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ABSTRACT
The nucleotide sequence for 40,469 bp of the linear
Paramecium aurelia mitochondrial (mt) genome is
presented with the locations of the known genes,
presumed ORFs, and their transcripts. Many of the
genes commonly encoded in mt DNA of other
organisms have been identified in the Paramecium mt
genome but several unusual genes have been found.
Ribosomal protein genes rpsl4, rps12, and rpI2 are
clustered in a region that also contains two other genes
usually found in chloroplasts, but rpl14 is over 16 kbp
away. The ATP synthase gene, atp9, is encoded in this
mt genome, but the atp6, atp8, and COIII genes have
not been identified. All of the identified genes are
transcribed. Many mono- and poly- cistronic transcripts
have been detected which cover most of the genome,
including large regions where genes have yet to be
identified. Based on sequence comparisons with
known tRNAs, only those for phe, trp, and tyr are
encoded in Paramecium mt DNA.

INTRODUCTION

With the increasing number and variety of organelle genomes
whose complete sequences are known, it is becoming possible
to catalogue the occurrences of certain genes in different cellular
locations. This gene distribution pattern-the assignment of
particular genes to specific organelles in various organisms-
provides a functional genealogy that can supplement phylogenetic
trees based on rRNA sequence data. This information will be
important in answering questions on the evolution of organelles,
such as the polyphyletic vs. monophyletic origins of mitochondria
(1, 2).
Complete genome sequences available for mitochondria include

numerous representatives of vertebrates such as human (3), mouse
(4), cow (5), and frog (6), as well as representatives of
invertebrates such as Drosophila (7) and sea urchin (8). Much
of the sequence of fungal mt genomes, Podospora (9), yeast (10),
Neurospora (11), and Aspergillus (12), have also been published.
Protozoan data are relatively lacking with the exceptions of the
sequences for much of the maxicircle DNA of the mt genome
in kinetoplastids Leishmania and Trypanosoma (13). In addition
to Paramecium mt DNA sequences, the protozoan ciliates are
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also represented by partial sequences from Tetrahymena (14-18).
These protozoan genomes are particularly interesting because they
are so divergent from all other known genomes, reflecting an
early branching and a rapid evolution of this DNA at both the
primary sequence level and the level of genome content and
organization.
Approximately 40% of these Paramecium mt sequences have

been published previously (19-25). Many of the genes
commonly encoded in mt DNA, including those for NADH
dehydrogenase subunits 1-5, are newly identified in this and
the accompanying communication (26). Other genes, not usually
found encoded in mt genomes, are also located in Paramecium
mt DNA such as those for an additional NADH dehydrogenase
subunit and ribosomal proteins (22). These genes, and presumably
other open reading frames (ORFs) in Paramecium mt DNA, may
be found in nuclear, mt or plastid genomes of different organisms.

MATERIALS AND METHODS
Nucleotide sequencing
The subclones of the species 4 stock 51 Paramecium aurelia mt
DNA that were used in this project have been described
previously (27). The sequencing strategies, using both the
methods of Maxam and Gilbert (28) and of Sanger et al. (29),
for the approximately 16.5 kbp of previously published sequences
have been discussed elsewhere (19-25). The remaining DNA
was sequenced in a similar manner using subclones of the PstI
and EcoRI fragments shown in Figs. 1 and 2. These major
fragments are numbered by size following a previous convention
(27) except for P5X which is about the same size as P5. The
restriction enzyme sites at the boundaries of these major fragments
were always sequenced across, usually with HindIl clones that
have been described elsewhere (27). In most but not all regions,
sequences were obtained for both strands. The order and
contiguity of all sequenced subfragments were determined by
overlapping sequences.

Transcript analysis
The transcript map shown in Fig. 2 was contructed from data
obtained by hybridization of 32P labelled DNA fragments to
Northern blots of total mt RNA (obtained from axenically grown
cells) electrophoresed on methyl mercury agarose gels. In a few
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>(191
>>Non-pahiedromel boundary

ATATATTAATATTATCTCTTC TACTTTGTATTGTTCTCM TGTTATAGTAATAAT TG TAAAATTAACTTT
>> first repeat of 11 <

end last complete repeat<<

N<'oe-palindrome' boundary >[21( >5'

6R.A >>PI PotI P2

P1"', mRA3lY" ">0691)113) and 5.665A

ORFI(I) tt" »>e)>dht3(ORF) aed 5'al6A

edh3ORF)2R9(e 3.665'<<

">'0RF3(196)

2693(196)I"'I
5751 GCCTAT T CTGAATTAGTGGTCACTAGCCAAAAAACTM AGCGr AT GACCiTTTGTAT

ORF46(1561
5676 TCTCCATTTAGAATATCTTCGACCGTGGACCTATCTGGGGTGCTAACATTTAACAACGCCTT

11376TT MCTCTTCTACTAGCTAC,GAGT CTC GAGAAGAAGGCAACCTA ATACT TG A,TT7,7 7",7.
115611 AGGAATTCTTTCTGATAAGGCATGCCTGGCAATGGTTSCGAA,~CCCTGCCTCGAC7Gr,~,

""tRF 5(71)'

'1221 RF70)f5(11f"'trpSl4<
11876 TGMAAAAAG6CGC7TCATTTATCAAGATMTTT1TTGTATTCTGGAGGAGGCCCTCGAAGGCGTICAGA7TTTICT ATGCCTGCTTAIGTTGAAGTTTTTGATGTATG1CTTTAGTCCTGCCT
1till GTAAGGCAGCACCTATCGACCTGTTTAGTA GCC TGC TCTTGTTGTT7TMGATACCTTAAGCT GCCA TGGTGGI7CCTTAGCTGC 7GC7GAT167T GTTGTTTT77AA GCATTC AGGA1T

rosl4m "'t6RFf36<
12126 CTCMTTCAACCAACCTC7TAATCAGTATACGGTGTACTTAGTTTTTCAACAGCAGTCTTAA
12251 CGAGTGCAGGTCC7GCTTAGACCTAGTGGTACGCACGCTGACGAGC77GGCTAAA,AGTCC"
12316AATGCTAGGTCCGCTGAGTATGTTATTAACCC.TCGATAATGTAGGTCCACAGGATGT7TGTG

12676 GCAATTATTGTTAAACTCGA6GGATGTCAGTTAACAGCTTTACGGATAAGAAG7TTTAGI77TCCTCGTTGGGCCTGTAAAAGGCTG17T6CATGCGGCGCCGCAAACTCGCTCATAAAACTCCA
13661 TGATT7TMCTCGTTCTTCAAAGGCCCAAAAAA7ATAATGACA7TGCTCCA617TGTCTATGC11GCA6GAATTGCGAGCATGTGGTTCA6AGACCTAGTTAGCTCATCGAACATIGTTCGAACG

P6 PotI

ORF466<<< >>dhZ
103176 GGCGATTCCGTGCTAGTM AACCTTCTATTATGCTCGM GAAATCATACATM GTCCTAGAA
10561TCTTT CAATGGCAM TTTAATGCCTTTTC7GCTGCCCCTT M M TM AGT GGCCCTC AGGG GAA
10626TCATC ACAACTTCTTA CTTGTTTTAT TCAACCGAGTACCCCTCTGTT CTAGT ATTTTTT ATM
13151AACAACACTCTCTTTCTGA AAAGCAGT7T ACAGACTAGCTTTATGAGAGCCGATACCM M

ndh2'"
13676 TTAACTAC ACTT ATTTTA TT TC7TT ATCTTC7 rTTC TAA CGC T TAT TT A TATTTA& CT

>>rpsit
16417CTCTAAAATAM TATTTTTACTGACAAGTTAGAAGGACGGAGATGATCGCTGTGTCCCAAA
16106GGTGGCTAGCGGTGACCCAAGCATCGAGAGCGAC AG CAATAAAAGATCTGACCTTCAGAGG AA

P1 Pst1 90
16261ACTGCACTCACT ATCCGGGGTCGGC7CGTTAGAATGATGGGTTGA7TAGGGGGCAATACAG

)>Pobl
rpsIZt

16376TCACAGTTAGGCCC AGTGTACCTCAGAG AGCAC GGATATTAGCGM TAATACGTAACTA TC
16561 TGCCGAGGCT GCCTACTGGTGCGTTCCAAAGTCTCATTACICAGCTGTGTTGGGTTTGGACC
16626 CGCACGCTACTGTC AGTAGAW TGCCGCTCAGCCAGCAAGCGCCAGGGGTTCTGCGTCCAC
16751GGG TCACCATTAGCTGGAGGTCAAGTACCGCAAGTTTCAGGCCCCCGCAGTT7TTGGTTCAT

psbGtec >>>RF6(176J
16576CA ACTGTAACAATAAGAGATTGATGCACTTTGATGCGGGAGGGTTTAAGGAAAGAGAAAC A
15.3ATCGGTCM CM GACCTTCGTCCATGTGTACCCCTGAAAACTTACCGTTTTTT,TATTTATCA
35126CTM CM ACTGM TGCCT ACTCCCCGGTTTTCCACCT TTTAAACM AAAACTGTTTAATTC
15251 TAGAACACCGTAGGCCTGAAGCGGTCCGCCW GGGTGAATTACGGCCTGCCAACAA-CT,AGT

O6F6(178)"Il >'rpit
15376 T GGT GGCAACACAAAAGTGCTCTTTCTA TTGCAGCG CA7 ACTACTTCATAAAAGAAA""
15563UGTGTCM UACTACTM TAACAACCACCTAATACTCAAACCATGAATC'GCA~i'G Tcl7,cA
15626 AGAM AACTGCTGTTATAGGGATAAGGCTATCTAAC AGTTTTGAGAAAACCA"TG:"GAGG T
15751 AACCCACTATCTG CCGCG7 TTGTGAGCCTAGCGTC'TA AG TCACAAAAG GCG AG C4 -'G A "

15676V.CTCTAGTGGTTAGGTAACTAT AC CTTCCTGGGCTTTG7G7ACGCGAAC TAGT GG
16661 T GAACCTCTA TA TA CCCCT GACT ACGA G , rG ,TCATG AATA A

16126 GA TA T ACGGA AT CGTAGG;G.ACAATACCCCGTGG CCAA GGGC, ACTCCTA AC~'T '~A
16251 AATUAATAGGG G T GTCTAG CTCTG AGC7 ~TT 7; G CAC~ G CSC~ CT ,AGLCAC' GGCA ',AGAA AC'
167163TCTA76 CCCA C CCCCA T GACGTCGC 7AAAG GTAGGT.T~CTAAAGAAG C1CT'GG AG'TC3TAG7 TA~AAAA" ,ACT'

>>'1IF7)125)

28F7(125)"'t
3896)156)"'l /tl65phe

6251 ACGACGTACGACAACCTCAACT7CTTCTTTCGAT7A6GTTCTGTAATT6ACAGCACGTTCTTG3TT7ACTTGTTGGCCAGCTCTTTTTTT7AAGGTAGCGGGCTGAGCAAAGCTT6AGTAGCT
'aeticodonlGtA tRNlphe\

P2 Pitt P9

77561T

>>06968241)

26F8(241("'t

PS PotI P50
IS16GCTGCCGCTTTCCCTTGGCTGTAC6AT61GTACTAGGGGATT TTTGCTTTGC GACGAAGGTT

'>t>RF9(Z64)

P9 Pstl Pe

>>>itp9

PO PitI P6

Itp6"t
6563GTAAM GCTAGCTCTM GGCXGCATCRATTCAAAGAGTCAGCCGCTCCCTCCAAkTCTGGAT
6626TTQ ATCGTC GTACCGGCTCTTT ATAAT CCAAACAACTTATTCTCTCAAACCGGGTACAC
6753 C GGGGTCTCTACAACCCTCTOCCGTTGCTAGCCGTGCACCAAT TTTTAGTC AAAAGACG
8676 CAGAAGCTGXACCACAGGCGAGTACM GGACCGCCAGTTCTTCATTTGAGCCTTCTCCAAGA
9663 AGCCCCTC CTAGTTTTACAAG CAAACGGCACCCCTAAAACTCGACCGAAAGAM TATATT

tRF 9(264)t22
16626 TCTGTCGCCCCTTTATTTACTACACAATCTAAGCGGTTM CAACTATGACTGAGCCCCCAACCT0AAGMG7

>>'3R911(1I5)
16751GTCM TTTGACT CCGGTM CAC ACTM AGAGAAGACAGTGGATGAGAGTGT CTACTAAT
16676CGACTCAGCTAAGAACTACT AATM ACGTGGCCTGAGAGCTTGAGATCTACTACTT TM AG

369 11(115)tt'
19661 GGTGGTTATGACCGCCACTTCTTCGCACTC AGAkCTACTCTGGCCAA CTGAAGCTTTT GT
39126 GTGGGGTAAACAGCTTM TAAAAAGGAAAACTM GAAAAAACAAC CAGAAAT GAA.AACA
19351CTT AAGGCACCCGTGCGACTGM GTGGGATAGAAAATOCTM ATCCGGTAGAGGGTC ACAG

>>>cyt b

21376A
opt N"'t

»>>>dhS
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P51 PstI P6
21576 TCGTAGGAGCCCTAACAGCTCTCGCTGCGGCCTCTCTGCAGTGTTCCAAACAGCCTAAAAAAAATACTCGCCTACTCTACTATAAGCCATTGTGGATTCCTAATCTTCTTGTGCAGCMGGA
22HIAATTTTAACTCGTCATAGTGTATCTTTTCGTGCATGGATTTMAAGGCTAMCGTTCCTCTGCGTCGGAAACTTAATAC1CTMCAAAGAGCTATCAAGACTTGAGGAGGATGGGATCM
22126 CTTTAAGTATCTTCCAGCTGAATTTTTTTTMAGTCTTCTCATTACTTkACCTCAGCGGCTCCCCTTCM GGATTCTATTCGAAGACACTCTTGTTCATGATTTCAGACGTGCMATT
22251 TTAGATGCTATCTTTTGCATGATTTTGCTAAGCTGCATCACAGGCCTTTTCTATTCMCAACATACMACTATTCTTTTGATTCCAAAAAGGCAAGGAAGAGCATATACGCTCGTC
22376 ATTAGCGAGTACCTTAGGTCTTACTACTATAGCAACACCACGATCCTCCAACATTGCTATCMATTGATAGTCTCGTCCTGCCTGCTCTGCGCCTACCTCATAAACTTCTACCTCCTCAG
22511 CCTCTCAACTGCAACTGATTTTTATCTCGTCTACGTTAAGACCTTCTCTTTCACCCTCGCCCCCTTGAGCGAGGCCGCCCTCTTAAACTATTCTTTTTATTGGATCATAGCAATCTTCTTCG

ndhS"'
22626 TGATCTTGGTGCTCTTTTCTTACTATCAAAAAAAAACAACAGCAGAAGTAAGTCTAGCAG G GATTMCTTGGAGGGMTTMTAATTTTACCCCCTTCCTACTTCM

>>sORF111367)
22751 GTGAGGTTGTATTTCCACAGAMGTATTTACCCCCAACTTTAGCACAGGCTTCTCTTGTTAAGTCCGACGTCGTCATCCACATTGCTCAATGGCAGTATTGGTGATGATMGMACAT

ndhl"''

>>>rp 14

rpl14"'

>>>ndh4
23511GGGCGGCGATTCTTGA1TTTGCGAAGCATCGTCTTCAATCACTTTGGTAAGAAGAAGATTGGGCAAGAAGAGCGACACCTTGTTCAATGCCCTAAATAAGACTATGTTMAAACAGAAAAT

>1211
23626 MTTAAAAACTTCTTATACGACATCGATGCCTCGTGAGCAATGCCTTCTTAGAAAAAAACCTAAGTACGTAAATCTTACTACGAAGAGGACGGCTACCGACTMCTAGGTTCACTAAG

ORF111367) no stop but overlap >>>COII

>(231 COIIt" >>Sull sub-
24376 ACTTCTTAAMGATGACAGCACMGGCCTGCCCAAGCTCTTGTTTACAGAATCTAAGAATAGGMGAGACGGACTACGGACTT^AAAAATMGCTGGTAGGCCAGCTCMAGTTGCAGCC

unit rIlA 5' El EcoNI E6
24501 AGGCTGCATACTTGGATGTAAGAATTCTTTMAGGAGTGTGATCTTAGCTTTGAMAACGCTAATCAAATGCATTACACACGCAAGTMATMACACAAGAACCTTCTTCMGCTTAAAAA
24626 TGCAAAGATCTAGTMAAAATAGCGTATTGGTGCGTAAAATATGTCTTTTTATTCGTATTGTACCTTAGATAGCCTAGTMmCTTCCTMAAGAAGMAATGCCACCCAAkAATTAMm

E6 Ecoll E2
24751 TAAAAATCGATACTTAAGTATTGAACTCTTTTMGATCCAATAGGAAAAAGATATAGAGCGCTTCGAATTCGAAGCCGCCACTTGGGCCTCCTGCGCTTAGCTGAMGTGAGAAGAAT

P6 Pstl

25751 UCACACGTGTTACAATGGTAAAAACAATAGAAAAACAAAGCTCTAACCMAGTTMAAAAAATTACUCACATACGAATTGmTCTGAAACTTGGAAGCATUGAAGAAG.TCGTTAGTAATCG
sull rIJA discontinuity

ua876 CAAATAAGTATGTGCGGTGAAATATAAGTCAAGTCCTGCACACACTGCCCATCACGTCAAAGAGMTAAATCTAGAAUCTGAAMAGATGTGACCCTACCCAmTTTTMMAAAAAAAC
26U1 TCGCCGGTGCACCAAACACCGGTGTTCTAAACAAGCTACTTGTTGTCAGCACAAAGAAGAGTAAAGGCGAAACCAMGAAATGATCGGAGTGAAGTTGACACAAGGTACCGGTATGGGAACTTG

Sul] subunit r16A 3'<<
26126 CCGGTUUGCMGGTGAACAGACCATGCATGCACCCAGAACG GCCGG TTAG AATG MGAGACMAAAMCTTAAACGAAMGTCGTTG ACAMGTATM AT
26251 CMGMMAATTTTTTMGCTAAATGCCTCTTGAACGAGTTCATGMTTAATTCAMTTTTAACA GAACCAGATCAAGACGTCTACTAMATTATTTAGAMCT

>>,ORF12(2651

351 T CA TGCCA TCTTCTTMA1AAGGGGATTCAGCCTCATCGC TAGGCTT1 MT ACATCA IGACGCG1TATIGTCACGCTCATGTTM6ICCT IbAGTTWAGTG IALTCAC
E4 EcoRI ES

35126 AGGTACAAATCTAGGTCCACTCTAGTTGTTAACGGTGTMCTTCTCGTTCAACAACCTCGCATTAGCAATTATTMATGCTTCMTTTMCTGGAATTCTAGGAACCCTAAAGTTTGMG
35251 TGCATTMGTCTTCAACCTTACCCTTCACGMCGTGACCTATAGGCGTTATTMGTGGTTGTTGTGAGCGCTATCGGCTTGATTGGCTTTTCTAAAAATTGAMAATGCTATCTMGTG

ndh4000
35376 CACCAAGAAAGACGTAGGCCCCGACGCCCTCGACCTCTCAAAGAAGGAACMACATTATCTTMGTGCTTCGCAGGCTTGATCTTCTTAACCTTCCTCCCTTTCTTAATGATTTAATCTTAG
35561 GGCMATATTATCMTTGTGCTTCGTAGGCTGGGCTTCTTAGCCCTCTCTTAATAATTTAATTTTAGTATGCMTCAATCCTCTTMATMTAGAGMGAATTTCTTCAAGAGTGGT
35626 TATATAGACTACATCATAAAGAAGGTTACTGAAGCTATTGTAAAGAAMATTTAMTCTTCATTCTTCTTTGCCGAGAAGTTTTTAATTGAGMTTA CTAAAAAAAGCGTAGACA
35751 CGTAATGATAAAACTAAACTCCMGCACTTGAAGATMAACMAATACCTTCTTCTCTCTCTTTGTTGTTTTTTTCTTGTATTTTTTTTTTTTTTTAGAGATGCTTTTCTTGTTTTMAAT

),>>ORF16(189)
35876 TTTTAGGACGCCTAATTCTTTGGAAGGTAGTTACCTGGGACACCTTAGTAMACCCTTGTATGAGACTTCTCCAATATGACTTATGTCGCATTGCAA GCTTTCTTTGCATTCGAGATG

ES EcoRI E3
36HIAGCTCAAUGGMCCGAAGTCTCTACATACTTCGCAAGCAACGAATTCTTCGTTCTACATGkAATTTTCTCCAAAGCATCTTATTTCTTTTTAGTTTTCGAGCTCTTTTTTAGCAATCTTATGGA
36126 CGCTTMAAACAATATCGTGGTTMGAGTTTGATGAGCCTACTCTTAGGAGGTACATTAGCTTCATGGACCCCACCCTCTTTTCTATCTACCACCCCGAGGCCGTTTTTATTCAAAAGA
36251 GCCTTCTTACCACAAATCATCTAAGTTATMGCAAAMTAAGCTTAACGTAGCTGTACTCTTGGATAAGAGCAATGCTATAGAGCCCCTAAACTATATGCTACAGGTCAGCTTCTTACTATAC

2SF16(191"5
36376 TTCATTGMCMCAATTCMTTMCTTTCTMCTAAAAACAACGAGGAGTACCAAATCGATGTTGAGCACTCTGTAATTAACCTCTCCTCTGAGGCTGAAAAAGAAATCTTTTCGTA

o>>ORF17(2211
3656LGACTATGCCCTTAATC1TATTCTCTTGTTGmmm6GTGTCTACTTCGGCMGTTCTTGAGTATGTTCTCGTCCTTCACAGAGCTCTTTGTGTTCMGTGCCTCTCTTGMAT
36626 MATATTGMT GATCCCCTTCAACCTCTTATTTGAM GGTCMTTTTTGTTGTATACTTGCGTGTTCTTCAAACACAACTAGCTATTCMGAGTGCGTTTATGAACTACATC
36751 GGCTCTTAGCATTCTTCACCAGACTTATTGTTCAGMCTTAGGCTTGTTCTAATGTTTGTTGTTTACTGATGATGCACGATACCGTCATGTTACAAAACTATTCTCAAAAAAAMCTTGGT

>[241
361376 TGGAGATAGCTMGAGAGGAGTTAATGAGCGTTCAGCCAAACGGAACCTCGATCTTCTMmCTTGMGUAACCTTCCCTCTAAGGTTGTTTTACTGATGCTATGAGTGCATGCATACTMm
371H1 TTGTAGTTACTGTACAGTTTTCAGCATTCMACTArTTTTTMGATTGTTCTTACTCTTCTATACTTMTTGTTTACGAGAAGTATGAGCACCACTTCGACAATATAACAAAGATGCATAAA

ORF17(221)'t >>5.0S rRRA S'
37 126 AAGCTCATTGAAGAGCTTAAGTCCTTAAAGAAGGACTCCTMAATMGATTmTTTTTTMGCAGTCTAACAAAGCACTAGACGGATGCCTAAAAATCTTUGrTGAGGGCGTAAATCTAAA
37251I TACGATAMGTATGTAAGCMCTMGATATATAGAATTGCTTAGGATGTACAAGGGCCCTTGAAAATMATGAAGCGAAACATCGTAGTAATAAATCTAAAACATAATTCAACTGAGATGT

5.6S rRNA 3'< >lerg
37376 TAAAGTAACGGTGA5TGAAACAAAGTAGCTCAAAAATTAG'AAAGAGGGCTGAATTACTTGGAAAAGTAAGCTACAGTGGGTGATAGCCCCGTAAGCTTTTTGATTTAATTATTTTTTMGTGC

subunit rIllA S'

>>>ORF13(169) overlap ORf21, different frame
27N1 CATATATGCAAGCCCCGAGGCCCAAAAsCTTAAAACTTATCGACCCCGTAGGGTCCTTGATTGAACAGTCAAACTCCTATGCCGACAGGCTGCCGACGAAAGGACMAAGAAAACCACCACCTA

ORF1212651to"Olf13 continues
27126 CTCAAAGCTCGATGTCUGAGCTATGCATTCTTCTTMCMAACAACGCCCCCATTGAAGAAGCTAGGCCTCCTCTCACCCTGAGGCTCCATTCCTGCTACCCTTAAAAkAAAAMCAAM
27251 TMGCA^AtAAAAAACTACCTCTATAACAAGGGTAAGTTTTCTAGGAATAAGCAGAUTATAGGACCGGGGGTTTATCTCTGCATCTGATTAACGGTACTGUCGGTCGTGGGCCMimATTA
27375 TTCTACCTTATGAGCATGA^GMACCTACAACTACCTACTCTMTATTCTTCCTAGGCCTTTMMATAAATTMATAAGAAAUALTAACAAAAAAMGAGGTGCATACTGATCTCTT
>2251

ORF13(169)"' /tRHAtrp unticodon TCA tRIAtrp \
27501 TGAAA^ATTMAAGATTCGGGCACTACACTCTAGGGGAGTAGTTCAACGGAAAAACTTTAGTCTTCAAAACTGACATCGTGGGTTCGACTCCCGCCTCCCTTGTACTTTTTMGTTTTTMAA

>>>ORF141387)
27626 AATGCATAGAAGAGUCCACAGACTTTCTAmTTTMAATAAGTATTCACGAGAATMCATACCACTTMGGTAAGTTTTTTTMmAAAGAAATAAATACAAAGCTTATTTTTTTMGAG
27751 AGGMAACCTCMAGMCMACCTTCTTTAGTATTMATCTTATCGAGGAACCTTGTCCACCAAAAAACMATTACUGCACTCMACCTACACTAAAGCAACCCTAAAGAAACAAAA
27876 AAAAAACTTCMAMTTMAGGATCTCCmTCMTCMGTCGTCTTTTTATTTTMACCTTCTATTCTCATATACGCTAGAAAACATTCCCGTATCUAAACTCTTMGMGAGGTAGCT
28H1 GAGGTGCMMATACATCMATCTCTGGCMAATTTTM GGAAA AAAGTATACCTATGGAAAGTATACTGAGGCTCTGCAAAUGMGGAAUGUmAGGGT CATCTMGACTTATC
28126 GAGGGCMGTTMCAGCCTTCATCTTCCTGACCTTCAATGCAAGCTCTGAGGTCGTATACAGCTACGACCCCCAGCmTT MAAACTCCACCTGATCTCMAAGATTTTTmTT AA
28251 AATGCTCGCCCTCACTTMAATTCTATGCTTTAGCATGGTCTCCTCTCTAAACTTAAGGAAGCGCMAACATGMATMmAACACAACATCACTMCGTCATCATTAiiTmiAATTG
28376 AGTCTGCCAGTATATTAGTATTGTAAACTACTGTGGCTTCMGUATGATCCMAATCACAGCGACTTTGCACTCGATTCTGACTTTAGGAAATCCCUAACTGTTAAClGCTATGTGCTCTTA
23511 ATCGGCATTGCAAAGTACCTTCACATCCTCTTTATCGTAMGMGATTMmAATTTTGCAAAAAACCTTGAAAACATGAGTCCAGAGCTACATCGCCGGTACCTGCACACAAAATGCCAT
28626 CATCTTGTACCTCCTAAATTGGMGCCATCTATCCTTACATTAAGTACTTCTTUCAAACTTATTACTATAGCACTTTTTCTTGATMTMmGACMAAAAATUGTCTGCTTTAACTTCG

ORf 14 387 )ttt
20751 CAAGGTMGTTTAACTMGGAGCAGTGCCTTMAAACTAGAAATAATAAAAAAAGTAACmmUCTAGTMTTACTCGTTAATGTGTTCTTCATGAATTTAGATMCTAACUGGGGTC
28876 CTTATAAAGTACCATGTACTTMATTACCTTGCCGTTGGGTTGAATACCTTCTTTATACGCAGCAGTGCAACAGTGGCTTCGGTGGATTCGTAGTGGTGTTCTGGGTTGMGCCTAGAGCTA

>>S' RHA >>>ORF15ll5I
29ffl GTCTTGGTGACTAGCCTAGACAAACTTCCTTGATTCATCTTCTAGGGATACCAGGCACMGTCTCTMCACGTCGATTTCGTAAGMAAAACTTCCTACGAAUUCGCCCTGAGCAAACTC
29126,TTM ACAATGCAAGGCMGCGTGGCTTCTTMAAAAGAAGCCAATTACAATMCAGCACTCTTGACMACMATTMGTGTTAAACCAACTTGCTTACATGCGCGGAATmTMCGT

>[Ul OIF15185) no stop but overlap with >>X01I
29251 TATTGCCCTACGAGAATTGAAATGAGAAGTTAAGCGAGCCTTTGATAGATACCGTTATMMAAAAAGCATGMATACCATAAACCACAAAAGGUTTGCATTAAACTATMmACMACCA
29376 TGTGGUCTGGCCMCAGGAGTGCCTTAGCTACCATGATCCGTCTTGAGATGGCCTATCCUGGAAGCCCTTTMAAGGGGGATTCGATAAAGTATCTTCAAGTAGCAACTGCTCATGGCCTC
29501 ATCATGGTATTCMGTGGTTGTCCCTATCTTCMGUGAGGTTTGCTAACTMGCATACCCTACCACGTAGGCTCAAAACATGTTGCATTCCCCAGACTAAATAGTATTGGCTMGGATCCA
29626 ACCTCTCGGCTTCCTMTGGTTGCAA.AATTGCGTTMGAGGCGACGTCTTGGAAGTACTACGACAAGACCTCTMmCTTACAGCCCTACAACAAATCTCMACAGGGACTTCMAATT
29751 TMGACGGGGGAGCTTAGCMAAcCCCMAAAAAAAGMAAuTGAGTCCTTGTTCCTCTTMll ATGGAAGCCCAGAAAAAuGTAACCAACACGGAGTATACATCCTCTTCTTCnAAcCCC
29876 CTCAACCTAAGCTMTGGCTCTTTTTATTATAGTGACAACCTATGATCCCTGGCTAACAAGGTTGTTTCCTCTAGUGUAGAAAAAMACGTTACAAAGTGTTCGAATCGAGCTGCTGT
AM6 AACAGCAGGTTGGUCCMATAACACCCTTCTCTTCTAATATGAAATATTCTGGM GGGGCUTCAAGACGTCCTCTCAGTTCCTGTTGTGCTAGCTGGCATTACTACAACCATATCMACTAA
31126 CTCTCATAACUUAGGACTCTAGTTGCTCCCGGACTTAGAAATAGGAGGGTGCTAATCCCTMATAACAATTTCTCTACTTCTTACACTCCGCCTCCTTGCCATCGTAACCCCAAMGGGA
30251 GCTGCGGTGCTTATGTCTCTCATGGACAGGCATTGACAAACTTCCTTCTTTGATMGCTTATGUGAGGGTCCTATACTATTCCAACATCTTMGATTM GGACACCCCGAGGTCTACAT
31376 TCTAATAATCCCAAGCTTTGGAGTTGCAAATATCGTCTTGCCTTTCTACACCATUGAGGAGTGTCTTCAAAACATCACATGAMGUGCTGTCTATGTTATGCUTTACATCGGGMmGTTGM
31511 GAGGCCACCACATGTATCTTGTAGGGCTAGATCATAGGAGCAGAAATATCTACAGTACCATTACCATCATGAMGTCTTCCAGCAACTATTAAGCTTGTTAATTGAACMGACGCTAGCTAAT
31626 GCTGCTATTCATGTAGATCTGGTATTCTTGTTCTTCTGTTCATACGTCTTCTTCTTCTTAACTCGGAGMmACTGGAATGTGGCTCTCTCACGTACCATTGAATATTAGCGTTCACGATACCTT
30751 CTATGTCGTGGCACACTTCCACCTTATGCTTGCTGAGCTGCAATGATGGGAGCCTTTACAGGCCTCTATTATTACTACAACACCTTCMGATGTTCAGTACTCTAAGATCMGGCTTCCTTC
31876 ACCTTGMACTACTCTGCAGGTATTTGAACGACGTTCTTCCCCATGTTCTTCTTAGGCTTTTCTGGGCTTCCCAGUAGUATTCATGACMCCAGCCTTCTTCCTAGGTTGGCACGGACTTGCC
3IHI TCCTGTGGCCACTTCTTAACCCTTGCCGGGGTCTGCTTCTTCTTCTTCGGAATMGACTCCACAAGGAGAATAAGTCTTCGATACTAGCTAACMGGTATACCAAAATCGCTAAUGCGGC
31126 CCACCMAMCTTTAAGATUCACTACAATAACTATACAAATGAAATTGCTAGCGAGCTTCCAAAGGTCGAGTAAGGAAGMATCATCGAAAACACTMGGAGGTACCAGTGCGTTAAGT

COI't'
31251 TGGTGCCCGTCACTAAGTAAACGACTAATATTGATTTTTATCTTTTTATGGTTGATGCTTTTTTGCACCTCTTAAAATGCTACMATTAGCMCAGTACTTCACTAAGAAAAATTCTAAGCTT

>>,5'NA
31376 ATTTGAAAGATAGTCTTCTTTTGCGTTCMTGAACCTCGGACTMTTATAMCTGTATCTTMAACACTAGCCTAGGCACCCCCmCTMAGTGTMAGGTMGATAGCCTCGGTTCTC
315H1 TTTTAGCTTATAGCACAGCCTCGATTACCTATTTGGTTGACTTAGCTCTGTACCAGGGTTACAAGCTCGCACACCCTCCCTCCGCTTTTACCTAGAGTCGUGCATGCTCTTACTTAGGAACAAA

>>>-ndhl
31626 GTATTCTTCTTACCCTTTMAGTATTTTAATCTATTCCATCGTTTTGATGCTGGTCGTTACCTTGATAATCGCATCCATAACTCTCCTAGAGCGAAGCTGCMCCTTGGTTCAGAGGCGCGT
3175L AGGGCCTAACTTTGTAGGATACA^AAGTCGTCTTCAGTACCTTGCCGATGCACTAAAACTATTTTTAAAGGGGGTTGCAATCCCTTCTGGCGCTAATTCTTTTTTGTAGCCATGCCCTCTC

E2 EcoRI E4

27626~ ~ ~ ~ .. . . . . . .

37561
37626
37751
317876
3661
38126
38251
33761
38561

Large subunit r9NA 3'<< /tl6Atyr
39751 ACTACTAAGTTAAMGAAGGTA6TGTTATA6 CCTTAACGGCGTACCAGCTCCCCTTAAAAAATACTAAGACTCTTATTATTATTATATAAGTAATGGCTGAGTGGTTAAAGCGGCAG

uticodoo 3TA tlOIAtyr\

UUC C1TlAll_AnATAU TCAACTCCTATTM;AATTTAAGCTATACTATAAGTACGATCTTAAGTACMAACTCCTGMGATAGAGAAGTMT
4251 TATRUAAATATAGATTGTATAGCTCATATATTCGNCGACGTATGAACATAMATTCAGCATCCAW,CiTiTTUTifTiTACTAAAAAAACACCTTGTTAATCAATTAAACACCAT

E3 EcolI
U376 GCCCCTATGCACAAATATTA 67TTTCACAATAACATGTCC7TTTCTAA77mTTTTAACGTACCGCTGATCATTAGTTATGAATTC

Figure 1. Nucleotide sequence of species 4,51 Paramecium mt DNA starting
at a 'non-palindrome' point, indicated by double brackets >> above the sequence
line, of the single strand loop at the replication initiation terminus (19). Within
this terminal loop there is a repeated sequence element, also bounded by double
brackets, that is variable in number; 11 repeats are arbitrarily shown here. Other
features are represented by symbols above the sequence line as follows: (1) >>>
above the translation initiation codon indicates the direction of the gene or ORF
which is named, *** is above the stop codon; (2) ORFs are numbered consecutively
followed, in parentheses, by the number of amino acids that are encoded in each;
(3) >> and << define the labelled 5' and 3' termini of the known boundaries
of mRNA and rRNA; (4) > [n] gives the reference number for previous
publications; (5) tRNA boundaries are shown with / and \ , all are read 5' to

3' on the strand printed; (6) selected Pstl and EcoRI restriction enzyme sites show
the major fragments, denoted Pn and En numbered in order of size, used for
cloning and sequencing. The gene labelled P1, starting at bp 777, is a Paramecium
gene previously identified (20, 21).
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Figure 2. Genomic organization of the Paramecium mt DNA. Genes, ORFs, and transcripts shown by blocks above the line read left to right on the strand printed
in Fig. 1; those shown below the line read right to left on the opposite strand. The major cloning and sequencing fragments are Pn and En (eg. P2) for those bounded
by PstI and EcoRI restriction sites, respectively. NP, on the sites line, is for the 'non-palindrome' boundary of the linear duplex and the single strand DNA terminal loop.

cases, transcripts were more precisely mapped by SI protection
experiments. Details of the procedures used are described in
previous publications on this genome (20, 23, 24). The probes
were either nick translated cloned fragments isolated by
preparative polyacrylamide gel electrophoresis, or strand-specific
M 13 clones. Sizes of specific-region probes varied from less than
100 bp to a few kbp depending on number and sizes of the
hybridizing transcripts. The precise boundaries of most of the
transcripts are therefore not known.

Sequence analysis
Searches of Genbank, EMBL, and National Biomedical Research-
Protein Identification Resource (NBRF-PIR) databases using the
Lipman-Pearson similarity programs (30,31) were performed as
described in the accompanying paper (26). Other sequence
analyses were performed using programs from the same computer
resources.

RESULTS AND DISCUSSION
Gene content
The DNA sequences for Paramecium mt genes that have been
identified by amino acid sequence comparisons with known genes
from other organisms are shown in Fig. 1, and the locations are
schematically represented in Fig. 2. The gene content is similar
to that of many other mt genomes with a few significant
exceptions. Of the three cytochrome c oxidase subunits (COI,
COIH, CORI) commonly encoded in mt DNA, COIm has not been
identified in the Paramecium mt genome. The gene was also not
detected initially in T. brucei by nucleotide sequence analysis but
has since been identified by RNA and cDNA sequencing (32).
The gene could not be identified in the DNA sequence because
the RNA is edited resulting in the addition to transcripts of
uridines which are not encoded in the genome and the deletion
from the transcripts of some uridines which are encoded in the

DNA sequence (32). There is no evidence for or against RNA
editing in Paramecium.
Animal mt DNAs (33) encode 7 subunits of NADH

dehydrogenase (proteins NDl -6 and ND4L). Many of these are
also found encoded in the mt DNA of fungi (12), except that
in yeast they appear to be lacking. Homologues of these subunits
are also found in the chloroplasts of plants (34). Of the seven,
we have identified only the genes ndhl-nhd5 in Paramecium.
Both of the other genes products, ND4L and ND6, are relatively
small and are therefore difficult to identify in the divergent
Paramecium mt genome. Most of the Paramecium ndh genes
are approximately the same size as those in other organisms and
in amino acid alignments, approximately 25-30% of the
Paramecium residues are identical with those from other sources
(26). However the Paramecium ndh2 gene lacks approximately
450 nucleotides at the 5' end compared to the gene in animals,
plants, and fungi (22). Amino acid sequence alignments of the
Paramecium gene product with others shows only 15-25%
identity (22). In the mt genome of the protozoans L. tarentolae
and T. brucei, only the genes coding for ND 1, ND4, and ND5
have been identified so far (13).

In addition to these seven NADH dehydrogenase subunits, it
has recently been shown (22) that at least one additional subunit
is encoded in a number of organelle genomes: (1) the mt genome
of Paramecium (ORF400), (2) the mt DNA of L. tarentolae (the
overlapping ORFs 3 and 4 which, with a frame shift, code for
the single gene) and (3) the chloroplast genomes of tobacco and
liverwort (ORF393 and ORF392, respectively). An ORF with
homology to all of these has been identified as a 49 kDa subunit
of NADH dehydrogenase subunit which is encoded in the bovine
nuclear genome (35). The Paramecium gene product, ORF400,
is a long protein which shares approximately 34% sequence
identity with that encoded in chloroplasts, a surprisingly high
degree of similarity for Paramecium proteins. It is possible that
other ORFs in the Paramecium mt genome encode homologues
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of more as yet uncharacterized subunits of the enzyme complex.
Other genes commonly encoded in mt DNA include the gene

for apocytochrome b, cyt b, which is found in all mt genomes
including that of Paramecium, and subunits of ATP synthase:
subunits 6 (atp6), 8 (atp8), and 9 (atp9) of the FO moiety of the
ATPase complex. All of these subunits are hydrophobic
proteolipids which are required for the membrane component of
the enzyme complex. The 'dicyclohexylcarbodiimide-binding
protein', the 8 kDa gene product of atp9, has a corresponding
polypeptide in eubacteria (the c chain, see ref. 36) and
chloroplasts (subunit EI), and the atp6 gene product corresponds
to chain a of the eubacterial enzyme complex. The mt subunits
have been found encoded in either the nuclear or mt genome,
depending on the organism. The only subunit so far identified
in the Paramecium mt genome is atp9. This gene is encoded in
the nucleus of some fungi, including N. crassa (37), and animals
(37). It is encoded in the mt DNA of yeast (38), and plants (39),
in addition to Paramecium. There is also evidence for a mt DNA
encoded form of atp9 in N. crassa (40), as well as the nuclear
encoded subunit. None of the subunits has been identified in the
kinetoplastid DNA of the flagellate protozoans (13).
The atp6 and atp8 genes are in adjacent overlapping reading

frames (41) in the mt DNA of most animals. In many fungi,
including yeast (10) where they are sometimes referred to as oli2
and aapl, the same gene order is conserved, atp8 followed by
atp6, but there is a few hundred bp spacer between the genes.
Since the atp8 gene is relatively small, encoding about 66 amino
acids, it may have been missed in the search of the rather
divergent Paramecium mt genome. But the larger atp6, coding
for about 250 amino acids, is more certainly not encoded in the
protozoan mt DNA. Thus, the Paramecium mt genome appears
somewhat unique in encoding atp9, which is not found in animal
mt genomes, and not encoding atp6 or atp8, which are found
in most animal and fungal mt DNAs.
Other genes encoded in the Paramecium mt genome which are

rarely found in other mt DNA are those for the ribosomal proteins
L2 (rpl2), L14 (rplJ4), S12 (rps12), and S14 (rpsl4)(26, 22).
Although not encoded in animal, or fungal mt DNA, some of
these genes have been identified in plant mitochondria (42), plant
chloroplasts (43), and in the mt DNA of another ciliate,
Tetrahymena (14). Three of these genes in the Paramecium
genome are clustered in the left half, with two NADH
dehygrogenase genes and the psbG gene, but rp114 is over 16
kbp away (Figs. 1, 2).
Another distinguishing feature of the Paramecium mt genome

is the presence of the psbG gene but the significance of this is
not entirely clear since the function of this gene is not known
(44, 45). Other than in Paramecium, the gene has only been found
in chloroplast genomes and there is evidence suggestive of a role
for it in functions unique to chloroplasts (44, 45). On the other
hand, it is co-transcribed with ndhC, the chloroplast equivalent
of the mt ndh3, which suggests a close relationship with NADH
dehydrogenase complexes. In Paramecium mt DNA, the gene
is close to two NADH dehydrogenase subunit genes, ORF400
and ndh2. The gene is transcribed (see below) and the gene
product is remarkably similar in sequence to its chloroplast
homologues. These facts suggest an essential gene product which
functions in mitochondria. Using antibodies raised against the
psbG gene product, the location of the protein in various thylakoid
membrane fractions of pea has recently been investigated (64).
Based on these results and a sequence similarity between thepsbG
gene product and the ndh gene product of E. coli, it was proposed
that psbG is not a photosystem 2 gene (64).

Transcripts
In Fig. 2 is shown a schematic representation of the transcripts
that were detected by Northern hybridizations of total RNA with
region-specific and strand-specific DNA probes. There are a large
number of transcripts, at least 31 are shown, that cover almost
all of the genome. For the regions where no RNA was detected,
it is possible that the transcripts are in low copy number rather
than being absent. The transcripts that are shown are almost all
from the same strand, going left to right, with a few exceptions
located in the left half of the molecule. Transcripts 8 and 9 are
located just downstream of transcript 7 (for the atp9 gene) but
are encoded on the opposite strand. The transcripts 8 and 9 are
probably overlapping since they are approximately 800 and 500
bases in length and were detected by DNA probes covering a
range of only 800 bp. However, a search of the corresponding
DNA strand for open reading frames showed the largest was only
212 bp long. None of the ORFs in the region has significant
similarity with sequences in protein or DNA databases. It is likely
these transcripts do not encode proteins but may function to
regulate the transcription of the adjacent atp9 gene.
As shown in Fig. 2, a number of transcripts are shown as a

single line but are labelled with two numbers, as with transcripts
8 and 9 discussed above. Most of these represent overlapping
transcripts such as transcripts 1 and 2 for the P1 protein gene
or transcripts 24 and 25 for ndhl (20). This apparent pattern of
two overlapping RNAs for a single gene has also been noted in
another protozoan. Northern blot analysis of transcription in T.
brucei has indicated the presence of double transcripts differing
in size by 150-200 bp for all protein coding genes except ndhS.
The size difference was not ascribed to polyadenylation since the
RNA of both sizes were poly A+ (46). The four Paramecium
transcripts named above have been studied in more detail (20)
with S1 nuclease mapping of termini to show they are
overlapping, but the functional significance of this arrangement
is not known.

Transcripts are both mono-and poly-cistronic. ORF400, rpsl4,
and ORF5, for example, are apparently on a single transcript
10, while COI, and the downstream ndhl are encoded on separate
transcripts. There is no evidence for RNA splicing or trans-
splicing but no transcripts have been sequenced directly for
verification.
Both of the rRNA genes in Paramecium mt DNA are

discontinuous (23, 24) and are represented by transcripts 19+20
and 30+31. This is also the case in Tetrahymena (17, 18).
Discontinuities in the large subunit rRNA (lgrRNA) are known
in eukaryotes where the 5.8S rRNA gene is separated from the
5'-end of the lgrRNA by a spacer that is excised during
processing. But the discontinuity in the small subunit (smrRNA)
is unusual. The discontinuity is at the 5'-end of the Tetrahymena
mt smrRNA (18), and may be at the 3'-end of the Paramecium
smrRNA (23) but there is some controversy about this point (18)
and additional experiments are needed.
ORFs
ORFS were assigned based on the following criteria: (1) strand
specific transcripts were detected for this region; (2) a minimum
length of 300 bp between possible initiation codons ATG, ATA,
ATT, ATC, GTG and stop codons TAG and TAA (see Genetic
Code and tRNAs below); (3) Fickett's rule for codon bias was
obeyed (47); (4) a general bias for codons ending in C was also
considered (see Nucleotide composition and codon usage below).
In one case ORFs 12 and 13 (Figs. 1 and 2) are in different

reading frames that are overlapping by about 200 bp. Although



178 Nucleic Acids Research

there is no evidence for genes in this genome to overlap by as
much as this, both of these ORFs satisfied the criteria listed above
and were therefore included. Similarly, ORF15 is unusual in that
it has no stop codon and is contiguous with the COI gene. The
start of the COI gene was initially based on alignments with
previously known genes even though the 5' end of the mRNA
was found to be about 275 bp upstream of the COI initiation
codon (20). Subsequently, the Tetrahymena COI gene was found
to have amino acid sequence similarity with that encoded in
Paramecium mt DNA, upstream of the assigned initiation in
Paramecium (15). It is therefore possible that the Paramecium
COI gene starts upstream of the current assignment but, because
of the uncertainty, this region is labelled as an ORF. Similar
reasons apply to the assignment of ORF1 1 immediately upstream
of the Paramecium COII gene whose initiation codon is uncertain
(21).

Genome organization and comparisons
The gene content and organization of the compact mt genome
of vertebrates is highly conserved (3-6). If invertebrates are
added to the comparison, the genome size and gene content is
still conserved but more variation is seen in the order of genes
due to rearrangements and translocations (7, 8,). Fungal mt
genomes are larger than those of animal and are less conserved
in size, gene content, and gene organization (10, 12). Higher
plants contain very large mt genomes that have a complex and
multipartite structure because of intramolecular recombination
events between repeated sequences (48, 49). The Paramecium
mt genome, about 40 kbp, is larger than the animal mt DNA,
but smaller than most fungal and plant mt DNA. Its gene
organization is unlike any other known except for that of another
protozoan ciliate, Tetrahymena, which also has a linear mt
genome (14, 15, 50). These cilate mt genomes have little
similarity with another protozoan-the kinetoplastid genomes of
Leishmania and Trypanosoma (13) which have an actively
transcribed informational region, about 15 kbp, and a
nontranscribed divergent or variable regions containing a variety
of repeated sequences of unknown function.
Although only a limited portion of the Tetrahymena mt genome

has been published, it is known that the approximate location
and direction of the two rDNA, the COI, COII and the rplJ4
genes are the same for the two ciliate mt DNAs (14, 15, 21).
The tRNAtrp is also similarly located in the Paramecium and
Tetrahymena mt genomes. However, tRNAglu, not found
encoded in Paramecium mt DNA, is located in the Tetrahymena
mt genome immediately downstream of rp114, a gene common

to both genomes. There are some other differences between the
two genomes including total number of encoded tRNAs, the
direction but not location of the tRNAphe gene, and the terminal
inverted repeats of Tetrahymena which have not been found in

Paramecium. The origin of replication is at a unique terminus
of the Paramecium mt DNA, but near the center of the
Tetrahymena mt genome (51).

Nucleotide composition and codon usage

As shown in Table 1, the Paramecium mt DNA sequence

presented is 59% A+T. There is a significant asymmetric strand
distribution ofA and T, with a preponderance ofT on the strand
which corresponds to the sense mRNA strand of most of the
genes. There are a few regions which are very A+T rich, such
as at the replication initiation end of the molecule, but a plot of
base composition (A+T) vs. nucleotide position over a window
of 50 bp shows fluctuations which appear uniformly throughout
the genome. The fluctuations, however, are rather extreme and
frequent reflecting numerous runs of extreme composition such
as poly T tracts. Such segments often occur at the boundaries
of gene coding sequences but they are also found within genes.
The known gene coding regions are not surrounded by large
A+T rich, non-coding, spacer regions as in the mt DNA of yeast.
Table 1 shows that the known gene coding region (17 genes,
13341 bp, including the 16 listed on the second line in Fig. 2
and ORFI whose transcripts were previously studied, ref. 20)
has a base composition almost identical to that of the whole
genome.
A codon usage table that includes the 17 known Paramecium

genes shows unique preferences for certain codons. This overall
pattern of codon bias was compared to that of individual genes
or a group of related genes (ribosomal proteins, for example)
and all were, in general, consistent. No one gene or group of
genes, including the 'chloroplast-like' genes (22) yielded a usage
table that was significantly different from the rest. In particular,
there is a marked preference for the use of codons ending in C
as summarized in Table 1. A similar bias is seen with mt
transcripts from human but not from Drosophila which has 93%
of its codons ending in A or U. The reason for this bias is not
clear, especially since the number of tRNAs that are utilized by
the Paramecium mt genome, and therefore the importance of the
third codon position, is not known (see below). Although 57%
of the bp in the coding region are A or U, only 45% of the codons
end in those bases. In many prokaryotes, on the other hand, there
is a positive correlation between the A+T content of the genome
and the relative use of A or U in the third codon position (52).
Of the three tRNAs that have been identified in the Paramecium
mt genome, one corresponds to the phenylalanine codon UUC
and another to the tyrosine codon UAC, both of which end with
C. After C, Paramecium mt genes use U next in frequency at
the third codon postion. UUU is the most frequently used codon
(6.6% of total codons), probably reflecting the common
occurrence of poly T tracts throughout the genome. In some
cases, U is the preferred in the third codon position rather than

Table 1

% composition sense strand % composition third codon position

human Droso Para human Droso Para
A 29 32 25 (25) 36 45 18
T 15 44 32 (34) 15 48 27
G 12 12 19 (19) 5 3 19
C 33 11 24 (22) 43 3 36

The composition of the Paramecium (Para) mRNA sense strand for the 15 named protein coding genes, ORFI,
and ORF400 shown in Fig. 2. The number in parentheses is for the compostion of the entire DNA strand printed
in Fig. 1. The compostion for D. yakuba (Droso) is for all protein genes (7) and for human is all protein genes
except ndh6 (3).
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C. The valine codon GUU is used more frequently than GUC,
and the serine codon UCU is preferred over UCC.

Other significant features of codon usage in Paramecium are
almost equal use of the tryptophan codons UGA and UGG; UAA
is used as frequently as UAG as a stop codon. All codons are

used but the CCG codon for proline is used only twice while
CCC is used 70 times. Other rarely used codons include CGU
and CGG for arginine, and GCG for alanine.

Genetic code and tRNAs
The genetic code that is utilized by Paramecium mt DNA is not
precisely known, but a probable code has been proposed based
on alignments, with other organisms, of corresponding gene

products (20). Of the numerous variations to the universal genetic
code that have been found in organelle DNA from different
organisms, only the use of (1) UGA to code for tryptophan rather
than for a stop, and (2) unusual start codons are found in
Paramecium mt transcripts. Presumed translation initiation
codons include AUG, AUA, AUU, AUC (cyt b, this work and
ref. 26), GUG, and possibly GUA (20, 26). It is not known if
these initiation codons are translated as methionine as in
mammalian mt DNA (3-4). In the related ciliate, Tetrahymena,
an unusual tRNAmet, encoded in the mt genome, is thought to
translate AUG, AUA, and AUU as methionine (15). Such a

tRNA may be encoded in the Paramecium mt genome (see
below).
We have identified 3 tRNAs encoded in the mt DNA of

Paramecium: tRNAtrp(anticodon UCA) (25), tRNAtyr(anticodon
GUA) (53), and tRNAphe (anticodon GAA) identified in this
communication. These tRNAs can be folded into the usual
cloverleaf structure but, like other mt tRNA genes lack a CCA
end. The tRNAphe gene, Fig. 1, has a normal primary structure
with most of the usual conserved bases at predictable positions
(54) as is the case with the other 2 Paramecium tRNAs (25, 53).
The number of tRNAs in a mt genome is less than the mniilimum

of 31 required to translate all 61 codons according to Crick's
Wobble hypothesis (55). Mammalian mt DNA encodes a set of
22 tRNAs (3-4), but tRNA genes appear to be entirely absent
from the mt DNA of the trypanosoid protozoans, T. brucei (56)
and L. tarentolae (57). Recent evidence strongly suggests a

nuclear transcriptional origin of the 35-40 tRNAs found in
mitochondria of L. tarentolae (63). Tetrahymena mt DNA
encodes about 8 tRNAs (15), including those found in
Paramecium mt DNA. Only three tRNA genes have been found
in the mt DNA of the unicellular green alga, C. reinhardtii (15).
A new set of recognition rules has been proposed to account

for some of these results (eg. 59) so that a tRNA species with
an unmodified U at the first position of the anticodon is able to
recognize all four codons specifying the same amino acid, and
a tRNA with a modified U is unable to recognize U and C at
the wobble position of a codon. In this scheme, the required
number of tRNAs is 23. In those organisms with only a few
tRNAs, there is evidence for importation of nuclear DNA-
encoded cytoplasmic tRNAs into the mitochondria (15, 16, 60).
With ciliates, this is particularly interesting because it is known
that in the nuclear genetic code the universal stop codons UAG
and UAA are translated as glutamine (61,62) which would leave
the mt genome without a stop codon if the corresponding tRNA
were imported. All of the tRNAs that are mt DNA encoded in
the two ciliates, Paramecium and Tetrahymena, recognize the
members of a codon family that contain two different amino acids.
The tRNAs that recognize a codon family with one amino acid
are presumably imported but precise numbers and types are not

yet known. As Suyama has pointed out (15), for ciliate mt
genomes, it is not known if more than one tRNA is required for
a single amino acid codon family or if a single RNA with an
unmodified U at the wobble position can translate all four codons
as in most mt DNA. If most of the tRNAs utilized are nuclear
encoded then one might expect that the universal code is more
closely adhered to in ciliate mt DNA compared to other mt
genomes. This appears to be the case since the translation ofUGA
as tryptophan and apparently some unusual start codons are the
only known deviations from the universal code. The completely
normal secondary structures of the three known Paramecium
tRNAs are also in accord with this idea.

It is possible that there are more tRNAs in the mt genome than
are reported here. The replication terminus end of the linear
molecule has not been cloned and it is estimated that there are
a few hundred bp beyond the end of the sequence shown here.
Several tRNAs could be clustered there and a specific search for
tRNAs has not been done in this laboratory. It is unlikely that
we have missed some tRNAs because they are split by introns,
but a number of mt genomes reportedly have highly unusual
tRNAs and one, tRNAmet, has been suggested to be encoded
in the Paramecium mt genome (17, 53) based on its similarity
to the one in Tetrahymena. We cannot exclude the possible
existence of this and other unusual tRNA genes in the
Paramecium mt genome.
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