha, and deduced its gene organiLation have been 

determined in this laboratory (Oda et al., 1992a; Oda et al .• 1992c). In this chapter, 

the author describe detailed characterization of the eight subunits of NADH 

dehydrogenase encoded by liverwort mitochondrial genes, nadl, nad2, nadJ, nad4, 

nad4L, nad5, nad6, and nad9 and also showed transcriptions of these genes. 

Table 1. Genes for ADH dehydrogenase complex 

Genes for subunits 

nadl nad2 nad3 nad4 nad4L nad5 nad6 nad7 nad8 nad9 

Mitochondria 

Uverwon + + + + + + + pseudo + 

Ang1osperms + + + + + + + + ? + 

Human + + + + + + + 

Yeast 

Podospora + + + + + + + 

Chloroplast 

LIVerwon + + + + + + + + + + 
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Materials and Methods 

Analysis of nucleotide and amino acid sequences 

Computer analysis of nucleotide and amino acid sequences was carried out 

as described in Chapter I. 

Isolation of mitochondria RNA from and Northern Hybridi::ation 

The liverwort mitochondrial RNA was isolated by the methods as described 

in Chapter I. For Northern hybridization, a 664 bp Bglll-Psti restriction fragment 

was isolated from a plasmid pLB 104 (Oda et al., 1992c) and Jabeled by [a32-P]dCTP 

(3,000 Ci/mmol, Amersham) using Random Primer DNA labeling kit (Boehringer 

Mannheim). The following oligonucleotides were also used as probes specific for 

each regions. 

nadl : 5'-GATCATAACGATATCGTGGAAATGCTGCGC-3' (Fig. 6A, 1) 

nad3 : 5'-CATTCGTAAGCTGACAATTTCTCTGGATAAGCC-3' (Fig. 6A, 2) 

nad4L: 5'-AATAGCGGATTCCGCAGCAGCCACCGTTAA-3' (Fig. 6A, 3) 

nad6 : 5'-TATGTTAGATAGGTTGCACTCAATTTCGTTGGTAAT-3' (Fig. 6A, 4) 

nad9 : 5'-ACCAAACATATCCCAAGTTTCTCGTTC-3' (Fig. 6A, 5) 

nad5 exonl : 5'-GCCCCAAGCAGCGTCAAAGAGTICCGAAAA-3' (Fig. 7A, 1) 

spacerbetween (: 5'-GAGGGGATGTGCGTTAAATAGACCTTCCGG-3' (Fig. 7A, 2) 

nad5 and nad4 : 5'-TCTGTTGACCCGGTGTG IITITGGCGAA TT -3' (Fig. 7 A, 3) 

nad4 intron : 5'-GGTTCCAATCTAACTAACCGCGGTCGGACC-3' (Fig. 7A, 4) 

nad4 exon2 : 5'-TAGGTGCCTCCACATGAGCTTCAGGTAACC-3' (Fig. 7A, 5) 

nad2 intron : 5'-GCCGGATCCGCCTGGATCACCTGGAATGAT-3' (Fig. 7A, 7) 

nad2 exon2 : 5'-CGGCCAGTGCTCCTAAGATCATAGAAGCAA-3' (Fig. 7A, 8) 

Results and Discussion 

Organization of nad genes in the Liverwort mitochondrial genome 

The coding regions for the nad genes of the liverwort mitochondrial genome 

were predicted by comparing them with amino acid sequences of known nad genes 

from other organisms, and their exon-intron junctions were assumed by the conserved 
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secondary structures of their introns. All of the liverwort nad genes, including 

pseudo-nad7, were located on the same DNA strand (Oda et al., 1992a). The 

liverwort nadl, nad3, nad4L, nad6 and nad9 genes are scattered throughout the 

genome while the liverwort nad5, nad4, and nad2 genes form a cluster (Oda et al., 

I992a; Nozato et al., 1993). In the case of the liverwort chloroplasts, ndh7 (previously 

assigned ORF392), ndhl, ndh8 (previously assigned frxB), ndh6, ndh4L, and ndh4 

form a cluster in the smal l single copy (SSC) region (Kohchi et al., 1988), and ndhJ, 

ndh9 (previously named as ORF169), and ndh/0 (previously assigned psbG) in the 

large single copy (LSC) region (Umesono et al., 1988). All but ndh2 are on the 

same strand of the chloroplast DNA. Therefore, the organization of the mitochondrial 

nad and the chloroplast ndh genes is not similar. This indicates the independent 

gene rearrangements in the individual organelle genomes during the evolution. 

Among the liverwort mitochondrial nad genes, nad5, nad4, and nad2, are 

tandemly clustered as in the following order; nad5 - 1334 bp spacer - nad4 - 27 bp 

spacer - nad2. This closely related gene arrangement suggests eo-transcriptional 

expression of them. On the other hand, these three genes of the angiosperms analyzed 

to date, are not found to be clustered. In contrast, it is reported that the nadl exon d 

and nad6 gene are closely linked and eo-transcribed in wheat mitochondria (Haouazine 

et al .. 1993). 

Characterization of the liverwort nad genes 

The liverwort nadl gene has no intron, though the nadl genes of wheat, 

Oenothera, and Petunia have four group Jl introns in their coding regions (Fig. I A 

and Table 2.). All of the introns in higher plant rzadl genes are inserted at identical 

sites (Fig. 2a). The mitochondrial genome of Podospora anserina has a gene equivalent 

to the nadl, i.e., NDl, which is also split by the four group I introns. These facts 

indicate the possibility that the ancestors of plant and fungi originally had group I 

introns in their rzad I genes. but the plant species have lost them all after the divergence 

of plants from fungi; the angiosperms then having acquired the group II introns 

since divergence from the bryophytes (Ohta et al., unpublished data). 
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The nad2 gene in the liverwort mitochondria is interrupted by 1.418 bp 

group II intron. It is also reported that the nad2 gene in Oenothera mitochondria 

have four group II introns (Binder et al., 1992) (Fig. I B and Table 2.). Especially. 

the liverwort nad2 mtron was inserted at the identical site to the Oenothera nad2 

intron c/d and showed sequence similarity with that. Livcrwort chloroplastndh2 is 

also spl it by a group 11 intron of 536 bp and specifies 501 amino acid rcsiducs 

(Ohyama et al., 1986). Though the amino acid sequence of liverwort muochondnal 

NAD2 shows significant similarity (32.9% amino acid identity) with Jiverwort 

chloroplast ndh2 gene product, the insertion site of the intron is not conserved, 

suggesting that the insertional event of introns into the chloroplast ndh2 and the 

mitochondrialnad2 would have occurred at least after divergence of a protot} pe of a 

gene for NADH dehydrogenase into chloroplastic and mitochondrial genes. 

The liverwon nadJ gene is interrupted by a 1.485 bp group 11 intron although 

thoc;e of Oenothera (Schuster et al., 1990), Petwua (Rasmussen and Hanson. 1989}, 

mai.~e (Gualberto et al., 1988), wheat (Gualberto et al., 1988: Gualberto et al., 

1989), and liverwort chloroplasts (Kohchi et al., 1988) do not have any introns (Fig. 

lC and Table 2.). 

Liverwon mitochondrial nad4 contains one group 11 intron of 899 bp. although 

nad4 genes of angiosperm mitochondria have up to three introns (Fig. 1 D and Table 

2.). The insertion sites of introns in nad4 genes from higher plant mitochondria arc 

conserved among them, but different from those of the liverwort. This suggests that 

the origin of introns in livcrwort mitochondrial nad4 genes would be different from 

those in higher plant mitochondrial genomes. Interestingly, the liverwort nad4 

intron has partly sequence similari ty with introns in the liverwon nad4L. rpl2 and 

psuedo-nad7. suggesting that these introns have been evolved from a common ancestor 

and that these introns have moved in the liverwort mitochondrial genome in the 

course of evolution (Ohta et al., unpublished data). 

The liverwort nad4L gene has two group 11 introns, I ,720 bp and 1,151 bp in 

size. On the other hand, no introns were found in nad4L genes of angiosperms 

mitochondria so far (Fig. 1 E and Table 2.). 
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Table 2. :-..umber-. of tnlrons 1n nad genes 

Gene~ for subuni1s 

nad/ nad2 nad3 nad4 nad4L nad5 nad6 rwd7 11ad8 nad9 

Mitochondria 

L1verwon 0 2 0 (2) 0 

Angiospenns 4 4 0 1-3 0 4 0 0 ? 0 

lluman 0 0 0 0 0 0 0 

Yeas1 

Podospora 4 0 4 0 

Chloroplasl 

L1verwon 0 0 0 0 0 0 0 0 

The mitochondrial nad5 gene of liverwort consist of two exons separated by 

a 672 bp group I intron. while those of higher plants have four introns, two cis-spliccd 

and two trans-spliced which arc inserted at almost identical sites among these plants 

(Fig. lF and Table 2.). Like the situation of the nadl gene, the insertion site of the 

Iivcrwort nadl intron wac; different from those of angiosperms. 

There is no intron in the nad6 and nad9 genes of the Iivcrwort mitochondria, 

nor are introns present in angiosperm mitochondria (Fig. I G and 1 H, respectively 

and Table 2.). 

Amino acid sequence comparison of NADH dehydrogenase suhunits encoded hy 

Liverwort mitochondrial DNA 

Amino acid sequences of the eight liverwort mitochondrial nad gene products 

were compared with their counterparts from higher plant mitochondria, Podospora 

mitochondria, human mitochondria, and liverwort chloroplast ndh gene products 

(Fig. 2) and amino acid homologies (%)between them are summarized in Table 3. 

The product of the liverwort nadl gene is of a polypeptide of 328 amino acid 

residues. An alignment of the deduced amino acid sequences of the NADH 

dehydrogenase subunit 1 genes from several organisms are given in Fig. 2a. Fulll 
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nucleotide sequences of the nadl genes are available from wheat. Oenothera . and 

Petunia. These mRNAs undergo tram·-splicing and RNA editing. Panial nucleotide 

sequences of the nad I gene have also been determined for tobacco (Bland et al., 

1986), maize (Bland et al., 1986), watermelon (Stern et al., 1986), and broad bean 

(Wahleithner et al .. 1990). The existence of sequences homologous to those of the 

nad/ genes have been found in the mitochondria of spinach (Stern and Palmcr 

1986), sunflower (Siculella and Palmer, 1988), several species of Brasszca (Makarof; 

and Palmer. 1987; Palmer and Herbon. 1988). sugarbeet (Brears and Lonsdalc. 

1988), and rice (Y amato et al .. 1992). The amino acid sequences of the mitochondrial 

nadl gene products are highly (>80%) conserved between a tiverwort and other 
plants. 

The subunit 2 of NADH dehydrogenase (NA02) from Iiverwort mitochondna 

which is encoded by the nad2 gene is a polypeptide of 489 amino acid rcsiducs. 

Thts protein shows significant levels of amino acid sequence identities wrth 

counterparts from the other organisms as shown in Fig. 2b and Table 3. Liverwort 

mitochondrial NAD2 is 142-amino actds longer than that of the human mitochondrial 

ND2 of 347 amino acids. This difference in length is mamly due to an additional 

stretch of amino-terminal amino acid sequences in the Iiverwort mitochondrial NAD2 

(Fig. 2b). However, this amino-terminal region missing in human ND2 product has 

signi ficant sequence similarity with its counterpan of the Iiverwort chloroplast NDH2. 

The number of amino acid residues in the putative product of the Iiverwort 

mitochondrial nad3 gene is 118, as same as those of wheat, Oenothera and Petunia 

mitochondria. The alignments of the amino acid sequences of the nad3 homologues 

are shown in Fig. 2c. The relatively low homology between Iiverwort and Petuma 

mitochondria is probably due to the amino acid sequence being deduced from the 

DNA sequence of Petunia whereas that derived from the edited RNA sequence is 

given for wheat and Oenothera. This indicates the possible RNA editing in the 

Petunia mitochondrial transcripts. 

The subunit 4 of NADH dehydrogenase (NA04) from Iiverwort mitochondria 

which is encoded by the nad4 gene is a polypeptide of 495 amino acid residues. 



This protein shows a high level of amino acid sequence identity with the counterparts 

from wheat. Brassica and lettuce mitochondria. and also significant levels of sequence 

similarity wi th those from another organisms as shown in Fig. 2d and Table 3. 

The liverwort nad4L gene putative product is a polypeptide of I 00 amino 

acid residues. The liverwort nad4L gene product has a 36.7% homology with the 

corresponding product of the liverwort chloroplasts (Fig. 2e). and is a 52.8% homology 

to that of the ND4L gene of P. anserina mitochondria. The nucleotide sequence of 

the nad4L gene from Arabidopsis is only available as higher plants, and its gene 

product shows 85.0% similarity to that of the liverwort. 

The subunit 5 of NADH dehydrogenase (NAD5) from liverwort mitochondria 

which is encoded by the nad5 gene is a polypeptide of 669 amino acid residues. 

This subunit shows a high level of sequence tdentity with the counterparts from the 

other plant species. Oenothera, wheat, Arabidopsis, and also significant levels of 

sequence similarity with counterparts from Podospora mitochondria, human 

mitochondria, and wtth liverwort chloroplast ndh5 gene product as shown in Fig. 2f 

and Table 3. 
The liverwort nad6 gene product would be a polypeptide of 199 amino acid 

residues. The deduced amino acid sequences of the nad6 genes from several organisms 

are aligned as shown in Fig. lg. The liverwort nad6 gene product shares a homology 

of 15.2% with the human ND6, a value is much lower than those of the other nad 

genes. Recently, wheat and Brass1ca mitochondrial nad6 genes have been isolated 

and sequenced (Haouazine et al., 1992; Nugent and Palmer, 1993). As compared 

the ami no acid sequences of the liverwort nad6 gene with those of them, high 

sequence similarities (75.3% in both cases) were found. 

It was recently reported that wheat, sugarbeet, and potato mitochondria encode 

homologues of the nuclear-encoded 30 kDa subunit of bovine mitochondrial complex 

I (Lamattina et al .. 1993; Kubo et al., 1993; Grohman et al., 1994, respectively). 

These genes also showed similarities with the liverwort chloroplast gene ndh9 (Ohyama 

et al., 1986) and were named as nad9. The liverwort mitochondrial genome contains 

an ORF ( orf212) sharing sequence homology with these nad9 genes, so this ORF 
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T: :P: ::EYVNNIY:L-IILLG:IT:I:: :::::LG:S::KIOSROVITMTRPNYSSTIEYLGKI 
:L:LPWA:OTTN:PLMVM:SLLLII: :ALSLA:: :LOKG:: :TB 
:Y:: :M:FYNF: ISS :-IEALI: IL:: I:: L: :A: R::: :E:S 

87 .2%(102/117) 
8 4. 6%(99/117) 
76.1%(89/117) 
33. 9%(38/112) 
37. 2%(42/113) 
35.9%(4 2/117) 
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118 
118 
118 
118 
137 
115 
120 

(d) nad4 

Liverwort mt 
Wheat mt 
Brasslca mt 
Lettuce mt 
Podospora mt 
Human mt 
Liverwort cp 

(e) nad4L 

Liverwort mt 
Arabldopsj s mt 
Podospora mt 
Human mt 
Liverwort cp 

Fig. 2. (Cont.) 

MLQVLAPPYSNLSGLILLPLLCSLIILVIPNSRVRLIRGITIWTSLITFLYSLP 
: :EHPCEC:FO:: :_;_::C:V: ::I:L:P: :::SI:.;.::: :GLCV: ::::::_;__;_V 
: :EKFCEC:.f:::::: :C:V:: :Ia:F::::: I:_:: :L:GLCA::::::: : ;.V 
: : EHPCEC: .fO: : : : : : C: V: : : I_;_L: P: : : : : I:;..: : L: GLCA: : : : : : : :_;_V 

MSCLLYALLIIPMICIPPILSFDSYNFNITSNNSNSG:PSEAGAGKNSC:E:LKVLVI:NBLNFYKK:AFI:TIMNLIV::I 
MLK:IVPTIKLLP-LTWLSKKHMIW:NTT:HSLIISIIPL 

MNEFPW:TIIV:F:ISAC:V:PPL:STCNKI: :WY:LGVC:LE: :LITY 

FW-IRFENDTAKFOFVBTIRWLPYSNINFYIGIDGISLFPVILTTFLTPICILVGFYSVKSYKKEYMIAFPICBSPLIAVPC 
L.;.- :0: OPS:: :;..: ::: SL:::: :B: :HL:M:::: L::::::::::: I::: :.o.: :WSGMR: PG::: I;.:: L:.;.: FLM:: :.;.: 
L.;.-: 0: OSS: : : .i.: : : : SL: : : : : E: : : : : L: : : : : : : : : : : : : : : :I: : : : _;_: : WSGMR: : G: : : I.;.: : L:.;.: FLM: : : : _;_ 
L.;.- : 0: OPS : : : _;_: : : : SL : : : : : E: : H: : L: : : : : : : : : : : : : : : : I : : : : : : : WSGMR: : G: : : I~: : L: : : PLM: : : : ~ 
IY-:L:DFS:NO: :::ODA--:EL:VY:I:L:V::L:IY::L:: :IIM::ALISNWN:ITHNI:A:L:IILLL:TL:L:::L 
LP-FN-OINNNL:SCSP:PSSO:LTT-PL-LMLTTWL:PLT:MAS-ORHLSSE--PL:R:---:L:LSKLISLOIS: :MT:T 
IFCYHYOFNDHLI:LK:OYN:ISFI:FHWRL::: :F:IGLIL::C:I:TLAT:AAWPVTRNPRLF:PLMLAMYSG-O:GL:A 

• SLDLLIFYVFFESVLIPKtiiiCVWGSRORKIKAAYOPFLYTLMGSLFMLLAILPI-PPOTGT-T-DLOILLTTEFSERR-0 
M: : .i. : L: : : ;..;. : : : .;. : : : t: : : : : : : : : : : : : : : : : : : :I: : : L: :V: : : : : : : L:-LL: : : :-: - : : : : : : : : : : : : : :-: 
M:: : : L: : : :_;_: : : ;..: : : t: :: : :: : : : : : : : :: : :: L: : :: : L: :V: : : : : : : L: -L: : : : :-:-: : : :;.. : : : : : : : : :-: 
M: :_;_: L: : :;..;.: : : :: : : : : :: : :: : : : : : : : :: : :: L: : : : iL: :V: : : : : :: L: -L: : : : :-:-:: : : : : : : :: : :: :-: 
V::V:L: :I::: :I:P:L: :L: :LF: :SN-:VR:SPYI: ::: :L: :: :L: :S: :TM-SSLI: :-:-Y:DV:SKSN:EYTT-: 
ATE:IM: :l:::TT:::TLA::TR: :NOPERLN:GTY:LF: ::V: ::PL:I:-:IYTHNTL:SLNIL:LT:TAO:L:NSWAN 
:Q:I:L:FFMW:LE:L:VYLLLAN: :GK-:RLY::TK:I: ::AA::: :I:ICC:IMA:YNSNEP:F:F:F:INKKYPLEL-B 

ILLWIAFFASFSVKVPMVPVl!IWLPE.AJl'VEAPTACSVILAGILLKLGTYGPLRFSIPMPPEATLYFTPPIYTLSVIAIIYTS 
:::::::::::A::::::::::::::::::::::::::::::::::::::::::::::::::: :C:::::::: :A::::::: 

: F::: :1.::: :A::::::::::::::::::::::::::::::::: P: :_;__:::::::::::::::C..;_::::::: :A::::::: 

:P:::::::: :A::::::::::::::::::::::::::::::::::::::::::::::::::: :C:::::::: :A::::::: 

:F:FLGV:IA:A: :T:T:FLNS::LK::: :S:LG: :IV: :::V:: :SL::IF:LIL:LL:KIS:NY:Sl:PSIGI:T:::A: 
N:M:L:YTMA:M: :M:LYGL:L: ::K::: :::1:: :MV: :AV::: ::G::MM:LTLILN:LTKHMAY: :LVL-:LWGM:M:: 
:IIYLS:LIAYA: :L:II:P:T:::DT:G: :HYSTCML: ::::::M:A::LI:INMELL:H:HSF:A:WLVIVGA:Q:V:AA 

LTTIRQIDLKKIIAYSSVAHMNFVTIGMPSLNIOCIECSILLMLSHGLVSSALPLCVGA-LYDRHKTRIVKYYGGLVSTMP-
• ::: L:::::::::::::::::: L:::::: :;..: ::: :C:::::::::::::::::::: :V-:::::::: L: R::::::::::-

:: :1<:::: : :::::::::::: :L:::::: :I:::: :G::: : _;_:::::: :.;.: :::::::V-::::::: :L:R:_;_::::::: :­
::: L::::::::::::::: ::: L:::::::::::: :C::::::::::::: ::::::::V-: :V::::: L:R::::::::::­
PS: L: T: :I: BL: : :: : : S: AAVYL: :V: :NI:: : : : :G: : :G: G: : P: : :G: :I: A :CV: : : : SC: : :IS: : R :TAQV: :­
SICL::T:::SL:: :::IS::AL:VTAILIOTPWSFT:AVI: :lA:: :T: :L::CLANS-N:B:THS: :MILSO::OTLL:L 
: :SLS:RN: :RR::::: :S: :G: :L:: IG: ITNL: LN:A: :0: I:::: ICAS: :PLA: I-S:: :TR:LVLOQM:: IGNS: :K 

1-PSTIPLFPTLANMSLPCTSSFIGEPLILVGAFOR-N-S-L--VATL--AAL-GMILCAAYSLWLYNRVVFG-N--PKPNP 
N-: : : : : F: : :: : : :: : : : ::: : :: : : P: : : : :: : :-:-:-: --: : : : --: : :-: : : :: : : : : : : :: : : : : S:-:- -L:: D: 

N-.;.: : : : F _;_: : : : : : :_;_: : :: : : :: : :_;_: : : ::: : :-:-:-:--: : : :--: : :-: : : : :: : : : : : :: : : : : S:-: --L:: 0: 
N-: : : : : F: : : : : : : : : : : ::: : :: : : : : : : ::: : :-:-:-: --: : : :--: : :-:: : :: : : : : : : : : : : : : S:-:- -L:: 0: 

L-::IL:PILC:C:CGA:L:LN:V:: :MS:Y:T:E:-L-P-:--LGLP--SSS-S::PS: ::TIYM:: :IA: :GS--:SKF: 
MA: -WWL :A-S::: LA:: P: INLL:: LSV: :TT: SWS: ITL: LTGLNMLVT:: YSLYMFTTTQWGSLTHHINNMKPS :TREN 

:-:-:L:TSCSM: SLA:: :M:G::A:LM:PL:VIDNP:Y:S:PKIIIIIIQGI-:I: :TPI:L:SMLROMFY:YK--:SNTL 

ILKPSOLNRREVLIFLPPIVGVIWMGVYPEVPLECMBTSVSNLVOHGKPD • LY:: ::: :C:: :f:::: :L: :iV.;.:: :_;_:!\: :.;.0::::::::: ::::::: 
LH: : : :;.. : G: : : .f: :I : : L: : ;_V;.: : : _;_: 1\: : .;.0: : : : : : : : : : : : : : :8 
LH: : : : : :CT: : F: :I:: L: ::V:: : : : : K: :.;.0: : : : : : : : : :: : : : : H 
EENIG:VTK::PFLLFTL:IPT:MF:I: :SFI:DCL:YN:TS:LPCV 
T: M:KH:SPILL:SLN:D:ITGPSS 
EPY:M:AGP::IF:LICLFPPI:SI:I: :NPV:SIWNSK:NP:LSNNP: 

HS 
495 
HS 
HS 
519 
459 
H9 

84.6%(419/495) 
85.3,.(422/495) 
84. 6%(419/495) 
U.l%(202/492) 
30. 6%( 135/U 1) 
33. 3%(162/486) 

• MDLVKYLTPSMILFLLCIWGIFLNRKNILIMLMSIBLXLLAVNLNFLVFS--VYLDOMMGQLFALFVLTVAAAESAICLA 
: : :I: : F: : : : : 1.;.1: : :.,L.: : L: : : R: !..i..: :;..: ..i..! :..i..: : : : :: S: : : :: : ... -: S.a..: : : : ::V:: ;..L:..a.: :: : :: : : : :: : 

HNITL:::: I:: L: PV: ::::: IL:: I::: I:::: ITFLI:: S: --LNM:: II: :TY: lYIIV: :G:::::: :G 
MPLI:HNI-:LA:TISLL:KLVY:SHLMSS:LCL:G:M:SLFIMATLMT--LNTHSLLANIVPIAN:VF::C:A:V::: 
M:EHI : :L:AF::CI:VF:LITS:-:MVRA::CL: :IPN:::I:LVA: :NPLDSSOIK:EI:SI:IIAI::::AT:: :: 
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(f) nadS 

LiventOrt at 
Wheat at 
Oanotbera at 
ArAb1dopah at 
Sugarbeet at 
Podoapora at 
Bwaan at 
LiventOrt cp 

Fig. 2. (Cont ) 

• 
ILVITPRIRCTIAVBPI~C 

; p;;;; :y:;;;;;;;; :SIO: 
:: :APY:L: :S:SI:~ 
L: :SISNTY:LDY:HNL:LLOC 
:VLAIY:N:~TRIDOP:LL:W 

100 
100 

89 
98 

100 

85.0,(85/100) 
52.8,(47/89) 
22. 4'122/98) 
36.7,(36/98) 

MYLLIVILPLI-CSFAACPPCRPLCSR-CVAVVTTTCVSLSSIPSCIAPYEVALCASACYI~IAPW 

:::::: P::: L-: :SV::::::::: :8- :T: I H:::::: P::: L: L::::::: :0:::: :LR:::: 
:::::: P::: L-: :CV::::::::: :B- :S: I H:::::: P::: L: L:::::: :;..0::::: L:: :0: 
:::::: P::: L-: :SV::::::::: :8- :S: I H:::::: P::: L: L:::::: :PC:::: :LR: :0: 
: : : : : : P: : : L- : : SV: : : : : : : : : : 8- : T: : : : : : : : : P : : : L: L: : : : : : : PC : : : : : : R: : : : 
:::S:I::: :L-:CIVS: :L::~:~-:AOLI:CSN:VITT:L:IL: :I::CPNNIPVT:NLPR: 

HTKHTTMTTLT:TSL:P:ILTTLVNP~KNSY--P~I:AS:PI-1: -L:-PTTHP-HC:DOBVIISN-WH: 

KBLIPONVWPVPLPPP:ASIL:CIC-LP:FPNSI~:--R:-LSSPISIHPLNIAKLL-SPH: PWQOITC:PIHRYLWS: 

IFSBLPDAAWOP~PDSLTVILLLVVTIVSS-LVHIYSISYHSBDPRSPRPPCYL81PTPPHLKLVTCDNPI0LPLCWBGV 

:8: : H::: 8::::::::: :VH: I::: PI::-::: L:::: :~::::: :RP:H::::::::::::::::::: L::::::::: • 
~:; ~: ~ ~ ~: ~ ; ~.t ~ ~ ~;; ~: ~ ~ ~ ~ ~ ;~ ~ : = ~ : ; ~; ; ; ; ; ; ; ~ ; ; ~ ~ ~ ; ~ : ~ ~ : ; ~ ~: ~ ~ ; :; ~ ; ; ; ; ~ ~~: ; ; : ; ; : ; ; 
: S: : M::: 8::: V::: P: : VH : I::: PI::-::: L:::::::::::::: :H::::: L:::: P: 8::::: 8L::::::::: • • : D: :W:NII:: :0::::: :8M: IP: L: I::-::::::: ::: :S:: :NO::: S::: L::: M: II:: :AN: YLLH:V::::: 
ATTOTTOLSLS : ~:YP-SXMPIP:ALFVTW8IHEP:LW::NS::NINO::~::L::LIT::I:::AN:LP:::I::::: 

VLYKN:VLBI:Y:L:P::S:M:VL::T:AV-M:H :::D:::PY:8CYI~:: ::: :L::AS::G: :LSP:L::VYIP::L: 

CLASYLLINPWPTRIO~I~INRVCDPCLALCIHCCPTIFO--TVDPSTIPACASAPS8PHHYPLPCNMCPHAI 

:::::::: H::::: L:: 0:::::::: V:::::::::::: P::: :L:: --:::::::::::: :PRN---8WI::: :RLN:: 
:::::::: H::::: L: :0:: :;..: : :1_V:::::::: :.;.: :J.:.i.:: L:: --:::::::: :;.: :: PRN::: 8WIS:: :RLN:: 

: : : : : :: : H:: : : : L: : D:: : T: : : PV: : :: : : : : : :: : S: R: : L: :--: : : :: :: : : R: : : PRN: : :SW IS:: : RLN:: 
::::::: :H:::: :L: :0::::::: :V::::::::::: :S::: :L: :.--:::::::::::: :PRN:: :SWI::: :RLN:: 
:VC::::VS::::::A::OSS:S:P: A:::::CP:TI:HPAILW8LC--NL:Y: :V:SL:PYIN8----------~: 
:IH:P:::SW:YA:AD::T: ::O:l:Y::I::I:PI:A-LAW:-:LRSNSN:POOH--------ALLNANP--SLT--P­
: HC:::::C:: :::P8:AN:CO: :PVT::I:: :::L:: :L:PYW:TC--SP::OOL-S-~-:P:LLS:NOI-:LV:-:-

• 
TVICIL-VPICAVC~AOICLHTWLPDAKBCPTPVSALIHAATKVTACVPHIARCSPLP8Y8PNALIVITPVCAHTSPPA 

: L:::: -L::::::::::::::::::::::: :::::::::::::::: :C::::::::::::: :T:::::: :A:::::: L: 
: L: : : : - LL: : : : : : : : : : : .i: : :;. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : .i. : T: : : : : :.;.A: :;. : : : L: 
8L: : : : - LL: : : : : : : : : : : S: : : : S: : : : : : : : : : : S : : : : : : : : : : : : : : : : : : : : : : : P: T: : : : : : SA : : T: : : L: 
:LP:::-::::::::::::: S:: :8:::::::::::::::::::::::::::::::::::: P:T:::::: :A:::::: L: 
IC: : L: ---: : :HA: :•s: V: ::V: :: H: : :: : ::: : : : :: : :: : :::: : YLLH: S:: :I: : NSTV: LLCLWL:: I :TV: S 
LL--0:-L-LA:A:::: :L:: :P:: :S:::::::::: :L:SS:: :V:: I:LLI: PH: :A:N: :LIOTLTLCL:: I :TL:: 
:L- :A:PL: L: P:A::: :PP:: I::::::::::: I::::::::: :A:: I :LV:: HP:: :OHL: PVMSI: SWT:: I :ALLC 

ATTCILOND~VIAYSTCSOLCYMIPACCISNY8VSVFHLMNHACP~LLPLSACSVIHAH-S--D-E----OD~ 

::::::::::::::::::::::::::::::::::::::::::::: F::::::::::::::::-: --:-:----:::: ::: 
:::::::::::::::::::::::::::::::::::::::::::::1'::::::::::::::::-:--:-:----::::::: 
:::::::::::::::::::::::::::::::::::::::::::::P::::::::::::::::-:--:-:----::::::: 
:::::::::::::::::::::::::::::::::::::::::::::1'::::::::::::::::-:--:-:----::::::: 
8LI:LP:O:I:~::::: :H::: : H: VI:I:L:8: N:AL:: :I:: :PY::::: :0:::::: :V-A--:-N----: :P: :Y: 
:VCALT:: :IIIIV:P: :S:: ::L:HVTI: :NOPHLAPL:ICT::P:: : H: :HCS::I::NLNN--B-0-D-IRK:---: 
::IALA:~: ::~OL::: :H:: ::::KL:L: :GS:~GL:::IT::Y8:: :: ::GS:::::S:EPIVGYHPNKS:N:IP:: 

CLASLLPPTYAXKLIGSLSLIGPPPLTCPYS~VILBLAYT~YT-ISG-NFAPWLCSVSVPPTSYYSPRLLPLT-PLAPT 

: : : :SF: L: : : : : : H: : : : : : : : : : : : : : : : : : : : : : : : : : : : :-: : :-: : : : : : : : : : : L: : : : : : : : : : : : :-: :V: : 
::::SF::::::: : M:::::::::::::::::::::::::::::-:::-:::::::::: :L:::::::::::::-: :V:: 

: : : :SF: L: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :-: : :-: : : : : : : : : : : L: : : : : : : : : : : : :-: :V: : 
::::SF::::::: : H:::::::::::::::::::::::::::::-:::-:::::::::: :L:::::::::::::-: :V:: 
:: INF: :L: :SV:: :A::: :VA:: : H:::::: :P:: :8: :COP8-P: :-VAVYIIATICAI: :TL: :~V:Y: :-::SNP 
::LKTH:L:8T8LT::: :A:A: M::: :::::::B:I:T:NMS::NAWALSITLIAT:LTSAYS-TRMIL:TLTCOPRP:: 
::ROYM:l:AITP:P:T:::C:I:PPAC:W:: :8: :VNSNLKPP-:L:-SI::PTAGLTA:YM-PRIYP:T:EGD:RGKP 
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(g) nad6 

Livervort at 
Wheat mt 
Braaa1ca mt 
Podoapora mt 
BUlDiln mt 
Livervort cp 

Fig. 2. (Cont.) 

NSP~--DLSRCKD-API-LHAIP-LI-LLAPCSIPVG~ICLCTNPWA-N~LPILP~l~S8PATPTii~ 

::~~:~~~~~~~:~~~~=!::::=~:=:::~:~~~~~:::ii.ii:illil::~~:ili:iijilji~il 
:GTRA~ALB-GDL-PLTL:-::-I::IP:::P:PIT::IF::::S: :POD:: :::H:TH:: MIDT:: :V:VLP:: 
LTNINE--NNPTLLNPI~G:A:CSLPAGP:ITNN:SPASPPOTTI-P:-Y-LKL-TA:AVTPLGLL-TA--LDLNYL~ 
PDD~--::SISIWGSLBP~O-P~-:D~STLYP~l:LPP:-IILTI-PTV::GPIGILPD:~SLSYW 

IPILFSTLG-SFVAYSVNPVVNPLIPAL~TSTPGNRL---YCP~W-PPD~~YNDPLARSP~CYEVSP~D-~-G 
:; ; ; ; : :;..:-A.;.L: :N: :L:ADQPOR:PO:;; :C:: :---:8:;;;; :-:; :O:L: I : :V:;;:::: :S:; :I!:::-:-: 
:: :.;.: : :.;.:-A.;.L: :N: :L:ADOPOR:PO::: :C:: :---:8::::::-:: :O:L::: :V::::::::::: :B:: :-:-: 
:::::::.;_:-A:: : :N: :P:ADOPQR:PO::: :C::: ---:8::::::-:: :0: L::: :V::: :::::::: :E:::-:-: 
GHYNYPRRH-:~RBT:PPGRLPS~YDTGA:PS~---~PR8 

L:PI:TISP-:II:LTISEFLSB:VIYP:L:RL:YNI---PC:::O:P-LlBLPY:~YlTNLI:OL:GOMT-:I::-:-: 
~PLCTFY:SNM-LC:-YPSIT-HRTIPYL:LLTSONLPLLLLDLTWLB:LLP~TISOHOISTSIIT:TO~GMI:-L 
LTLSIN8PNY:N8B~FLE:LF:AIP-SV81AF::ILIA--PYLYCPNFS:L~:B~L0L~:EIDI VL~::SNFIYNWS 

. . 
AI-BILGPYGI8YTIRKHAOOIS~IOSCP~AP-VMLLGLTIPISVICL-W-DPI-SPWVDNRLYFIYIVSPLPINI 

; ; : ~ ~ ~ ~ ~ : ~ ~ ~ ; ~: ~ =~~==~ ~ ~t ~ ~~~:~ ~ ~ ~ ~ :z:: ~ ~~I~:~::::~=~::::~:::~:: : ~: ~: ::~ 
8:-:LP::F:LE~GLVNPS~::SLSTSB:TT::L-YI:VAPILYLLYNY:SP-N:L-P:LIAGLTILTT: 
YPL8PPP:LILTLLLITV-NPNK:NSY-PH:~SIVASTPIISL:PTTMPMCL:OE 

YYRAYIDOPYS:PP:~GL-RPLI::V:-:IDRWIIDCIIN:IG::SPPG:88~Y:EOGRI(SSY:P::IPCH :: :PLYS 

669 
SOB 670 83.6%(557/666) 
soo 673 83.9,(561/669) 
SOE 673 81.8%(547/669) 

562 76.0%(427/562) 
652 4 7.1%(305/648 ) 
6(0 29.0%(176/606) 

YII 692 34.7%(227/654) 

MILPYVYVVLALVSGAH-VIRAXNPVBSVLPLILVPCNTSGLLVLLCLDPPAMIPLVVYVG 
KRLLA.PAFUKP~OGRRT:: :S-:LSS~:::: :L:-:V:::::::::: :f':::: :0::::: I::::::::::::: :.;_1: 

: : : S- : LSSP: : : : : L: - :A: : : : : : : : : : : P: P: : RD: : : : : L: : : : : : : : : : : p: : B I : 
MNNNYPLPWINBILTNGPVBYILDI:SIX:PLT:IY-::LT:::IV:: ::: ::L:OGI:SY:NII::N:IGLSYII::I: 

:HYALPLLSVC::M:PVCPSS~S:IYOG:V: :VSGVVGCVIILNP:OGYMGLMVPLI:L: 
~LPBSPYETIFL:LBSC:IL:SLC::LLT:I:Y:A:::OP: :VCI:L:YL::NA::V:AAOILI::: 

AIAVLFLP-VVMMLBIRIBEIBENVLRYLPVGCIIGLIPLLEIPLXVDNDYIPILPT~LSATYLTYTVYAC~IBSWTNLB 
::: :.:.: ::-:::: PN:O:A:::: E:::::: :S:::::: :WW:H: PIL: :ET:: L::: HRNT:S: R:::::: :VR:::::: 

:::: S:::-:::: F: :O:A:::: E:::::: :S:::::: :WW: M:PIL: :88:: L:: :ORNT: S :R:::::: :VR:::::: 
:VSI: :::-IL:LIN::TS:LQS:TSN8I:LTIP::I: :SNPL:P:LPY:I--VXLSNPYNN:PSEDP:T--:DVNI:DN 
OMM:V:GYTTA:AIEEYP:---AWGSCVEVLVSVLVGLAHEVO:VL~:DGVVVVVNFNSVOSWHI:E:EGSGPIRBD 
:VN: :II:-A: :LI~OY---8:PPV:WTI:DG:T:TLCTS:: :LLN:PISNTSWS:IPLHT~NL:~I:LIN:VRB 

TLGNLLYTTY-PPL--PLV88LILLVALIGAIVLTXHX~~ODVPIONAIDPONTI~KVR 
: : : :: : : : Y:-: VW--: : :: : :: ::: : M: :: : :: : :: R::: : :: :: : : RR: : L: •RSB: MNRTISPPCBSBRRSPSSGAG 
:::::::: Y: -SVW--:: :P:::::: :H:::::::: :R:::::::::: RR:::: :RR: :IIRRTTDPLTIY 
N:N::YNNVL-Y: MTSVIWDCSVIDPNB:T::GNI:YTIYNIWLIIASPILLLAMVGS:VITI~ORKI 
PI:ACALYD:ORW:--VV:TOWP:P:GVYIV:BIARGN 
l-:S8:L:8P-LLP--:ELH:I:::::: ::::T:A-~:IBLBKNDPP:F 

OPP~TPitXWI 

199 
247 
205 
221 
174 
191 

75. 3%( 149/198) 
75.3%(145/198) 
28.2%(55/195) 
15.2%(26/171) 
32.8%(60/183) 
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(h) JUSd9 

Livarwort at 
Wbaat at 
Sugarbaat at 

Potato lilt 
Bovine DC 

Neurospora DC 

Livarwort cp 
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212 
287 72.3%(149/206) 
192 77.0%(1'7/191) 
190 77.2%(1H/189) 
228 4 9.8%(105/211) 

283 '3.9%(93/212) 
169 22.8%(36/158) 

Fig. 2. Ammo acid c;equence comparison of liverwort mitochondrial nad gene products with their 
counterparts from other orgamsms. ldenucal amino acid residues with liverwort mitochondrial nad 
gene products are marked with colons. Bars indicate artificial shifting to maximized homology and 
absence of corresponding ammo acid residues. Solid arrow heads show positions of insertion sites of 
mtrons in the1r genes. The results of RNA editing were introduced into the sequences and the edited 
sites reported in higher plant mitochondria to date are underlined. Length of gene products and 
amino ac1d identity with its corresponding liverwon mitochondrial nad gene products are also shown 
at ends of sequences 

was also named as nad9. The predicted amino acid sequences of the liverwort nad9 

gene have relatively high levels of similarities to those of higher plants (Fig. 2h and 

Table 3.). The putative liverwort protein displays significant similarity with the 30 

kDa subunit of complex I from bovine mitochondria (49.8% homology, Pilkington 

et al., 1991) and the corresponding 31 kDa protein from Neurospora crassa (43.9%, 

Videira et al., 1990), both of which are encoded by the nuclear genome. 
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Table3. Ami~o ac1d sequence homology(%) of hverwon muochondnal t\AD II dehydrogenase 
su.b uOJt pr?te1ns ~o those of angiosperm mitochondria, Podospora mitochondria. human 
muochondna, and hverwon chloroplast. 

Protein Angiospenn mt Podospora mt Human mt Llverwort cp 

NOI 82.7-84.6 47.5 46.4 39.4 
2 32.1-83.2 23.0 23.5 34.0 
3 76.1-87.2 33.9 37.2 35.9 
4 84.6-85.3 41.1 30.6 33.3 
4L 85.0 52.8 22.4 36.7 
5 76.0-83.9 47.1 29.0 34.7 
6 75.3 28.2 15.2 12.8 
(7) (88.2) (42.8) 
9 72.3-77.2 22.8 

In addition, products of the three nad genes, nad2, nad4, and nad5 genes, 

showed significant amino acid sequence similarities each other as shown in Fig. 3. 

Especially in the middle of the proteins (Phe 227 to Lys-400 in NAD2. Phe-224 to 

Phe-397 in NAD4. and Lys-236 to Lys-404 in NAD 5). 19 ammo acid residues were 

conserved in these three proteins. Functional significance of these conserved amino 

acid residucs is not known. Taking together wi th the fact that these three nad genes 

are tandemly clustered. this finding suggests that these three genes may have evolved 

from a common ancestor in the course of the evolution through gene rearrangement 

in mitochondrial genome. 

Repetitive sequences of nad genes in the liverwort mitochondrial genome 

The repeated sequences of higher plant mitochondrial genome play a role in 

the recombination of mitochondrial DNA (reviewed in Lonsdale. 1989). Some of 

the liverwort repeated sequences contain parts of the nad genes (Nozato et al., 

1993). The 5'- hal f portion of the nad6 gene is duplicated on the opposite strand 

(from position 153,438 to 153, I 09, Oda et al., 1992c) and the length of the duplicated 
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Fig. 3. Am1no acid sequence companson of parts of 2. ~· and 5 su~units of ~ADH dehydrogenase 
(NAD2, NAD4. and NAD5, respectively) deduced from hvcrwort muochondnal ~NA. Blac.k boxes. 
mdicate identical amino acid residucs. Amino acids common to all the three protems are depleted by 

asterisks. Res1dual numbers are shown both sides of the sequences. 

sequence is 330 bp, 299 bp of which is identical (89.0 % identity) to the original 

copy of the nad6 gene. The alignment of these two sequences is shown in Fig. 4A. 

Curiously, in spite of several deletions and substitutions in the nucleotide sequence, 

a reading frame can be deduced in the sequence of the duplicated nad6 fragment. 

This ORF starts at the same initiation codon and extends to the boundary of the: 

duplicated region, resulting in the formation of orf/00 with some alterations relative: 

to the original copy. Incidentally, this orflOO is located between a 18S ribosoma
1
1 

RNA gene (rrn/8) and an initiator tRNA gene (trnfM-CAU), and these three genes 

are on the same DNA strand, although the possibil ity of its expression and its 

function are unknown (Fig. 48). 
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ATATATTTTTTGTTCACAGCTAATAAAATTAAAAGGGAAAATTTCACCATGATACTTTTTTATGTTTTTGTGGTC 
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orf 100 TGACACAGCTAAAAAAAAA.ATAATAAAAT- -AAATTGAAAATTTCATCATGATAC'M"M"M'ATGTTTTTATTATT 

M I L F Y V F I I 

L A L V S G A M V I R A ~ N P V H S V L P L I L V 
nado CTCGCTTTAGTGTCAGGCGCTATGGTGATACGTGCCAAAAATCCAGTTCATTCTGTTTTATTTTTAATCCTAGTT 
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orflOO CTCGCTTTAGTTTCGGGTGCTCTCGGTATACGTGCCMAAATCCCGTTCATTCTGTTGTCTTTTTCATCCTAGTT 
L A L V S G A L G I R A ~ N P V H S V V P P I L V 

P C N T S G L L V L L G L 0 P P A M I P L V V Y V 
nado TTTTGCAATACTTCCGGGTTACTTGTTTTGTTAGGTCTTGACTTCTTTGCTATGATTTTTTTAGTGGTTTATGTA 

0 •• 0 0 ••••• 0 ............ 0 ••• 0 0 .................................................. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 
orflOO TTTTTCAATACTTTCGGTTTACTTGTTTTGTTAGGTCTTGACTTCTTTGCTATGTTTTTTTTAGTTGTTTATGTA 

P P N T P G L L V L L G L 0 P P A M P P L V V Y V 

G A I A V L P L P V V M M L H I R I E E I H E N V 
nad6 GGAGCTATTGCCGTTTTATTTTTGTTTGTCGTTATGATGTTACATATAAGGATAGAAGAAATTCACGAGAATGTA . .. . . .. . .. .. .. ......................................................... . . . . . . .. . .. . ............................................................ . 
orflOO GGA- -----GCCGTTTTCATTTTGTTTGTCGTTATGATGTTACATATAAGGATAGAAGAAATTCACGAGAATGTA 

G A V F I L P V V M M L H I R I B E I H E N V 

L R Y L P V G G I I G L I P L L B I P L M V 0 N 0 
nado TTGCGCTATTTACCTGTAGGTGGTATTATTGGACTTATTTTTTTGTTGGAAATCTTTTTAATGGTAGATAATGAT 

............... -........ . . . .. . . . .. .. .. .. .. .. . . . . .. . .. . ........ . . . . . . . .. .. .. .. .. .. .. . .. .. . .. .. .. .. .. .. . . .. .. . . . . . . . . .. . . . .. . . . . . .. . .. . .. . . . . 
orflOO TTGCGCTATTTACCTATAGGTGGTTTTATTGGGCTTATTTTTTTTTT----CTATTTTTAATCCCTTCTTTCGTA 

LRYLPIGGPIGLIPPP YF• • 

8 ~ ;s ,.... ...... 
't:: E 
0 -

rrn18 rrn26 

1-----f 
1kb 

Fig. 4A, B. A The alignment for nucleotide sequences of the nad6 gene (upper) and its duplicated 
fragment (lower). The boundaries of the duplicated region are shown with venical arrows. Dashes 
indicate the deleted nucleotides and the identical nucleotides are shown by colons between the two 
sequences. The deduced amino acid sequences of putative products of the nad6 gene and the 
duplicated sequence, orfJOO, are also given above and below the nucleotide sequences, respectively. 
8 The gene organization in the vicinity of orf/00. The coding region for each gene is illustrated with 

the filled box(es) and the introns are shown as open boxes. 

Numerous abnormal ORFs, which consist of DNA fragments derived from 

the common genes and from unknown sources, reside on the mitochondrial genome 

of higher plants. They have been studied vigorously in the connection with cytoplasmic 

male sterility and have been found to be expressed (reviewed in Lonsdale, 1989). It 
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is of interest whether the liverwort orfJOO, which contains the altered 5'- half portion 

of the nad6 gene is or tS not transcribed. The hydrophobic nature of the orfl 00 

product suggests that it could be integrated into a mitochondrial membrane. 

In addition, several parts of the nad5-nad4-nad2 gene cluster were duplicated! 

in the li verwort mitochondrial genome. (i) 3'-terminal region of the second exon or 

nad2 (364 bp) and its fo llowing non-coding region of 187 bp (total 551 bp) were 

directly repeated at 673 bp upstream from nad3 which is approximately 27 kb 

downstream from nad2 on the same strand, although 11 bases were altered and one 

base was deleted in the repeated region. (ii) A part of the first exon of nad5, which 

is 172 bp long, starting from the second nucleotide of the A TG translation initiation 

codon. was repeated at 58 bp upstream from a gene for threonine tRNA with the 

anticodon GGU and which is located at a distance of approximate ly 50 kb on the 

opposi te strand. This region had 87.2% identity with the corresponding region of 

nad5. (iii) The most striking repeated sequence in this nad gene cluster is an 800 bp 

segment. which is located in the spacer region between nad5 and nad4. This segment 

starts 206 bp downstream from the stop codon of nad5 and is duplicated on the 

oppostte strand in the second group Il intron of the cob gene, which encode:s 

apocytochrome b protein as shown in Fig. 5. The repeated region extends from the 

5' end of the intron to the end of the fifth stem structure, which is typical in group U 

introns (Miche l and Dujon, 1983). Inverted repeat sequences of eight nucleotides 

(GAGTGACC and GGTCACTC) were detected near the ends of the repeated sequence 

on the c;pacer region. In the Northern hybridization analysis, only a 9.6 kb premature 

RNA band was detected using oligonucleotide probe B, which specifically hybridizc:s 

RNA molecules including the spacer region between nad5 and nad4. If the cob 

gene is actively transcribed in the liverwort mitochondria, the repeated region in the 

cob intron should hybridize with the 9.6 kb premature RNA molecules generated 

from this nad gene cluster. This suggests that anti-sense RNA molecules complement 

to part of the spacer region between nad5 and nad4 are present in the liverwort 

mitochondria. 1t is noteworthy that no small RNA transcript is detected in this 

repeated spacer region. This finding suggests that an anti-sense RNA controls RNA 
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Fig. 5. Nucleotide seque~ce comparison of repeated regions between the second intron of cob 
and nad5-nad~ spacer regt~n, of which the respective direction of transcription is shown by solid 
arrows. ldenttcal nucleottdes are shown by colons. Coding regions for cob gene (exon 2 and 
exon 3) are boxed .. Inverted repeats are depi.cted by dashed arrows. Invened repeats corresponding 
to the ~fth and stxth. stem structures typtcal to group 11 introns are depicted by v and VI, 
respec~vely. Nucleottde sequences which are typical for the 5' ends of group rr introns are also 
shown tn small. le~ters (gggcg. and gcgcg). Numbering of the nucleotides is accordjng to Oda et 
~/. ( 1992c). B tndicates the oltgonucleotide probe used for the Nonhem blot analysis as mentioned 
m the text. 

stability in the mitochondria, but functional tests need to be canied out before this 

can be substantiated. The molecular mechanisms which lead to the generation of 

repeated sequences on the liverwort mitochondrial genome and their functions are 

also not known. Furthermore, the liverwort mitochondrial DNA is a single circular 

molecule as determined by electron microscopy and restriction mapping (Oda et al., 

1992b), although many repeated segments are detected on the DNA sequence of this 

mitochondrial DNA. This suggests that liverwort mitochondria have lost 

recombinational system or have not acquired one during its evolution. It is possible 

that some DNA fragments generated from the mRNA transcript by reverse transcriptase 
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could have been integrated into distant reg10ns of the hverwon mitochondrial DNA. 

Transcriptions of the nad I . nad3. nad4L. nad6 and nad9 genes in Liverwort 

mitochondria 

To examine the viabilities of the liverwon nad genes, nadl, nad3, nad4L, 

nad6 and nad9, their mRNA transcription was analyzed by Northern hybridization 

using the appropriate synthetic oligonucleotides as probes (Fig. 6A). These five 

genes were found to have transcripts whose lengths were long enough to be thei1r 

mature mRNAs (Fig. 68). Two major transcripts (7.6 kb and 5.7 kb) of the nadl 

gene were observed when probed with a synthetic oligonucleotide complementary to 

the 5'end portion of the gene (Fig. 68, lane I). The coding region of the nadl gene 

has a length of 987 bp. Therefore, both of the transcripts are able to cover its coding 

region, and their large sizes suggest eo-transcription with a putative orfl54 at 

approximately 1.9 kb downstream from this gene (Fig. 68, lane l ). 

The transcripts of the nad3 gene were probed with a sequence complementary 

to the exon I. producing three major signals of 4.8 kb, 3.2 kb. and 2.5 kb (Fig. 6B, 

lane 2). As the nad3 gene has an intron ( 1,485 bp in length), its removal maty 

provide an explanation for the difference in size between 4.8 kb and 3.2 kb transcripts. 

The nad3 gene has a reading frame of only 357 bp, so there is the possibility that 

eo-transcription occurs with the trnV-UAC gene at 607 bp downstream from the 

nad3 gene (Fig. 6A, lane 2). However, using a probe for trnV-UAC, it was demonstrate:d 

that none of the nad3 transcripts are of the same size as the trnV-UAC transcript 

(data not shown). 

Using a synthetic probe complementary sequence to exon 2, the nad4L gene 

was demonstrated to have a rather complex pattern of transcription. An majt:>r 

discrete transcripts of 4.5 kb and heterogeneous transcripts of approx imately 3.2 kb 

and 1.8 kb were detected (Fig. 68, lane 3). Excision of the two introns in the nad4L 

mRNA did not offer a clear explanation for the identity of each transcript or provide 

an indication of simple splicing events. The lengths, more than 1.8 kb of the nadt.tL 

gene transcripts are sufficient for covering the coding region of the nad4L (0.3 kb), 
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and possibly include the coding regtons of two putative open reading frames (ORFs) 

upstream of (orj86a) and downstream from (or[244), the nad4L gene within a region 

of approximately 5 kb (Fig. 6A, lane 3). 

The two major transcripts, 2.9 kb and 1.7 kb, of the nad6 gene were detected 

with the probe sequence complementary to a region exclusive to the nad6 gene, but 

not to orflOO. which. as described above. has a 5'-half portion of the nad6 gene. 

Therefore, cross-hybridiLation to any orf/00 transcript could be excluded. The 

major transcripts detected (2.9 kb and 1.7 kb) were much larger than the size (0.6 

kb) of the nad6 gene (Fig. 68. lane 4). Therefore, nad6 gene produced larger 

transcript sizes than the predicted for this gene indicating its eo-transcription with 

neighboring genes upstream and/or downstream (Fig. 6A, lane 4). 

In case of the nad9 gene, one major transcript (2.5 kb) was observed (Fig. 6B 

lane 5). Since the coding region of the nad9 has a length of 639 bp, this transcript 

was thought to contain orf132 and/or atpA genes. Using the probes specific for exon 

l of the atpA gene, one band was found at the similar size of about 2.5 kb. On the 

other hand, no transcript having the same size was detected when probed for orf132 

(data not shown), suggesting that the nad9 gene is eo-transcribed with at least 5'­

portion of the atpA gene. 

All of the nad genes analyzed above were shown to be transcribed; this 

strongly suggests that they do encode proteins, which is further supported by the fact 

that their putative products and their counterparts from different organisms have 

conserved amino acid sequences. All of the transcripts are much longer in length 

than would be expected from the lengths of the coding region. This implies that 

they could be transcribed with their neighboring genes. The multiple sizes of transcripts 

for a single gene can be attributed to their representing different s tages in RNA 

processing and to the occurrence of multiple initiation and termination sites for 

transcription. The transcripts of some maize mitochondrial genes have been 

demonstrated to have numerous transcription initiation sites (Mulligan et al., I988a; 

Mulligan et al .. 1988b). whereas a single transcription initiation site has been identified 

in other higher plant mitochondria ( Rothenberg and Hanson, 1987; Young et al., 
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Fig. 6A, B. Transcription analysis of the liverwon nadl, nad3, nad4L, nad6 and nad9. A Gene 
organization of the liverwon nad genes. The location of each gene is illustrated with a box, filled for 
exon and open for intron, respectively. lane l, nadl; lane 2, nad3; lane 3, nad4L; lane 4, nad6; lane 
5, nad9. Each probe is shown by an asterisk under the gene organization. 8 Northern hybridization 
was performed by the probes specific to lane l, nadl; lane 2, nad3; lane 3, nad4L; lane 4, nad6; lane 
5, nad9 genes. Size of each transcript is indicated by a number in kilobases (kb). 
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1986; Covello and Gray, 1991; Brown et al., 1991). In these cases, the consensus 

sequences which have been reported at the transcription initiation sites (for example, 

5'-AAATNI 6TAAG(TA)GA-3', Lonsdale, 1989), are moderately stmilar to the 

consensus promoter sequence of yeast mitochondria (5'-ATATAAGTA-3') as defined 

by mutagenesis (Biswas et al., 1987). However, such sequences were not found in 

the regions upstream of the nad genes from liverwort mitochondria. Schuster et al., 

( 1986) discovered potential hairpin structures, which were analogous to the bacterial 

terminators at 3' terminal regions, in the mRNAs from the higher plant mitochondria. 

Indeed, some potential palindromic structures upstream of and downstream from the 

liverwort nad genes were found, but they were only poorly homologous with 

comparable structures from higher plants. 

C a-transcriptional e.\pression of the three nad genes, nad5, nad4, and nad2 

To study the expression of the clustered nad genes (nad5, nad4 and nad2), 

exon and intron specific oligonucleotide probes and a 664 bp Bgni-Pstl restriction 

fragment were prepared (Fig. 7 A). The total mitochondrial RNA isolated from 

liverwort cells was hybridized with probes as shown in Fig. 78. All the probes 

hybridized with an RNA band of 9.6 kb. This indicates that these three nad genes 

are acti vely transcribed in a single primary transcript. The RNA transcripts from the 

nad5 gene, which is located at the 5' end of the nad gene cluster were detected as 

three hybridiLing bands of 9.6 kb, 2.8 kb, and 2.1 kb, in Northern blot that was 

hybridized with an oligonucleotide probe specific for the nad5 exon I (Fig. 7B, lane 

1). A probe for the nad4 intron hybridized with bands of 9.6 kb, 5.4 kb, and 3.9 kb 

(Fig. 7B, lane 4), indicating that premature mRNA molecules containing the nad4 

intron sequence are accumulated in the liverwort mitochondria as processed RNA 

molecules of 5.4 kb and 3.9 kb. The accumulation of mRNA molecules of 9.6 kb, 

5.4 kb, 3.0 kb, and 2.2 kb, all including the nad2 intron was also observed in a 

Northern blot, which was hybridized with a probe for the nad2 intron (Fig. 78, lane 

7). On the other hand, putative processed RNA transcripts without intron sequences 

were detected as a 2.1 kb band coding for the nad5 by probing wtth oligonucleotide 
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Chapter Ill 
ljfnad7 gene in liverwort mitochondrial genome 

Introduction 

NADH dehydrogenase (NADH:ubiquinone oxidoreductase or complex I. EC 1.6.99.3) 

is the first enzyme in respiratory chain and consists of approximatel) 30-40 subunits 

(Weiss et al .. 1991; Walker, 1992). As described in Chapter II, seven subunits are 

encoded by the mitochondrial genomes in mammals (Chomyn et al .. 1985; Chomyn 

et al., 1986) and in Podospora anserina (Cummings et al., 1990). The corresponding 

mitochondrial genes are designated as NO I, ND2, ND3, ND4, ND4L, ND5 and 

ND6. On the other hand, other subunits are assumed to be nuclear-encoded. No 

genes for any subunits are found in yeast mitochondrial genome (de Zamaroczy and 

Bernardi, 1986). 

Genes for seven subunits I, 2, 3, 4, 4L, 5 and 6 of the complex (nadl. nad2. 

nad3, nad4, nad4L, nad5 and nad6) are identified on the liverwort mitochondrial 

genome (Oda et al., l 992a; Oda et al., 1992c) and their expressions at RNA levels 

are reported (Nozato et al .. 1993; Yamato et al .. 1993). Recentl). ORFs homologous 

to the genes for the 30 kilodalton (kOa) subunits of bovine mitochondrial complex I 

are found in higher plant mitochondrial genomes and designated as nad9 genes 

(Kubo et al., 1993; Lamattina et al., 1993). The liverwort mitochondrial genome 

also contains its counterpart which was previously named orj212. Plant chloroplast 

genomes encode 11 genes homologous to those for the components of mitochondrial 

complex I and they have been named as ndhs (Ohyama et al., 1986; Shinozaki et al., 

1986; Nixon et al., 1989; Du puis et al., 199 1 ), although their functions in chloroplasts 

have not been elucidated. Recently, however, it has been reported that their 

homologues, ndhB and ndhL, are essential to inorganic carbon transport in 

cyanobacteria, Synechocystis PCC6803 (Ogawa, 1991 a; Ogawa, 1991 b; Ogawa, 1992) 

and that NADH dehydrogenase is involved in the cyclic electron flow through PS I 

as well as the respiratory flow to the intersystem chain in Synechocystis PCC6803 

(Mi et al., 1992). 
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It is reported that genes for the eighth 49-kDa subunits of the complex I are 

encoded by the nuclear genomes of bovine (Fcamley et al., 1989) and Neurospora 

crassa (Preis et al, 1990). and they are designated as ND7. Moreover, ND7-

homologues (nad7) have been found in the mitochondrial genomes of wheat (Bonen 

et al., 1994 ), potato (Gab! er et al., 1994) and also in kinetoplastid in protozOta 

(Koslowsky et al., 1990). On the other hand, ORFs having sequence similarity willh 

ND7 are identified on chloroplast genomes and named as ndhH (Fearnley et al., 

1989). 

Although reading frames homologous to portion of bovine and Neurospora 

crassa mitochondrial ND7 arc detected in the liverwort mitochondrial DNA, tho~;e 

are supposed not to be functional, namely parts of a pseudogene, pseudo-nad7 

( vmad7) (Oda et al., 1992a; Oda et al., 1992c). In this chapter, the author described 

the detail structure of vmad7, showed active expression of this pseudogene in a 

liverwort, Marchantia polymorpha, and discussed about the gene transfer into nuclear 

genome. 

Materials and Methods 

Analysis of nucleotide and amino acid sequences 

Computer analysis of nucleotide and amino acid sequences was carried out 

as described in Chapter I. 

Nucleic acids preparation 

Liverwort mitochondrial RNA of the li verwort was isolated from 7-10 day 

old suspension cu ltured cells as described in Chapter I. Liverwort mitochondriial 

DNA was obtained from 7-10 day old suspended cultured cells as described by Oda 

et al. ( 1992b ). 

Liverwort nuclear DNA was isolated from 7-day-old suspension cultured 

cells. Cells were homogenized in isolation buffer [1 M hexylene glycol, I OmM 

PIPES-KOH pH7.0, 2mM MgCI2, IOmM EDTA, 10mM J3-mercaptoethanol, and 

0.5% Triton X- 1 00] using French press, and filtered through two layers of miraclotlhs. 

- !1o-

The crude nuclear fraction was precipitated and washed with isolation buffer. The 

nuclei were fractionated by Percoll stepwise gradients with 60% and 90% Percoll in 

a solution containing lOmM PIPES-KOH pH7.0. 2mM MgCI2. IOmM J3-
mercaptoethanol. IOmM EDTA, and lM sucrose. The nuclear fraction between 

60% and 90% Percoll was resuspended in resuspention buffer [ 1 M hexylene glycol, 

IOmM PIPES-KOH pH7.0, 2mM MgCI2, IOmM EDTA, IOmM J3-mercaptoethanol. 

and 20% glycerol] and centrifuged at I ,000 x g for 10 min. The nuclei pellet was 

washed with resuspention buffer and resuspended in 20mM Tris-HCl and lOmM 

EDT A. Then nuclei were lysed by addition of 0.1 volume of I 0% SOS and proteinase 

K (at final concentration 0.0 12%). Nucleic acid was extracted with phenol/chloroform 

and precipitated by ethanol. 

Total cellular RNA was isolated using the guanidinium isothyiocyanate 

procedure (Chomczynski and Sacchi, 1987). Poly(ArmRNA was purified by use of 

oligo(dT)-Iatex (Oi igolatex TM-dT30, Daiichi Pure Chemicals, Tokyo) according to 

the protocol of the manufacturer. 

Southern and Northern blot analysis 

Nuclear and mitochondrial DNA samples were digested with a restriction 

cnzymeXhoi. They were electrophoresed in 0.8% agarose gels and transferred onto 

nylon membranes (BiodyneTM A. Pall, Tokyo). The membranes were prehybridized 

and hybridized at 42°C in a solution [O.SM NaP04 pH7.2, 1% BSA, I mM EDTA, 

and 7% SOS]. After hybridization, filters were washed in 2 x SSC containing 0. 1% 

SOS several times at room temperature and then in I x SSC containing 0.1% SOS at 

42°C. 

Denaturated mitochondrial RNA and poly(AYmRNA samples were loaded 

on 0.8% agarose gels containing 2.2M formaldehyde, 20mM MOPS-KOH pH 7.0, 

5mM sodium acetate, and lmM EDTA, and blotted onto nylon membrane. 

Hybridization for mitochondrial RNA was performed at 45°C in a solution containing 

6 x SSC, 0.1% SOS, 200 J..Lg/ml calf thymus DNA, l x Denhardt's solution and 20% 

formamide. After hybridization, membranes were washed several times in 6 x SSC, 
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0.1% SOS at 42°C. On the other hand, hybridization for poly(ArmRNA was carried 

out at 42°C in a solution [0.5M NaP04 pH7 .2, 1% BSA, 1 mM EDTA, and 7% SOS 1. 
The membrane was washed in 6 x SSC, 0.1% SOS at room temperature and then in 

2 x SSC, 0.1% SOS at 42°C. 

Oligonucleotide probes were synthesized by DNA synthesizer (Applied 

Biosystems, USA) as followed and then end-labeled by [y2-P]ATP (5,000 Ci/mmol, 

Amersham) using a polynucleotide kinase (Takara, Kyoto). An RNA ladder (BRL) 

was used as a sile standard. A 800 bp DNA fragment was amplified by PCR using 

5'-end and 3'-cnd primers specific to the hypothetical exon 2 and labcled with 

[a-32P]dCTP (3,000Ci/mmol, Amcrsharn) using a Random primed DNA labeling kit 

(Boehringer Mannheim). The oligonucleotide sequences are: 

exon I 

tntron I 

exon 2 

tntron 2 

exon 3 

: 5'-ACCGCATATIGGATTACTTCATAGAGGCAC-3' (Fig. 4A, I) 

: 5'-AAA TTCCGGTGTGTCGGACCfGTCATCfGA-3' (Fig. 4A, 2) 

: 5'-GGATTCAGCGGTGTAATGTTAAGAGGCTCC-3' (Fig. 4A, 3) 

: 5'-GTCCAACAAGCfCGTGTGAAGATCGAATGACf-3' (Fig. 4A, 4) 

: 5'-CATAGGTACfCAAGATAITGTGTTTGGAGAGGTAGA-3' (Fig. 4A, 5) 

ex on 1- ex on 2 : 5'-ACfCGGA TTTTCAATCA TIT ACTTGCTITA-3' (Fig. 4A, 6) 

exon 2- exon 3 : 5'-ATGTCCAAACATCACATACfAGCAGATGTT-3' (Fig. 4A, 7) 

Results and Discussion 

Structure of 'lfnad7 gene corresponding to the bovine ND7 subunit of NAD /1 

dehydrogenase 

Previously, reading frames which showed signi ficant amino acid sequence 

similarities with the eighth 49 kDa subunit of NADH dehydrogenase (ND7) from 

bovine heart (FcarnJey et al., 1989) and Neurospora crassa (Preis et al., 1990) were 

detected between a transfer RNA gene cluster (trnD-trnS-trnA-trn1) and a ribosome 

protein gene cluster (rps 10-rp/2 -rps/9-rps3 -rpll6-rpl5-rps /4-rps8-rpl6-rps 13 -rps 11-

rpsl) (Oda et al., 1992a; Oda et al., 1992c). These reading frames were designated 

as a pseudogene, 'lfnad7, based on the following observations. 

-60-

This hypothetical 'lfnad7 gene product showed high amino acid sequence 

similarities with wheat NAD7 (88.2%), bovine ND7 (70.7%) and Neurospora ND7 

(61.2%) (Fig. 1). This also showed 33.5% and 42.8% homologies with the product 

of Trypanosoma brucei mitochondrial MURF3 gene which were edited by addition 

and deletion of uridine and with the liverwon chloroplast ORF392, respectively. 

However, these reading frames in putative cxon I and exon 2 were interrupted by 

six translational stop codons (three TGA, one TAG, and two TAA). 

Two sets of 5'- and 3'-terminal consensus sequences (GUGYG and AC, 

respectively) for group II introns (Michel and Dujon, 1983) were located between 

three putative exons (Oda et al., 1992a). Although assumed intron regions of 3.062 

bp and I .427 bp could form almost typical secondary structures specific to group 11 

introns (Michel and Dujon, 1983), some impairing bases between exon-binding 

sequences (EBS) and intron-binding sequences (IBS) were found in both of them 

(Fig. 2). In the first intron of 'lfnad7, a base painng could not be formed between 

EBS 1 and IBS 1 (shown by asterisks in Fig. 2A). On the other hand, in the second 

intron one base pairing between EBS 1 and IBS I, and two base pairings between 

EBS2 and lBS2 could not be formed (Fig. 28). It is suggested that both introns have 

no splicing activity and a mature mRNA is not produced. 

Exisrence of /races of the RNA maturase-like reading frame in introns 

In the hypothetical first intron of 'lfnad7, reading frames which showed 

significant sequence similarities with the RNA maturase encoded in the first intron 

of mitochondrial cox/ gene encoding cytochrome c oxidase in Saccharomyces 

cerevisiae (Bonitz er al., 1980; Carignani et a/., 1983) or a reverse transcriptase-like 

reading frame in the first intron of Podospora anserina cox/ (Cummings et al., 

1990) were found (Fig. 3). However, in the liverwort sequences multiple frameshifts 

and several translational stop codons were detected. In addition, reading frames 

partly homologous to such intron-coded polypeptides were also found in the putative 

second intron, though they also contain several stop codons as in the case of the first 

-li l -



~iverwort mt 
Wbeat. at 
'l'rypanoeoma at 
Bovine ne 
Neuroepora ne 
~iverwort Cl) 

M-M~OI~TPHPCPOHPAABCVLR~V~EMNCEVV 

: 'I'TRHC: : : : : :1. N;..: : : : : : : : : :;.. :;.. : : : : : : : : : 
:LP~VVPLB~YR:T::::::::::: :CCL:YPC: :l'I 

AROWOPDVBWAEOYCCAVMYP1"1U!TAIIWIU'PPWHDVDPP!Ul: ~V-S:~:~:::::::::::::: :M:LS: :IC: 
AEPSYECOCTRLVPTCDDPAPNHD~YC~BAL~APRVPPODHILAR:V-RJIY:VH:: :C:::::::::: I: :Lit: :IU 

: MIL: :N-: PMIVSM:: H: :SM:::::: IVT~D: :D: 

TGA .. 0 • 

ERABPHIG~LHRCTB~t• IBY!t'I'Y~ALPYPDRLDYVSMMAOBBAYSLVVBRLCNCBVPLRAOYIRVPPCEITRIPNRLIW' 

:::::::: .,i..! ~::::: L:::::::::: ~:::::::::.&.::::::.a.:~::: :L:::::::::::: :L::::::: L: :.a.:: 
VYIDCI::Y:::::::~:::SVB:C::: :::: ::::VCCH::LL::CP:YKLR:CLS: :CAPM:LLIV:P::S::C: :C 
AACD:::::::::::: ~::::::::::::::::::::: :CN:O::: :A:: ~:L: IRP: P:: :W::: L:C::: :LL:: IlK: 
V: :0: :V:::::::::~:: R:::::::::::::::::: IN:OCPA:A:: lt: L:V: I: E: :ltW:: TM: A:T::: L:: :IICS 
LDC::VL:Y::::M::IA:NR:IV:Y:::VT:W::LAT:PT:AI'I'VHAP:~:T:IQ::It::S:::II:L:LS::AS:: :W 

TGA 
'!If 

TGA ... 
~TTHAIDVCALTPP~WAPBBRB~~·EPYERVSCARMHASYIRPGCVCOD~PLCLSEDIP~PTOOPASRIDB~EE~·TNNR 

;..: :::M::::;..::·:·::::::: :L::::: :;..: ::::: :P::::: :A:::::: :CR: :DS;..:::::::::::: :1(1.:0:: 
ISCMVL:L:C:S:~::S::: ·0: :MT:PD~C:C:::LAPMVL~:ILD:PVP:PVDP~L:LIISCLPVM:CYDLLPVC:: 
V::::~: I: : M::: P:M::::: :MP:::::::::::: :A:V:::: :H:::::: :MD: :YE:S~: S~:::::: :ML:::: 
VLS:: M:: : :: : : : : :C:: : : : : :M~ : : : : : : : : : L:: A: V: :: : : H: :I: : : : LD: : YMWAT:: GO: : :: T:: ML: 0:: 
:CPPMA:I::O:::PYI:R:::MIYDLF:SAT:M::MHH:P:I:::AV:::Y:WID~CLD:CDY:LP~:N:Y:R~I:: :P 

TAG ... TAA .. 
I•!tORLVDIG'I'VTAOOAVDWCPSCVMLRCSGVCWHLRJt•ALYDVYDRLOPBV--CTRRDCYDRYYIRIEBMROSIRIIIM 
:W:::.::::: ; :::: :it:::::::::: :l_::: :D;..:RA: P::: ;..:Q;.. :.;.D: PV:: :0:;..::: :C:::::::: :V::: -V 
LPYL: :RCLSPPD~YD~: PHS~::: ~S:S~:MV:DC: LPSC:EL: PMPCYDYCPCPIC:AP:: LPL: LPD: :M: LL:C-It 
:WRN: T:::: I::: BD:~::::::::::: IO:D:: :TOP:::: :OVB:D:PI:S:C::::: :LC:V:::::::::: -S 
:WID: :RC: :V:S:AD:~S:T:::::::: :P:DI: :SOP: :A: :OVB:D:PV:IHO::::: :LC:M: :P:: :~::: -H 
:FLit: VBC:::: :RBE: IN:: L:: P:: :A:: :O:D:: :VDH:EC: :E: :WltiOWQIU!C: SLA:: LV: :G: :IU!:VIt:: -0 

TAA .. 
OC~KPSGMI!tA-DDRXLCPTARSRM!tOSMBS~IHRP~YTESVSVRASSTYTAVEAP!tC•PGVPLVSNCTNRPYRC:Iti 

: :;.. : : : : : : : : : : - : : : : : C: PS: : : : : L: : ; :;.. : : : : E: : : : CP: : P:;..: : : : : : : : : : : B: : : : : : : : : S: : : : : " : : 
::PPVOPPVPGPVC~FDY:YCDITIBTIIMLPYSLWCCC:PGI:PAC--------::8: ::EYC~L:CPCVC~SRLJtLR 

::: :~:: P: B: -ltV: :A:VS: P~:AE:: T::::::::::::: :CYO: PPCA:::: I:::: :B::: Y:: :0: SS:::::::: 
::::it: :A:PV-RVB:Y: IS :PP:AS: :BN: :A:::: :L:: :~CYA:PPCD:: S: I:::: :BM: :YV: :D:SB::: :llll: 
:A:ItAI:G:PP&NLBA:R:NOG~:BWNLPBYOP:S~-:P-SPTP~PitOBH:VR: :::: :BL:I::IGDDSVP:W:J,:: 

. 
TAPCPAHLOCLDPMSitHHI~VVTIICTODIVPCBVDR 392 
R::::: :.&.,.: :: : .,L :::: :M..i.::::::::::::::::::: 

C: -0: ~: IC~: :VCLRGPL: H:L:AVL:NI :V::: S::: 
lt:::::: :A:: :it:: :C: M:::: :A:::::::::::::: 
R:::::: :C:P:H~:RG: M:: :A:AV: :IM:~::;:::: 
RS : : : IN: : I : POLV: CHit: : : I M: : L: SI : : I M: : : : : 

394 
386 
430 
436 
392 

88.2%(345/391) 
33.5%(ll8/382) 
70 0 7%(275/389) 
61.2%(238/389) 
42.8%(166/388) 

Fig. l. Amino acid sequence comparison of ND7 related gene products. HypotheticaJ produc1t of 
vmad7 in the liverwort mitochondria (Liverwort mt), wheat mitochondria-encoded nad7 gene product 
(Wheat mt), Trypanosoma mitochondria-encoded MURF3 (Trypanosoma mt), bovine nuclear-encoded 
ND7 (Bovine ne), Neurospora nuclear-encoded ND7 (Neurospora ne) and chloroplast-encoded ORF392 
in liverwon (L1verwon cp), are aJigned. Identical amino acid residues to those in the assumed vm•ad7 
product are shown by colons. Bars indicate artificiaJ shifting to maximize sequence similarity and 
absence of corresponding amino acid rcsidues. Insertion sites of introns are shown by smaJI anrow 
heads over the sequences. Translational stop codons in vmad7 gene are indicated by asterisks and 
filled triangles. Numbers at the ends of sequences indicate the numbers of amino acid residues which 
include in-frame stop codons. Amino acid sequence similarities with the liverwort mitochondlrial 
vmad7 gene product are also shown at the ends of sequences. 

ti2-

Fig. 2 .. Secondary stru~tures of the two group 11-like introns in vmad7. (A the first intron, B the 
s~cond mtro~). Nucleoude numbers o~ loops and junction regions are indicated aJong the thin circle 
hnes. ~utatlve exon-. and 1n~on- bmdmg sequences are highlighted by EBS and IBS with arrows, 
r~specnvely. Nucleoud~s wh•ch do not make pairing between EBS and IBS are indicated by asterisks. 
S1x stem structures spec1fic for group 11 intron are indicated by numbers (I-VI). 
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~ V 
---------RARLEWL-----RKSIERRVV-KIY--YLRYANDWI/GVVCSKKVALAIRAEIASFL--KLHL*LNM 
PSTRL-KLHK-ERAKC----PTPIYNOPNPKRMK--:V:: :O:ILI::L:: :NOCKM:K-ROLNNPLNS:G:TM:E 
KGOELOSCRKLERMK: IKVRATMPSMIPNPOLAKIY :V:: :0:: LI:: A:: SET: R: :KER: :AY:KDI :K: E: SiM 

ONTKITHISSOLALFLCTHIKVLRAESI--RNHRILVVGORTRSATFRLHLLAPIERIVKHLHCKCLC-------­
EK: L: :CATELP: R::: YN:SITPLKRMPTVTKT: -RCKTIRSRN:T: PI IN:: :RO: INK:ATN: Y: -KHNK--·N 
E~:L::NA:EOK:Y: :::E:ORISSVKCEIKRFKN-IK:HPO:IP:TSTVMN:::SKL:TK:AO::IVIWKSKAI~ 

V 
TPTGKPKPVR*W IPLOHHELIPRYOOIMSCYMNYYSPVONYGMLK-RVAYIVRPSAAGTLKRKFKMLSVASVFK<;S 
GRM:V: TR:GR: LYEEPRTI :NN: KALCR: IL:: :KLAT:: K.R:RB: IY:VLYY:CVL: :AS: YRLKTMSKTI :f:P 
EONLI:O:ILJC.:VN:PIRDI:L: :KM:WN: :1:::: :A: :KPR:V-LIYW:L:K:L:K: :AT:L:LGT:RK:YL!:F 

GTGRGKEL* 
:YNLNIIENDKLIANPPRNTPONIKKIBNHGMFMYMSEAKVTOPFEYIOSIKYMLPTAKANPNKPCSICNSTIO\~ 
:VNLRF:ILCTONKSIBFTKGNLLPTPKNPKCKTNPVDNLKVVEWSLRTVS---------PFNYVCASCGASOm,Q 

MHBVKOLHRCKLKATKDYITGRMITMNRKOIPLCKOCBIKT~FKNMGPGM* 
VBBVKHIRTIOVKLSGFOKOLAAI--NRKOVTLCISCRNKVHTGKYDGMSLKYMKDISKPELNOO* 

Fig. 3. Amino acid sequence comparison of the hypothetical protein (Liverwort nad7i I) in the 
liverwort ~ad7 first intron with the RNA maturase encoded by the first intron in the yeast coxl 
(Yeac;t cox I i I) and with the reverse transcriptase-like ORF encoded by the first intron in Podospora 
cox I (Podospora cox I i 1 ). Frame shifts are indicated by diagonals and filled triangles. Open triangl•es 
show translational stop codons. Other symbols are same as described in Fig. I. 

intron (data not shown). These findings suggest that both DNA segments are traces 

of RNA maturases in the liverwort mitochondrial genome. A maturase-related open 

reading frame was identified in a group Il intron of broad bean mitochondrial nadl 

(Wahleithner et al., 1990). However, this did not show significant amino acid 

sequence similarity with those in the liverwort vmad7 introns. 

- 6 ~ -

Expression of vmad7 in the liverwort mitochondria 

In order to know whether this pseudogene is expressed at a RNA level, exon 

and intron specific probes were generated as shown in Fig. 4A. Total mitochondrial 

RNA isolated from the liverwort cells was hybridized with 32P-labeled oligonucleotide 

probes (Fig. 4B). Probes for the putative three exons and two introns hybridized 

with two bands of 16 kb and 9.6 kb (Fig. 4B, lanes I to 5). This indicates that these 

regions are actively transcribed in continuous mRNA transcripts of 16 kb or 9.6 kb 

which could cover not only vmad7 itself (5,668 bp) but also regions upstream and/or 

downstream. Northern hybridization probed for rpslO which is located 1.3 kb 

downstream from 1f!nad7 demonstrates the existence of the same 9.6 kb band as 

shown in Chapter I, supporting that vmad7 is eo-transcribed with at least rpslO. 

In addition to the two common bands, only one additional band was detected 

in all five cases. Namely, a 2.6 kb band was detected as probed only for the first 

exon (exon 1), while a 5.6 kb band was found as probed for exon 2, exon 3, intron 1 

and intron 2. This indicates that the 5.6 kb RNA molecules still contain these two 

introns and that these regions are not spliced out in the Iiverwort mitochondria. 

To detect RNA molecules which contain joint sequences between exon 1 and 

exon 2 or between exon 2 and exon 3, synthetic oligonucleotide probes of 30 mers 

were used for RNA blot analysis (Fig. 4B, lanes 6 and 7). However, no significant 

hybridization signal was detected, confirming that joint molecules, namely spliced 

RNA molecules, do not exist in the liverwort mitochondria. No splicing event of the 

introns in vmad7 gene may be caused by impairing bases between EBS and IBS as 

mentioned above. 

There are two possibilities in the production of a functional ND7 protein in 

the liverwort mitochondria as follows; (i) the functional ND7 gene encoded by the 

mitochondrial genome may have been transported to the nuclear genome and original 

nad7 on the mitochondrial genome would have become a pseudogene. And biological 

active polypeptide of ND7 subunit may be transported from cytoplasm into 

mitochondria. Actually, in mammal or fungi ND7 is encoded by the nuclear genome 
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Fig. 4A, B. Northern blot analysis of mitochondrial RNA. A Gen: organization ~f the liv~ort 
ymatf7 gene. Filled and open boxes indicate hypothetical exons and mtrons, respecuvel~. Astensks 
with numbers show positions of oligonucleotide probes used for RNA blot analySIS. B Total 
mitochondrial RNA blots were probed by oligonucleotides specific for ex on I, lane 1; intron 1, 
lane 2; exon 2, lane 3; intron 2, lane 4; exon 3, lane 5, by an overlapping oligonucleotide 
between exon 1 and exon 2 (lane 6), and by an overlapping oligonucleotide between exon 2 and 
exon 3 (lane 7). Molecular sizes of transcripts are shown in kilobases (kb). 
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and its translation products are imported into mitochondria (Walker, 1992). (ii) The 

chloroplast-encoded ND7 homologue, ORF392 products, might be transported from 

chloroplast into mitochondria by unknown mechanisms. 

Detection of nad7-Like DNA segment in Liverwort nuclear genome 

To know the possibility of transfer of nad7 coding region to the nuclear 

genome, liverwort genomic DNA digested with Xhoi was blotted to a membrane 

filter and probed by the 32P-labeled exon 2 specific fragment (Fig. SA). As a result, 

the ex on 2 specific probe hybridized with one major band of 7.2 kb (Fig. 5B, lane 1 ). 

When the liverwort mitochondrial DNA digested with Xhol was probed with the 

same probe, a single 26 kb band was detected which corresponded to mitochondrial 

ljhlad7 (Fig. 5B, lane 2). In contrast, the exon 2 specific probe hybridized with a 42 

kb Xhol chloroplast DNA fragment which corresponded to the nad7 homologue 

ORF392 (Ohyama et al., 1986, data not shown). These results indicate that this 7.2 

kb DNA fragment was not derived from organellar, mitochondrial and chloroplast 

genomes but from nuclear genome in liverwort cells and suggest that gene(s) for the 

mitochondrial ND7 polypeptide is encode by the nuclear genome in liverwort. 

Detection ofpoly(A)+mRNA corresponding nad7 gene in Liverwort cells 

To detect RNA molecules derived from putative nuclear nad7, poly(At 

mRNA isolated from liverwort cells was probed by 32P-labeled DNA fragment specific 

to exon 2 as used in genomic Southern blot analysis. One major band was detected 

at the size of 2.2 kb in RNA blot (Fig. 5C). This indicates that poly(AtmRNA 

molecules which has sequence similarity with mitochondrial llfnad7 (at least exon 2 

region) present in liverwort cells. Therefore, it is strongly suggested that the gene 

for the subunit 7 of the complex I is encoded by nuclear DNA and the translational 

products are transported into mitochondria in liverwort cells. Cloning and structural 

analysis of cDNA and genomic DNA encoding subunit 7 would be elucidated this 

assumption. 
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1kb 
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Figure SA, 8 and C. A Gene organization of the liverwon mitocho~drial. ljlnad7 gen~. Bar wi.th 
arrows shows an exon 2 specific DNA probe generated by PCR amplificanon usmg cloned mttochondnal 
DNA as a template. 8 Southern hybridization analysis of nuclear DNA (lane 1) and mitochondrial 
DNA (lane 2) from liverwort cells with an exon 2 specific probe. Molecular sizes are indicated as 
kilobase (kb). C Northern hybridization analysis of liverwort poly( A)+ mRNA with an ex on 2 
specific DNA probe. Two minor bands of 3.3 kb and 1.6 kb correspond to ribosomal RNAs. 

It is reported that cytochrome c oxidase subunit 2 gene (cox2) encoded by 

soybean mitochondria is silent and that its functional counterpart is encoded by the 

nuclear genome (Covello and Gray, 1992). By comparison of mitochondrial and 

nuclear cox2 sequences, it is supposed that in an ancestor of soybean, cox2 was 
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transferred from the mi tochondrion to the nucleus \'ia a C-to-U edi ted RNA 

intermediate. On the other hand. in cowpea. cox2 is not encoded by mitochondrial 

genome but by nuclear genome (Nugent and Palmer. 1991 ). These findings suggest 

that after the transfer of mitochondrial cox2 to the nucleus. the ongmal mitochondrial 

gene has been lost in cowpea. while in soybean that was not lost but mactivated. In 

liverwort, mitochondrial nad7 was possibly transferred to the nuclear genome as in 

the cases of higher plant cox2 genes. Similarly to the cowpea cox2. liverwon nad7 

was not lost but retained in mitochondrial genome. However. unhke cowpea 

mitochondrial cox2. liverwon mitochondrial nad7 is actively transcnbed. although 

its transcript is not apparently functional. Recently, it has been reponed that functional 

nad7 genes are encoded by the mitochondrial genomes in higher plants (Giilber et 

al .. 1994: Bonen et al. 1994). Therefore, a gene transfer event of nad7 has been 

presumably occurred in an ancestor of 1iverwort after the split of bryophyte. Smce 

liverwon ljhlad7 reading frames show high levels of amino acid sequence similariues 

with parts of wheat mitochondrial nad7. loss of function of the original nad7 on the 

liverwort mitochondrial genome possibly occurred more recently in evolution. 

- n<l -
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Summary 

Chapter I 

Sixteen genes for ribosomal proteins, rpsl, rps2, rps3, rps4, rps7, rps8. 

rps/0, rps/1, rps/2, rps/3. rps/4, rps/9, rp/2, rpl5, rp/6 and rpf/6, were detected in 

the complete sequence ( 186,608 bp) of the mitochondrial D~A from a lt\erwort. 

Marchamia polymorpha. The genes formed two maJOr clusters. rps 12 -rp~7 and 

rps/O-rpl2-rpsl9-rps3-rpl/6 rpl5-rpsl4-rps8-rpl6-rpsl3 rps/1-rpsl. very Similar in 

organization to£. coli ribosomal protein operons (str and S!O-spc-a operons. 

respectively). In contrast, rps2 and rps4 genes were located separately in the hverwort 

mitochondrial genome (the latter was part of the a operon in £. coli). This finding 

supports the endosymbiont hypothesis. which postulated that organelles of eukaryotes 

originated from prokaryotic ancestors in the course of evolution. Funhermore. 

several ribosomal proteins encoded by the liverwort mitochondrial genome differed 

substantially in size from thei r counterparts in E coli and liverwort chloroplast. The 

Northern hybridization analysis showed that rps2 and rps4 genes were transcribed in 

liverwort mitochondria. The rps 12 and rps7 genes organized into the cluster were 

possibly eo-transcribed. Addi tionally. it was suggested that the four genes, rp/2, 

rps/9, rps3 and rpl/6 which included in the large cluster were expressed as a smgle 

transcriptional unit and that rps/0 were eo-transcribed with 11fnad7. T he remamder 

seven genes in the large cluster were supposed to be silent or to be transcri bed at low 

levels. 

Chapter 11 

The genes e ncodi ng subunits, I , 2, 3. 4, 4L, 5, 6 and 9 o f the NADH 

dehydrogenase (nadl. nad2, nad3. nad4, nad4L, nad5. nad6, and nad9) were identified 

in the mitochondrial genome of a liverwort, Marchantia polymorpha. Three genes 

nad5, nad4, and nad2 were tandemly clustered wheareas nadl, nad3, nad4L, nad6, 

and nad9 genes were located separately on the liverwort mitochondrial genome. 

Their gene products showed high levels of amino acid sequence identity with the 
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correspondings from higher plants, and significant levels of similarity with those 

from liverwort chloropl as t. Podospora anserina mitochondria, and human 

mitochondna. In addition, three clustered genes, nad2, nad4 and nad5, have conserved 

amino ac1d residues in their central regions. Several regions of the nad genes were 

repeated in the liverwort mitochondrial genome. The Northern hybridization analysis 

using either exon or intron specific probes showed that all nad genes were transcribed 

in the liverwort mitochondria. It was also indicated that five genes nad/, nad3, 

nad4L, nad6, and nad9 produced transcripts larger in length than would be predicted 

for the respective genes and thus were possibly eo-transcribed with their neighboring 

genes upstream and/or downstream. On the other hand, three clustered genes were 

transcribed as a single precursor mRNA and were processed into mature mRNA 

molecules in the liverwort mitochondria. 

Chapter Ill 

A pseudogene, vmad7, which had a significant amino acid sequence similarity 

with the bovme nuclear-encoded gene for the eighth 49 kDa subunit of NADIH 

dehydrogenase has been identified on the mitOchondrial genome from a liverwort, 

Marchantia polymorpha. The predicted coding region, which included six tennination 

codons, was actively transcribed into RNA molecules of 16 kb and 9.6 kb, but RNA 

spl icing products were not detected in the liverwort mitochondria. This may be 

caused by the incomplete structures of the two hypothetical introns of this gene. 

Genomic DNA hybridization analysis and RNA hybridization analysis using 

poly(AfmRNA suggested that a structurally related nuclear gene encoded the 

mitochondrial ND7 polypeptide. These results imply that this vmad7, is a relic of a 

gene transfer event from mitochondrial genome into nuclear genome during 

mitochondrial evolution in M. polymorpha. 
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