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ABSTRACT

We detected 16 genes for ribosomal proteins in the
complete sequence of the mitochondrial DNA from a
liverwort, Marchantia polymorpha. The genes formed
two major clusters, rps12-rps7 and rps10-rpl2-rps19-
rps3-rpl16-rpl5-rps14-rps8-rpl6-rps13-rps11-rps1, very
similar in organization to Escherichia coli ribosomal
protein operons (str and S10-spc-a operons, respect-
ively). In contrast, rps2 and rps4 genes were located
separately in the liverwort mitochondrial genome (the
latter was part of the o operon in E. coli). Furthermore,
several ribosomal proteins encoded by the liverwort
mitochondrial genome differed substantially in size
from their counterparts in E. coli and liverwort
chloroplast.

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) (1—3). On the other
hand, the completely sequenced human mitochondrial genome
has no genes for r-proteins (4), while the yeast mitochondrial
genome encodes only one species of r-protein (5). 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 (6-8). To date, only six r-proteins (S3, S12, S13, S14,
S19, and L16) have been described in the mtDNA of several
species of angiosperms (9—18). We have determined the
complete sequence of the liverwort mitochondrial DNA (19) and
have identified genes encoding sixteen different r-proteins (S1,
S2, 83, $4, 7, S8, S10, S11, S12, S13, S14, S19, L2, LS, L6,
and L16). In this paper, we describe the gene organization and
the characteristics of the deduced amino acid sequences of these
mitochondrially encoded r-proteins.

MATERIALS AND METHODS

Cloning and sequencing of the liverwort mitochondrial DNA were
performed in this laboratory as described previously (19, 20).
The 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-9801VM
computer, and the IDEAS program on a FACOM M-780
computer (Data Processing Center, Kyoto University) using
NBRF PIR Release 25 database.

RESULTS AND DISCUSSION

Amino acid sequences of r-proteins encoded by liverwort
mtDNA

Amino acid sequences of r-protein genes detected in the liverwort
mitochondrial genome were compared with their counterparts
from E. coli, liverwort chloroplast , and the mitochondria of
angiosperms (Fig. 1). The degree of sequence identity of the
liverwort mitochondrial r-proteins with their homologues in other
systems ranged from 24.1% to 62.1% (E. coli), 22.4% to 64.2%
(liverwort chloroplast), and 50.5% to 76.8% (angiosperm mito-
chondria) (Table 1.). The low values in liverwort 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 rps4gene (21).

Organization of liverwort mitochondrial r-protein genes

Most of the genes for r-proteins in the liverwort mitochondrial
genome were organized into a cluster (rpsl10-rpl2-rps19-
rps3-rpll 6-rpl5-rps14-rps8-rpl6-rps13-rpsl1-rpsl) similar to that
seen in E. coli r-protein operons S10 (S10-L3-L4-L23-L2-
$19-122-S3-L16-L.29-S17)(22), spc (L14-L24-L5-S14-S8-L6-
L18-S5-L30-L15-secY-X) (23) and a (S13-S11-S4-rpoA-L17)
(24). An additional cluster (rpsI2-rps7) had the same order as
the homologous genes in the E. coli str operon (S12-S7-fus) (25).
Genes for rps4 and rps2 were located elsewhere in the liverwort
mitochondrial genome. A large cluster of r-protein genes has not
been found in the mitochondrial genomes of the other organisms,
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whereas a very similar clustered organization of r-protein genes
exists in chloroplast genomes (1 —3). The organization of the r-
protein gene clusters in liverwort mtDNA was compared with
those of the liverwort 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 S10-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 supports the endo-
symbiont hypothesis, which postulated that the organelles of
eukaryotes originated from prokaryotic (specifically eubacterial)
ancestors in evolution (25).

In the mitochondrial genomes of angiosperms, genes for rpsi2,
rps13 and rps14 are closely linked to non-ribosomal protein genes
(9-16). For example, nad3 and rpsI2 genes are co-transcribed
in the wheat, maize and rice mitochondrial genomes (9, 10).
Exceptionally maize mitochondrial rps3 and rpll 6 genes are not
only closely linked but even overlap, as did the liverwort rps3
and rpll6 genes (Fig. 3). Translation of 7pl16 in both liverwort
and maize (18) mitochondrial genomes may initiate at a GUG
(valine) codon. Although the maize rpll6 gene encodes three in-
frame ATG codons further upstream that could also serve as
initiation codons, in the liverwort gene there is a termination
codon (TAA) at 24bp upstream of GTG (valine) initiation codon
(Fig. 3). Overall, the organization of r-protein genes is much
different in liverwort and angiosperms mtDNAs. Indications 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 (27) as
well as gene transfer into nuclear DNA (28). On the other hand,
there is apparently no homologous recombination through directly
repeated sequences in the liverwort mitochondrial genome,
suggesting that this genome retains the primitive form (19). It
is possible that the mitochondrial genomes of angiosperms do
not encode as many r-protein genes as the liverwort mitochondrial
genome, in spite of the much larger average size of the former.

Table 1. Amino acid sequence homology (%) of liverwort mitochondrial rib
to those of E. coli, angiosperm mitochondria, and liverwort chloroplast, and of liverwort
chloroplast to that of E. coli.

Protein E. coli Angiosperm mt (ref)  Liverworicp (1)  Liverwon cp/E. coli (1)

S1 24.1
2 271 228 43
3 254 514 (18) 24.1 40.6
4 250 224 40.1
7 35.8 29.9 438
8 351 26.7 455
10 29.2

1 48.0 488 515
12 62.1 76.0-76.8  (9.10) 64.2 70.2
13 383 55.0-61.2 (11-14)

14 433 69.7 (15.16) 384 450
19 376 49.5 17 38.7 63.0

L2 438 43.2 484
S 286

6 36.6

16 50.4 7n9 (18) 45.9 53.8

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. 1m, Ic, le, and 1f, respectively).
Moreover, r-protein S3 in maize mitochondria appeared to be
much larger than that its liverwort mitochondrial homologue
(Table 2.) (18). However, liverwort and maize S3 amino acid
sequences deduced from the corresponding mtDNA sequences
showed a high degree of similarity between liverwort and maize
in the N-terminal and C-terminal regions (Fig. 1c). 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 S13 r-protein (7). It has been postulated that the yeast L8
protein gene might have arisen as the result of fusion of genes
for L17 and S13 proteins (7). 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. Ribosomal proteins
S1 and L6 in liverwort mitochondria appeared to be smaller than
their counterparts in E. coli, lacking the C and N terminal portions
of E. coli S1 and L6 r-proteins (Fig. 1a and 1o, respectively).
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.

Table 2. Sizes of ribosomal proteins from liverwort mitochondria, E. coli,
angiosperm mitochondria, and liverwort chroloplast genomes.

Protein  Liverwort mt E.coli  Angiosperm mt Liverwort cp
S1 270 557
2 237 24} 235
3 430 233 559 217
4 196 206 202
7 230 178 155
8 152 130 132
10 102 103
11 125 129 130
12 126 124 125 123
13 120 118 114-129
14 9 9 99-100 100
19 93 92 94 92
L2 501 273 277
5 188 179
6 101 177
16 135 136 185 143

Numbers indicate amino acid residues.
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(a) rps1 . . . . . . . . .
Liverwort mt  M--SFSQLFPKYNSSFNPLRGSAIQCSVIQLQONKVLVDTGLKT~~—P 1 ICFQHELKRVPITKQARFHFGIEDVE-VFGEPKMLLPKPLEIKCKRKLVW
E. coli :TE::A:::EESLKEIETRP: : IVRGV: VAIDKDV: : : : A: : : SESAI : AEQ: KNAQGELE: QVGDEVDVALDA: : DG: : : T—~: : SR--s —: A: : HEA:
IELTKIWRSDQNL VKGF ILNSVKGGYAVATAGY IAFLPKSLL--RS~RKVFYSQWR-I-FSILNMKPKISNIVVKE 1GDGK IDYF SPTKSHQKQTKYLGA
cT:E:AY-E:AET:T:V:NGK::::FT:ELD: IR::::G::VDV:PV:DTLHLEGKELE:KVIKLDQ: RN:V: : SRRAVIESENSAERDQLLENLQEGME
KLKHWRNMKKNTNVKKKY I F SEKVPTTKKTKQGFKHLGPKPLAY TEKKRETTKQSTKNNVFQLKDQGQGKSLVFVDVLTQSS
VKGIVK: LTDYGAF VDLGGVDGLLHI : DMAWKRV: : PSEIVNVGD: ITVKVL: FORERTRVS: GLKQL: EDPWVAIAKRYPEGTKLTGRVTNLTDYGCFV
EIEEGVEGLVHVSEMDWTNKNIHPSKVVNVGDVVEVMVLDIDEERRRI SLGLKQCKANPWQQF AE THNKGDRVEGK IKSITDFGIF IGLDGGIDGLVHLS
DISWNVAGEEAVRE YKKGDE IAAVVLQVDAERERI SLGVKQLAEDPFNNWVALNKKGAIVTGKVTAVDAKGATVEL ADGVEGYLRASEASRDRVEDATLY
270
LSVGDEVEAKF TGVDRKNRAISLSVRAKDEADEKDATATVNKQEDANF SNNAMAEAFKAAKGE 557  24.1%(65/270)
(b) rps2 . . . . . . . . .
Liverwort mt MYNSNLLVIQKLLSTNAYLGHRIPTSDFQGYLYGFRNEMAT IDLEKTLICLRRTCNLIGS I I SAKGH-LLLVNTNPE YNKI IQQMAKKTNQSY INHK
E. coli MATVSMROMLKAGVHFGHQT : YWNPKMKPF IF : A: : KVH: : N: : : : VPMFNEALAELNK: A: R: : K-1 F: G: KRASEAVKDA: LSCD: FFV: : R

Liverwort cp  MKQKSWNIH: EEMMEAGVHFGHQA: KWNPKMAP: IFTE:KGIH: : N: TQ: ARF: SEA: ~DLVANA:S: : KQF : 1:G: KYQAADL: ESS: L: ARCH:V:Q:

WIGGF L TNWKHMKKVKKHFQDF SAHPNLKDAF TSSPF DYF PRFKKMQKCF E——GIMTHNI-PDCLVI INANQNSMAT LEANQLQTP IVALVDSNIPNRL
tLesM:o::: TVRQSI:RLK: LETQSQDGTFDKLTKKEALM: TEELE: LENSLG: : KDMGGL: : A: FV:D: DHEHI: :K: : :N:G: : VF: I: : T: SDPDG
sL::M:::: STIETRLQK: K: LENKKKTGT INRLPKKEAANLKRQLDHLQKYLG: : KYMTSL: : IVI: : DQQKEFT: :Q: CIT:G: : TIC: : : TDCOPDM

HKLITYPVPVNDDSIKFVYLFCNLITKTVILSKRSQRPKVKVKRL 237
VDF-—-VI:G:::A:RA:T: YLGAVAA: :RE-G: : : DLASQAEESFVEAE 241  27.1%(64/236)
TDI-—-:1:A:::ARASIRWIL:KL:LAICE-G: YNSI:N 235 22.8%(54/237)
(c) rps3
Liverwort mt MAOKVNPISVRLNLNRSSDSSNFSDYYYGKLLYQ-DLNFRDYFGSIRPPTGNTFGFRLGRCIIHHFPKRTFIHVFFLDRLSQSRHQGLGAIPSVKLIRRI
*#Maize mt  ::R:GrrrooosDrssocePesscssssssssse—sVeleSeeSeoesssRlosssssssssslesssszsesF:LPR:PLRLKRRDKSRPGKD: GRWWA
E. coli :G:::H:NGI::GIVKPWN:T: : ANTKEFADNLDS: FKV:Q: LTKELAKASV. ————SRIVIE: PAKSIRV

Liverwort cp  :G:: ::LGF::GITQNHR:Y::ANKK:S:!FEE-:KKI::CI-—ELYVQKHIKNSSNYGL:ARVEI::KTDLIOV
*

NDNTVKQRNEVGIWPKK—RYEYHDRLPSIQK-1DQLLRVSDWMADIHSTFQS—IWPKDENDDRRAS
FGKVGPIGCLHSSEGTEEERNEVRGRGAGKRVESIDREKQ: s IRz 222 :MQ::Gz: 2 s T2 :RK:NFSKS: : : : RAFKHPKYAGVVND: AFLI: :::SFIK

EERYAF SRFAPSILVAVRAEKKKAIFGSEGDFFGF TGRAF LDYF VMQYF FNLKNQIQF DPMVN-RSPVAQGVAKT SMIGKAIPAKTEQGTQSGESICQPR
TKLFK: FFLPKKSRSDG: TSHLLKRTLPAV——————-:PS:N:S:s:::::T::KMH: s : V:VLNHF: :P:: : EP: TM:G: KGGSLDKRIR: RIAFFVES

STLYFDAI
: : SDKKCLARAKKRL IHF IRQANDLRFAGTTKTTISLFPFFGATFFFSRDGVGVYNNPFYEYAREQLLGQLRIKCRNLMGKDKVMEL TEKF IDLGRIGKL

--------- IFLRYARFRKATSLSSRYYYLKKMQSLFSNQTKTNTLIQPVKIASVYQSASLIAQE I SWKLEQKK-SFRQICRSIFKQIKKC-P-YVKGIR
IKGIEMMIE: I::KR: IPYGYN-: YLNEV-Q: :R:FLs:R:Nzzss:ESsz:Kszsz2222:2:0::FQ:RNNPI:::S:FSK:V:D:PLIM:KG:E:::
--------- TIHTARPGIVIGKKG--EDVE: L-RKVVADIAGVPAQ: NIAEVRKPELD: K:V:DS: TSQ: : RRV-M: : RAMKRAV-: NAMR-L-GA: : : K
------- ——EIYTGFPALLVE:RGQGIEQ: : LNVQNILSSEDRRLRMTLIE: : KP: GEPKIL:KK:AL: : : SRV-A: :RTMKKAI-ELA: K-G-NI:::K

IGCSGRLNGAEIAKTECKKYGETSLHVFSDQIDYAKTOASTPYGILGVKVWVSYFLTQKKGTSCAISKTYKIS 430
tCrrzseGrzzzzRezsGessKssCNssNQK: sz :PAEV: :RD::S::::RIz:SQ-N:::—R:: 559 51.42(207/403)
VEV""G:":'R"NYRE RVP: : TLRAD: : :NTSE:H:T:: : .IFKGEILGGMAAVEQPEKPAAQPKKQQRKGRK 233 25.47(60/236)
:QIA:::::::::RV:WARE:RVP:QTIRAR:N:CYYA:Q:I::V::1::: IFQDEE 217 24.1%2(53/220)
(d) rpsé . . . . . . . .
Liverwort mt  MFASRFKVCRQILENVWQTKKLTLKQKFLISELQKQKKN—KKQSDFSI--QLQTIKKLSLFYGNLPIKK——-MQRAKTHTY IDKKNS——-—LLFNIEK
E. coli MARYLGPKLKLSRREGTD: F: : SGVRAID-T: C: IEQAPG: HGARKPRLSDYGVQ: REKQKVRR: YGVLER: FRNYYKEAARLKGNTGEN: : ALL:G
Liverwort cp MSRYRGPRVKI IRRLGA: P~GLTNKTLK: K-SGYI-NQS-TSNKK—VS: YRIR: EEKQKLRFHYGLTER: LL: YVRIAR: AKGSTGQV: : QLL:M

RLDVILVRLNFCSTMFQARQLI SHKNICVNYKKVNIPGFQVSNGDL I SIQENSLDFFKSNIRKNFQTNRIRRMKPNHLEVNYKTLKAVVLYEPQQIQFPY
:::NVVY:MG:GA:RAE: z::V:::A:M: :GRV: : :ASY:: :PN:VV: : R: KAKKQ——:RV—: AALELAEQ: E: : TW: : : DAGKMEGTFKRK: ERSDLSA
seN:IF::GMAP: IPG:z:::VN:RH:LI:NNT:D::SYNCKPK:V:T:KDR: KSQ-=:1:1::~-LNSFQKQKI::::TFDLMQI:GL:NQIIDREWIYL

KIDLDLLD 196
D:NEH: IVELYSK 206  25.0%(49/196)
::NEL:VVEYYSRQV 202  22.4%(44/196)
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(e) rps7
Liverwort mt
E. coli
Liverwort cp

(f) rps8
Liverwort mt
E. coli
Liverwort cp

(9) rps10
Liverwort mt
E. coli

(h) rpsil
Liverwort mt
E. coli
Liverwort cp

(i) rpsi2
Liverwort mt
Maize mt
Rice mt
E. coli

Liverwort cp

(J) rpsi13
Liverwort mt
Wheat mt
Maize mt

Tobacco mt
#0enothera mt
E. coli

(k) rpsl4
Liverwort mt
Broad bean mt

#0enothera mt
Yeast nc
E. coli
Liverwort cp

MNLFGKSNFNCVF SSSLOWFHSSRLSEKVGTKKNRICRETESFYALCL SHRRYLCYALEGLLPSRPRGRRASTYNCSONLGY IRGLNGKQKQLIKKLVHI
MPRRRVIGQRK: LPOPKFGSE : LA: F: N:
MSRKSIAEKQVAKPDPIYRNR: VNM: : NR

CMIDGKKTRSRAIVYKTFHRLAPHGDV IKLLVN---ATENVKP ICEVKKVRISGTTRLVPSI IATNRQETLAIRWMLE SAAKRRMGKKS I SLDQCLYAE I
L:Vi:::STAES: : : SALET: :QRSGKSE: EMAFEV:L::sR:TV:::SR:VG:S: YQ: : VEV-PV:RNA: : M: : IV: A:R: : GDKSMALR: ANE: SD-A
TLKN:::SLAYR: L: : AMKNIKQKTKKNP: F: LR-Q: VRK: T:NVT: :AR::D:S:YQ:: LE: KSTQGKA: : : : : L: GASR: : SGQNMAFK: SYE: ID-A

LEASQKMG ARKKRDDLHKLAEANRSF SHYRWW 230
A:N-——K:T:V:::E:V:RM::::KA: Az ::: LSLRSFSHQAGASSKQPALGYLN 178  35.82(57/159)
ARD-—=N:::IR:KEET::M:::::A:A:F: 155  29.97(47/157)

MHTLSNLLSSIKNAQKAQKRVLYF SSFKK I SKRKKRFVCSACKMMPRVFVSRLCWDF CRILYNEGY THGF SQEADG-S—LRIVLKYHSSGIGY--~IKKM
MSMQDP TADMLTRI : NGQA: N: AAVTMPS: K: KVAIANV:KE: : F: ED: KV:G: TKPE:ELT: : :FQ-:KA: VES: Q—-
MGNDT [ ANMITSIRNANLGK : TVQVPATNITRNIAKILFQEGF IONF IDNKQNTKDI : [LN: : : ~Q—: KKKKSY: TTL

KTISKPGFRIYSSKNRLSKKREGLGITILSTSKGNLICOREAQKTNFGGGEILCQVF 152
-RV:R::L:::KR:DQ:P:VMA::::AVV:::::VMT-:: A:RQAGL-::::1:Y:A 130  35.17(46/131)
RR::z:z::lec::NHKEIP:VLG:M::V:eoo::R:IMT—::::RQKKI-z::L::Y:W 132 26.77%(35/131)

MTAKICIVIKSFENQRSGLLLNTRKIGLPKKQTLYTVLRSPHIDKKSREQF EMRIHKQLLV~1ETE THKLREKLNWLKLHDLLGVQ
MQNQRIRIRLKAFDHRLIDQATAEIV: TAKRTGAQVRGP: P: : TRKERF:::1:::VN:DA:D:Y:I:T:L-R::D:VEP:E: TVDA:MR:D: AAGVD: :

VKIIFYYQTRLDKVCKS 102
ISLG 103 29.27(26/89)

MQKK—-~—--HGI TNMQKKHCITYIQSTFGNT I I TLTDYNGNTKTWSSSGSVGFKGSRRSTNYAAQATA-ENAARVALQLGFKF VEVRIKGLGYGKESSLR
:A:APIRARKRV-RK: VSDGVAH: HAS:N: ::V:1::RQ::ALG:ATA:GS::R:::K::PF:::-V:AGRC: DAVKEY: I:NL: :MV::P:P:R::TI:
:P:SVKKINLRKGKRRLPKGVIH: :AS:Nzz:V:V: i IR:QVVS:::AzAC:: s s TKK::PFzzs—z Az 1:1L:DQ:M: QA: :M:S:P:P:RDTA: :

GLKLGGLI ITKIROVTPTPHNGCRPPKKRRY 125
A:NAA: FR°~N-T~‘-'l--:--~"--::: 129 48.0%(60/125)
AIRRS: I:LSFV sii 130 48.87(61/125)

MPTMNQLVRKGRESKRRTKRTRALNKCPOKOGVCLRVSTRSPKKPNSALRKIAKVRLTNRNEIIAYIPGEGHNLQEHSVVMVRGGRVQDLPGVKYHCIRG
I H :D::::SDQ:: :F:H:: :Se: K: :S:R

: E Q :0::::S0Q: EEEREREEES B

:A:V: P AR:VAKSNVP: :EA::::R:::T::Y:

'::IQ::I:NK:OPIENRTKSP::KG:::

VKDLQGIPGRRRGRSKYGTKKPKDYI 126
::::L:::D::K::::::AER::SK 125  76.87(96/125)
HEFENIEN & : :AER: : SK 125  76.0%(95/125)
AL CS: VKD KQA c2::ViR::A 124 62.17%(77/124)
TL:AV:VKD:QQ::::::V::S: 123 64.27%(79/123)

MSYILGTNLNSNKOVK‘ALTRIFGIGPKKAIOVCDQLGLSDTIKVNKLTKYQFDQILKIISQNYLVDSELKRVIQRDIKRLISIGCYRGFRHNAGLPLRG
:2::S:ARSLPDE: :R::S:KMD:zzzzzs:: LRYR:: 1:GN::M:E::: ::EQM: A: DHV: HW: : R R :S
£2::S:ARSLPDE: :R::S:KMD LRYR: : 1:GN:: IHE:: :EQM: A: DHV: HW: :
:L::S:AR:VGDE: :R::S:K:D tRYR::1:GN::IKE:: ::EQM:G:DHV: HW: :
::::S:AR:VADE: :R: S KMD::::::::::RSR::~~GN::RKE:: :EQMRG: DHV:HW: : :: e
VAR:A:1: LPDH HAV::::S:Y:V:KTRSKAILAAA: [AEDV: ISE: SEG I TLRDEVAK FV:EGD:R:E:SMS::

.D :;::: i

QRTHTNAKTCRKLRYVSIRS 120
srrrriR:AI:QIWK 116 57.8%(67/116)
- R:A::QIWKGNERRLPKEQATD 129  55.0%(66/120)

Re::z:IWK 116 61.2%(71/116)
R:S::RIRK 114 56.97(66/116)
:R:-::GPRKP: KK 118  38.37(46/120)

MSNQ——IIROHKRRLLVAKYELKRMHYKAICQDRNLPNK;kYEYFFKLSKLPRNSSKTRVRNRCIFTGRPRSVYKLFRISRIVFREL
tEKR-N:: ttArzoiR:KL::oF:K:SD: : SOMWDKLRY: tFAzzz::::S H3¥ :S:
$:::R:KL::cF:N:PA::SDM: DKHRY: :
MGNFRFPIKTKLPPGFINA L::NFK:QQFKEN: ILVKSL: F:ARNM: : : T:L: L:AQL: : NA: : : : A:F : :YQ:::N
tAK:SMKA:EV::VA:AD: :FA: :AEL:::IS:V: ASDED WNAVL: QT:::D::PS:O::::RO HGFLRK GL KV A

tAKKSL:Q:EK: :QN:EK: :KIL:NSL: KKITETSSLDEKW— FQK::QS:::::AP::LHR:: Fk :KAN:RD:GL: : HLL::M

ASKGéLIGINKSCN 99
:R:P:M::K::S: 100  69.7%(69/99)

..R. tM::K::S: 99  69.7%(69/99)
sLesN:P:VK:GI: 114 37.47(37/99)
:MR:QIP:LK:G 99  43,37.(42/97)
:HACk:P:VT:.S: 100 38.47(38/99)



(1) rps19
Liverwort mt
#Petunia mt
E. coli
Liverwort cp

(m) rp12
Liverwort mt
E. coli
Liverwort cp

(n) rp15
Liverwort mt
E. coli

(o) rp16
Liverwort mt
E. coli

(p) rpl16

Liverwort mt
Maize mt
E. coli

Liverwort cp
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MTR-SIWKGPFVDT—— CLFKQKKIRWRIWSRRSCILPQFVGCYAQI YNGKGFVGLK I TEEMVGHKFGEFASTRKTSSLGKRALPSKTKIKPIKK
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Figure 1. Amino acid alignments of r-proteins deduced from the liverwort mitochondrial DNA sequence, with counterparts from E. coli, the liverwort chloroplast,
and angiosperm mitochondria. Amino acids 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. Asterisks indicate

amino acid residues corrected for RNA editing (14, 16, 17, 18). Arrowheads specify the sites of intron insertion.
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Figure 2. Organization of r-protein genes in E. coli, liverwort mitochondrial and
liverwort chloroplast genomes. Solid boxes indicate the common genes detected
between the liverwort mitochondrial genome and either the liverwort chloroplast
or E. coli genomes. Hatched boxes are genes having introns. Open boxes in E.
coli and the liverwort chloroplast genome indicate genes that are absent in liverwort
mitochondrial genome (except that the rps/ gene appears only in the liverwort
mitochondrial genome in this comparison).
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Figure 3. Overlapping regions of rps3 and rpl16 genes in liverwort and maize
mitochondrial genomes. Amino acids are denoted by their 1-letter symbols.
Initiation codon (GUG) are boxed in both liverwort and maize rpl]6 genes. Three
in-frame ATG codons in maize are boxed by dashed line (18). Termination codon
(TAA) 24bp upstream from the GTG initiation codon in liverwort rpll6 gene
is underlined.

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. 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 (rpsi2, rps7,
mpl2, rps19, rps3, rpll6, rpsl4, rps8, rpsil, 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) (29). 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 rise 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.
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