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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 rps14, rps12, and rpl2 are
clustered in a region that also contains two other genes
usually found in chloroplasts, but rp/14 is over 16 kbp
away. The ATP synthase gene, atp9, is encoded in this
mt genome, but the atpé, atp8, and COIll 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

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 Ps:I
and EcoRI fragments shown in Figs. 1 and 2. These major
fragments are numbered by size following a previous convention
(27) except for PSX 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 HindIlI 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

* To whom correspondence should be addressed

173



174 Nucleic Acids Research

>{19]
> 'Non-palindrose’ boundary
L ATATATTAATATTATGCTACTTTTACAATATCTTATTTTGTTARATATTGTTGTACTTACATTTCTTGATATTAATARAGATCATATTARTATTATTGTATATACACAAATTTTACATCTTCTTT
» first repeat of 11 «
126 TTTTAATGGATTTTATCATANTTATGGTTTATCTTATTAGTAAAATTTAATATATTTATATTTTTTTATTTTAATAAATATTAATATATTTATATTTTTTTATTTTAATARA TATTARTATATTT
250 ATATTTTTTTATTTTAATAAATATTAATATATTTATATTTTTTTATTTTAATAAATATTAATATATTTATATTTTTTTATTTTAATAAATATTAATATATTTATATTTTTTTATTTTAATAMATA
376 TTAATATATTTATATTTTTTTATTTTAATARATATTAATATATTTATATTTTTTTATTTTAATAAATATTAATATATTTATATTTTTTTATTTTAATAAATATTAATATATTTATATTTTTITAT
end last complete repeatcc
SOL TTTAATAAATATTAATATATTTATATTTTTTTATTTTAATAAATATTAATATTAGTATATATATACAAATTATATATTTTTTTATTTTATTAMATATTAATATATAATTCTTTTTTATTTCAATA

<< *Non-palindrome’ boundary > »§'

626 AATTATTTTAATAAATGTTATTACTATATTTATTTTTATGGGGGCGGGCGGGC TCAAGTGL TGCTGARACCGETGCACGRGCTCGTTTTT ATAMMATTAGGGGGTACCCAGE
aRNA >»PL Pstl 2

751 TGCTGTTTAATTCTCTAGCTT CTCA ATCCAACGCGCCTGLTTCTGCAGCGGGGGGGT' CCAAGTACCGCTTTGGCTTCCCCATGGCCCTTTAT

876 TTTTTTTTTGAGAAGCTAAACTTCTCGTAC CCAACCACTACGTTTGGTCCTCCCCTCCGAGGCGGGCCANGECE TCGCANGEGTCCTCGGGRGROAGCTCTT
1891 CTTAGCCAAGTCCCAGCTCOTGRAGGCCACCGLC TTTGACC TGACCGRGCAGGECGCTGAGGLCOO0RACCTGCTCGTCTTCTTANGGANCAACGEEETCGTCCTTAGCTATAGCTTTTACTTCT
1126 TTCTCCTTAMAAGCGCATAACTTTTTTCTTGCACGOGGGCGACANGGTCAGCTCGC TCGAGTCTTTCTACAGCAATGCTAACTGGC TCGAGCGCGAGATTTCCGAGATGTTTCGGGGCTCCAA
1251 CTCCTC CCGCAACCTCCTCCTCGACTACGGGAGC TCGTTCAMCCCCTTCCTGAAGAAGTTCCCTTCCACGGGCCACGCCGAGRTCGTCTTCAACTCC TTCTTAAAGACGACGGE
PlUr RNAY'<c >>0RF1(113) and 5'sRNA
1376 CTACGTACAGACCGCGGGCGTCRAGC TCTAGCTTAMAGACGTTTTTTTTTTTTTATGTTTAATTGGCTCAACTTCTTCAACTTCTTCTTCTTCTTCCTCTTCTTCGTCTTTCTGACCACGTCGTT
1581 TAATTTTTTTTGTCTAGTTTTGACCTCGGAGCTCATGTGEGCCCTCCTCCTCCTCATCTCAGCGGTCCTCGGCTCCATCCTCGACGACTTCTTCCTGGECTCCTTCGECTTCCTECTCCTCRRCT
1626 TTGCTTCGGTAGAGCTCTCGATCGGCCTCATCTTGATGGTCTACCTTAAGACCACAAACCTCTCCC TGAACC TCGCGGC TCATAAGGGC TCGAGCTACGCAACGCTCTTCTTGE TCAAGAAGGEG
ORFL(113)eee > »»>ndh3(0RF2) and 5°sRNA
1751 GECTC TAGGCTTGGGATAC TGCTTTTCTTCGTGRAGCACGTTTTTATTTTTTGCATGATTTTTTGGCTCCTCACCTGAGTCGCCGAGTATTTCTTY
1876 AAGTCTAAMAACAACAAGCAGAAGCACCAGTTTTACGAGTGCGGARTCAGGGCCCTCTCAGAGC TCAACATCCAGATAAACTTGAACTTTTCTATTGTTTGCGTCTTCCTCATCCTCTACGACGT
2L GOAGTTCATCTTTATGTACCCCTTCTTTTTTAACTTCTTTTTAGTCAATGCGOGTG TTTCCTCRTCTTCTTTGTCTTCCTCTTCTTCGTCTTCTACTCCCTCGTGTACGATAGCGTCCAGAACT
ndh3(ORF2)**e 3" mRNAC<

2126 CGCTGGCCCTCCAGCTCTANTCCTGATTTCTTTTTTTTTTTGAAAAAGL TCATCGCAGAAGTACCCCGCATAAGGGTCGGCACC TTCTTTAMTTTTTTTTTTATCGATCCCTTAGGCTCTATCT
2251 CCTCCACTGGGAGATCGECAGCTTTTTTTACGCCTTTAAGCACTTTAAGTATTTTTTTGAAMACATCTACCTTTTCGACCGC TTCATCTTCTTTACTAGGCACAACTACCTGAGCTTTAATCTTA
2376 AGAAGCGCCAGGTTTTTTTTAACCTACTCGACCCCTTTAGCGTTTCGAAMAGATTCTTCTC CTCCGETTCC AAGACAAGTACAAGCAMGEAAC
2501 GGGGTGGCCTTCATCTTGTTCCTGEGRAGRTTCTTTAGGGTC TTC TTGTATAAAAACC TCGTCCTCATCTTTAAGTCTTTTAGGCTCCGCCACAGTACTTTTTGAAGCTCG TATCGAGCTCTT
2626 TGGCGACGAGTGCTCCGGCATGTACGTCGTGCCCCGRGCCCGCTACTCGAGGTACTTTTTTAGGCGCGTTANGECCGTT) TAAGCGCAAGCTTAAGTAGC

2751 AMAGAGTAGCTCTTGTTCCTTAGTCTCCTATATTTTTGTGTTTTTAGGGGGGCGGCCCAGRCATGAGCCTGROGGCL TTANCGCTCTACCTCTACTTCTTCTTTTACCTGAAGEGRAMGGCTCT
2876 GTATGCCCTGAATTATGAAMACTTCTTCTTCTTCCTGGCTTCGAMCTTTTTTGATGC TAAGC TAAGCGCCTTCTCCCTCGCCTTCTTTTTAGGAACTTTCCTGRCC TTTTACAACGTGAGGRTGS
3981 CCCTCCTCTTTIGTTACCCCAGCTTCCTAAACTTCTTCTTTAMAACATCTATAAGACCAGGTTTGAGAACAGCCTCGTCGACGGCCTCCTCTACGTCCACCCGRTGTGCATARACCTCTCCTAC
3126 TTCTTCTTCTTCTTGGCCATGTTTTTGTTTATAAACAAGGGGC TGAAGGGGGCC TGATTCGOGCTGTGRAGGCTCRACATCTACAAAAMGTTTTTTTTGTGRACGEGGRGCTCCATCRTCCTGRG
3251 GGCCGTTTGRGCTCAGCACGAGCTTAACTGGGGCGGCTTTTGRAGCTGGGACCAGRTCGAGATCATATCCTTGTTCTACTTTGLTGTGRCACTCTTCCTCCTCCACTTTARAAGECCGCTCTTCT
3376 TCTTCTCGGCCGCCCTCRECTTTTCTTACTTTTTITTTGRGCTGAGGTTTAACTACTTTACCTCRGTCCACTCCTTCGTTTCTAAGCGTGLGGCAGCCCAGAGCC TTACTTTTTTTTTTTTGEG
501 CCCTGRLCCTGGCCCTGAGGTCCCTCTTAGGGE TCC TTAAGGCCTCAGAGCGCCAACCCTCGACGTACCTCTTGTTTTTTGGGGCCCTTTTCATGTICTTCTTGAACTTCTTGATGRGCCTEGTC
3626 TTCGTCCTTGACATCAAGAACTTTTTTTCTTACCTCTTCATCTTCTTCTTTANAMAGGCCTTTTTAGCCTTTTCGGCCCTCGCCTTCTGAGACTTTTTTTTTTTGAAGAAGCGC TTTGTGCTCCA
3751 TGCCTTCGTGGTCCTCTACTGECTCTICTTTAMGTTCAGC TTTTTCTATGACTTTTCCATGATCAGCTCCTTCCTGCTCGAGCCTAACTTTGTTGAAGTTAATGCCC TCCTAAAGAGGTCTCTA
3876 CTACGCAACCAACTTGGGGCGACCTAGGGCGE TACGATGGRGTTTGRAGCTACAATACCACGACC TTTAAGC TTAAGACGCCTTCGLC MCTTGTTCTTTTGE
4091 GGCTTTTTTTTCTTCAACCTGTTCATGGTCACCAGAAAGE TTTATTACCTTCCCAGETTCCTTGCGATGAGTGTGLTCTTCTGRGCGCTCCTTCTTTAATTTGTACTTTTGCGATTTGEAGCCTC
4126 TGTAMATTAACTAACCTCTCCCAGAAGANGCGAAAGE TGAAGAAGATTCTCCACTTCCCAACCTTCAACARGGGCAGCGCCGTCTTCTTCTTCTTCAACACCATCAAGTTTGAGTGCGTCTACC
4251 TTAAGTTCTTGGAGAGGAAGCTANGGAMGC TCATCGTTAGGCGCAAMAAACATTACCGTGGGCGCANGGTCTGGATARACC TTAAGGCCAACTACCCCCTCACCAAGAAATCAAMANATTCTACA
4376 ATGGGRANGGECAMGGGCCRLTTCCTCCGCTGRGTCGTGACCATACGLCCCGCANCARAGTTTGCAGAATTCG TAGGGTACCCTTTCAAGTTCCTGACCANGC TTANGCACAGEC TGGGGTGLTG
4501 CTACCGCTCCGACGTCTACTTCTTTCACGATTTTGARAGCCACCCCGTGTGRTCAGGCCCCCGANGACGAAGTTCTTCAACCTAGAC CTCTTCTAGGCTTCTCGTAGMTTTG
4626 TCACCTAAGCCTCCACTTCATGCACAACTTTATTTTTGATAAC TTCGATCAAATCCTTCCTCTTTTTTATGGTTATTCTAACCCTCCT
4751 CTTC) ATCCTTAATGCCCCCTATAAGAACAAGL TTGCACAGCGCCAATATTACATCGAGCGCAMCTTTTTTTTTATAA
4876 AGATCGAGGGCCTAGCCTCCGACACCCCCGAGRCCCTGCTCRGGCGECTTGGCANGE TCAGGBCCCTCGRATCCTTTTTTTTCTACATGACCAAGCTCCGEATCAGRGTCCGTGECCTATANCAG
SHAL AGGGCTCTC ATAATTTT GACTCATGCGECTCAGAMCTCTTTTTTATTTTTATAGGCGATCTGATTTTTTTTACTTCAGGTACTTTGTTTTTTGCTGA
5126 GGCCTTTATATCCTCAAGTGTGCCTTTGAGTGCAAGCACGTGACGARATTTTTTTTCTTCACTAACTACAACTTTTCGCTGCGC TAGGTGGCGGCAGRTCOAGGTAATAAGGGCERTGCTATET

»0RF3(196)

S281 AGGCTTATGCTTTGAGAGCTTCTCAATCTTCTCGATCTTCGGTATCGTTTTCTACAACAAC TGGACCTCTACTTCCTTAKCCTTAACTATACCCTCAGCAAGTTATGE TCTAAGCAGACCOAGEE
§376 TACAGCGCCATACTCGAMGCTCTATTACAAGAACCTCGGGCTGGCTTTCTTTTATTTCTTTTICTICCTGCTAGCTTTTTTAGCCCTCTTTATTTTTTTTTTTAGRGGGTTCCAGGRCACCCTAT
SS81 TTTTTAATAGCGTGCTGTTGAGCAMCAAGGGCC TCTACTTCGTGCTCTTTTATGTTGCAGCCCTTGCGCTCCTCTTCGTC TTCAGGCACCACGTCCTGAAGCAGTTCTTCTTCAACAACAGLCTA

626 GACTTCCTCATAGCTCTTGTTTTTTTAACCCTCTTCTCAACCCTCATTTTCTTCTCAMCAACCTCTTCGECTTCTTCTTTACCCTAGAGL TTGTAGCTGTTACAMACTTCTACTTCATTTCTTC
ORF3{196] v »
S751 CGCTCGTGAATTTTTTTTCTTTGAAAAGTCTCAGGGTGGAGE TTCAAGCCTCAAGGCCCAAMAAAARAAAACCTTCTTTAACGTCCGTTTTTTTTAACTTTTGRAGCTCTTTTTTTAGCTCANTG
ORF4(156)
5876 TTCCTCCTCTACTCTATCATGAACACTTACTTCCTCTTCGGGACCACGRATTGAGEAACCC TTAACTTCTTGRTGAGCGTTTGCC TTGACAACGACTATC TTTATAACARAAACAGECTCTTCTT
6881 TACCTTTTTTATTTTTTTTTTAGCAGCCGTGTTCAAGETTGGCCTCCCCCCCTTCTTCTTCTTCAAAATTGAGGTCTATAAGGGCCTCCCCCTCTTCTAACCTTCTTTTATTCGGTATITTTTT
6126 TTTTTAACTACCTTTCGGGCTTCTTCTTTCTTTTTTITGIGTTCTTTACGAGCTTCTTTGTGTACTTCTCGTACCTTCTCTTCTTCTTCGTCCCCGTCTTCRTCCTTTTTTTTTITITTATCTC
ORF4(156)ver /tRNAphe
6251 ACGACGTACGACAACCTCAACTGLTTCTTTTCGATAAGTTCTGTAATTANCAGCACGTTCTTGGTTTACTTGTTGGCCAGCTCTTTTTTTTAAGGTAGCGGGGGC TGAGCANAGL TTAAGTAGCT
+anticodon_GAA tRNAphe\
6376 CAGTGGTAGAGCGTTAGACTGAAAATCTAAAGGTCGTTGGTTCAATTCCAATCTTGAGCAGTCCATAGTGGTTTTCCTGTCCCTTGTTTTARAAGCCGCCACCTTCTGTGCCC TTGRGATCCTCT
6501 TGCGAGGAACCCTCGCAGGTATAGATTCGATCAGCTCCTTCAGCTCTCTTGGAAGTACTTTTTTTTTATCTGACTCGGC TTCTGTACTTTGAACGTAGCCCTGATCTCCTTCTTTGATTTTTTTA
6626 TTTTTTAMGCTGTATCCTTGCARACCCCCCARAGCTCGACCC CCTTCTCATCCCCCAAGACATCCTCTGAAAAGTTGTGAGGC TCAACCTCTGTGCTTCTT
6751 GTCGAGGAGCAGCGCGLCCTCGACAGCAAGTATAGGGGCAGAGTTAAGTTCATGE TAAACC TCGACGAGC TCGGTACGCCCCCATCAGCCAMTCTTTTTAAGGCCCCACGEAGEC TTTTCGECC
876 AMGATCGGGCTCCTAGCCCTCCAGRTTCGECGLCCCTTC AC TTCGCCCCARAARAGTTCTCAGCGAGGAGGCCCGCAGECTCCTTTTAGGAG
L GGGGCTTCTCTAAGACCACCGTCGACCTCTTTCGAACC TATAGGCAGGGCCCGGE TCAGTCGAGCCTTTGAGGC TTCGGCGTGGGCCTGGTCCTACCTCAAGGTGTCCTATARAGTTTTTATCGA
T126 GCGCTTCTTTCGCGGCGACCTAGACATCGTCGAGGGCCTCCTCTTCGTCCCC TTCAAGECCGCTTTTGRATCTCGCANGGGRCGEGRCCTCGACTTCCTTAAGTTTTTTTTAGCTGAGTACGTGC
R pstl M
7251 GCTCCGAAACCTTCTTAGGGGAGCTGGGCCCTCGCCCCGAGACCCCTGEAGGGGTTCCAGACCTCGAGGTCGLCCACGAGCGTGAAGECCAGCCCTTCGAGACCTANAGGGCCCTAAGAAAAGA
1376 TTITTGAGCAACCCCTACTTCTTCAMCAAGACTTTTTTGTTTTTTTGTTGTTTTTGRGACCTCTTTACCACGAAGCAACGGGAC TTCTGGGGCC TTGACGATGGCCAGGCCTGGATCCCGANGCC
7501 TACCAAAAGTGGCTTGACAGCATCCTACCATACCAGAGGCCAGGCCGATACTTATGGGC CCCGGAAACTTTGTCTTTAACTATGAGACCTTCGAGGC TTGCGAGGTCGA
P9 Pst] P8
7626 TAAGCTCTTCTTTAATAAAATCTACCCCCTCCCCCTCCAGATCGACGTGGTCGACCTCCCCTTCARAGATATCTACGAAAAGAGGCGCCCACTCCAGGAGTACTTCCTGCAGATTTATTACGEGE
7751 AMCAGACGAGGGAGCTAGAGGCGCCTTTCCACAAGAAGAACAAGRACTTTTTTTTCAAAAAMACCTACATAAACAAGTTTAACGCC TACTTTTTTAGGCGGGGCAAGAAGE TTACGTCCCTCAMA
1876 GEACTTACGGCGGUTATGTCGACATTCCTCCACGGGACTGTTGAGCGCGACATAGCCCC TRAGTTTAGRAGCAGGAACATATTTTTCTTTTTCAGTTTCATTTTCGAGACCATCAGTAGAGTTAA
8801 CATCANCGTGGTCTTGAACTGGATCCTCGACTTTACGGGGTTTATCTTTTTTTTTAGAACGAAGGCCGTGCCANAGTTCTTAAAGAAGE CGTCGAGECCTTCTTGR
8126 TCAGGCGCGAAGTTAGATCAAAGTACACCCTTAMGTACC TTTACTATTTTATCGARANGGAGGAGTTTGCAAAGC TCGAGGCCAGAGC TCACAACACGATATGE TCCGTTGL TTACGAGTACCAA
>»atpd

8251 GACTCGAAGTTTTTTGAATACAMGC TTGTGGCC GTATACCAGTTTT GCAGA TTACTAGTACTAGCAATCARMACATTAGTATTGGGTTTATGTA
P8 Pstl M
8376 TGTTACCTATCTCTGCAGCAGCTCTAGGCGTAGGTATCCTCTTCGCAGGTTACAATATCGCAGTTTCAAGGAATCCTGATGAGGCCGAGACCATCTTCAACGGTACTC TCATGRGTTTCGEACTC
atpgre

8501 GTTGAMACTTTCGTCTTCATGTCCTTCTTTTTTGRAGTCATCGTCTACTTCATCTAAATGTTC GCTTCRTGCATTC
8626 TTAGAGTATGLCGCTTCTTTGATGAGCCACGTTGCTTCCTTTTTTTTTAATAARACTAGGGCCC TAAMMAACAAAAGC TTCTGACTCTTCTTCCTTTCTATARACCACAGGGAGGTCATCGANCC
8751 CCTT TeeT TCCCCTTCTTGRCCC TGACGGCCCTGCTCGCCTACCTCTACACTTTTTATGTTTGATGATGCTTTAGACACAGGAACCAGA
8876 COAGAMCANGGCCTTGATCAACCTCTATCTAAGTGCCAGCATGCTAACC TTTTGRAGCATCCCCGTCTCARAGTTC TTCCTATTCGAATTTTTTGCAGGCCTCCTCTTCTTCCTCGATAGRAAA

GCTCCTAGGCCCCGGLCTACAS

981 CTTACGCCCCTCGCCTCCTTTCTAAGRCTTTTTTT TTCAMTACCAGGGTCGAGECCACACTTACAAAGATCTTGCAGTACCTC TICTAMATAATTTTTTY
9126 TTGTT TAAAGCT TTTGTACCTTCT TTTTTITTTTTTTTTTTTITAGGACGAACCTAGA
9251 GRGCCCCTCCCTTTTTTT TICTTCTT, GECGAGLTC ACAGGTTCCC
9376 TAGGCTCACGCCGAGCCT TACTTTATTTTTTTAGGRAGCTCCCCGACCTCGL TCTCGAGGAGGGC TGE TCAAGTCTTCAAMAAACTTTCTTTTGCTCGT
9501 GGGCACAGCTTAGGCTGLTTCTCGLC GAT TCCACGACTGRCTCTCTGAGTTTCTCGAGGAGCTAGCTGGGCT TACGAGT
9626 TTCTC TTTTCCTANAGC TTCAAGACGAGCTCTCTGGGCCTCTTCTCACC CACAAGCTGGGGCTGCTTCATGGG
9751 CTCGATGACC GCAKC [CCGTGCTCGCCGATCCC TTTATAACTTTTTCTTTTTGAAGACCCGCGAGATCAA

9876 TTATTCTTTTTCGATCAGRCCTTCTTTTT
L0801 AGGGCTTTTATGCCGAGRACC TAGACTCGCTGRACCACCAGRAGTTTCTAGAGLCCTCCCTCTACGAAGACL TCGAGGAGRC TAGCATTGAGGCCC TTTTTTTTGRTACCTCCRCCTEO6C6CC
10126 TGCGGCCAGAAGCAMGCACTGE TCRAGACCTACTTTGTGRACGAGL TTTCCGAGGCCCCCGACGECGOOAGRETC TGAAGACCTATCGACGCCCTCGTC
19251 TCTCGAGCCTTATGGL TTCTGECCTTCTTTTTTGTCTTGAAGCGCTTGGACGTTC
10376 TTCTTCTTTANGAACATCTTTAGTTTCTTCTTCTTCTTCTTCCCCCTAGAGCTCTTTACTTCGTGTACTCOAGCC TCGAGGAGRACTTTGAGTCC TCTGARATGTCCGAGACTTCTTTTTCGAG
10501 ACCCTANGRGGECC CCCCGTCAGLC TACATTTACGAGCCTAGCAAGCAGGGAAMGCACAAGAGC TTTTTCTTCTTCCT
19626 GTTCCTCTCGCGCTTCTTTAATCAGANGE TCCGCGAGRACTTCTGCC TTTCGRTGATCTCTTCTAGAGCCC TTCGGANGRACTTCAGEATCTTTGTCCTAAAGTACTCTGGCATCATARAGECCT
18751 TCTTTGAGCACATGATGTTTTCTTTTAMCACCCCTGAGTTCATTGAGGTCCTCTTCTTGTGCCTCARAGTTANGEACCTGAGTGECC TCGEAAC TCTTTT AG
L0876 ATTAAATTCCATAAGGTC TTCTTGAGGAAGCTCGACCTGTTCTTGACCTTCTTC TTTAACAAGTTGAGGTCGAGTTCGGCGTCANGGGL TTTTTCCTCGACGTTAGGGGAAAAGTGTCGGTTCT
11081 GGETAATTC CTCTC TGAGGTTCTTTTTTATGAAGAACCAARTTAACACGACCACAGGCGTCCTGGGTGCGTCCT
11126 ACCTCCTAAGCTACTAGCCTACTGCTGGGCCTTCTTTCCCTCGEGETCCTGTACTACTTGCGTGCTARACTTTAGECCTCGE TTCGTATACCAGE TTATGGGC TTGATTGTTGCCCAGGGGCCTA
11251 GAATGGCTTTGAGCTTTTTGTACTTTGAGCAAAAAAAAACGTGC TTATGC TTGGTTATTCTCTTTCCANCGAGGTTAAAG T TAMAGAAGTAGACGGGGTGGGAATGCCCANMMARAAATTTARAT

CCATAGCTGGAGCCCTCGROCTCCTCGTCARCGGCCAGRACCCCE TAGGCGTCRACS

11376 TTTTTTICTTICGTCTTCTTAAGCTTARAGCCCTTACCCTTGAAGGTTACC TTCTTGAAGAAGAGGARGAAGCGGCCARACACATAR T TATTTAGC TTCTTGT TTATLTTT ™ 8
11501 GAGGAGGAGAGTATGCCTGTTTACGTAGAAGTTAMAGGGGTCTATTTGACTCCTTGTGGCTAGAGTTGTGGTGTTSCC TGARAAGTC TCTCTCGTAGAGGE TTCCAGCAACSTAGEGECC TLTAT
FRORFS(70)<
11626 GCTTAACGACGTATGAAGTTTCACAACCAAAGCTACCGAGGGCGATCTTCTTTATTCTAGLCATTCAMAGCC TTTTTTACTTTAGTGAAGAGGAAGGTGTTTATGCTTCTTTTTTTATTIANGTS
11750 AMATTCTATGTTTTTGGACCCCACGTTCTTTACGATGGACATCTTCTTGAAGTTCTTTCGAATC TTAGAC T TAGTGAAGGTTAGCTTGARCTTACTTTTGTTGIGTTTATTGAGCAGTTTAT T
>[22] ORFS(79)<ccreerpsii<
11876 TGTTTAAAAAGCGE TTCATTTATCAAGATTTTGTTTTTGTATTC TGRAGGAGGCCC TCGAAGGLGTGCAGATTTGL TGLATGCC TGC TTAGOTTGANGTTTTTGATGTATGL TTTAGTCLTGEST
1281 GTAMGGCAGCACCTATCGACCTGTTTAGTAAGCCTGCTCTTGTTGTTTTTTGATACCTTAAGCTGCCATAGGTCGTTCCTTAGCTGLTTGRCTTGATTTTGETTTTTTTTTAAGCATTCGAGGAT
rpslbcce  TYRORF4GHC

12126 CTTTCTTTTTTTTTCOARATCTCTATAGCGCATCCTTTTTAMMAATTCTATGTTTATTAAGCTGAGC TTGATTATCATTTAACGATCTATCTCTCCAAAMACGATGTCTATGGTTCCTATTARAG
12251 CCGAAAGGTCGGC TAGGAGGTGCCCCTTAGACATC TTAGGAAGEACC AGGGGACCTGACCTTGCATCTGTAGGGC TTGTTTGAGCCATCAGAAACCAAGRTTACGLCG
12376 AACTCGCCCTTAGGGGACTCGACGGCCTGGTAGGTTCAATTGCTTTGAATCTTARAGCCC TCGE TTCAGTACTTAAAGTGGGTTATGAGCTTC TCCATCGAAGAGTACTCGTTCTTGTAGGTTTG
12581 GRAGATGAACTTTTTTTTGITTAGCGCCTTGAGGATGC TTGCTGGGCTACAAGTATTTTTACTTGTTGTGAGCTTAAAGATAGCCTGGC TTATGATGTTGATGCTTTCAGACATCTCATTCATGE
12626 GAATCAGAAACCTATCGTAAGAATCTCCAGCCTGCCCAGTATAGCTCCTARAGTTTAGGTAGTARTAGTTTGCATAGGTGTCGAAGGCGTCCATCCTCAGGTCTCTCTTGATACCTGTCOATEGT
12751 GCCATCACCCCCGTCAATCCANAGTCTAGGCAATCCTTGTAGGAGATGCTTCCGATGTTTACGAGCCTTTGCTTCCAARTTTTATTGTATGTTAAGATGTTATGCATCTCTGARAGAGTCGTGAG
12876 GCAATTATTGTTAAACTCGAGGATGTCAGTTAACAGCTTTACGGATAAGAAGTTTAGGTTAACCTCGTTGRGCC TGTAAAAGGCTGCG TGCATGCGGCGTCCGAMCTCGCTCATAAMACTCCA
13881 TGATTTTTTCTCGTTCTTCAMAGGCCCAAMMAATAGATGACATGCTTCCARTGTCTAGTGCATGGCAAGCAATTECCAGCATGTGOTTCAAGATCCTAGTTAGC TCATCGAACATGGTTCOAACG

P4 Pst]
13126 AGCACGMGTTAGETGTGTAGTTTGTGOTGTTTAACAGGGCTTCGATTGCTAAGCAGTAAGEA TGCTCCTGCACCATCATCGATACGTAATCCAACC TATCARAGTAGGGCATTGACTGCAGGTA

4

13251 GGGCTTTGTCTCCATTAGCTTTTCTGACCCCC (¢
ORFéPP<c< »>ndh2
13376 GAGGGCCGAAATTTACGCAGATGGLC TTTATGTTTTTTGAGAGCTCATTTGC TTCATTGTGAGTTGGC TTTCAGTTTTCGAAAATACTTCTATTCAACAAGTTTTTTGAATCTCCTTATGATAA
13501 TCTTATGTTTTCGAAACTCGGGGCTATTTTCTTTCTAAACTTGGCCCTETATCTCTTAGECCTGRCCCTCTTTTTTTTTTTTCTGTTTAACGTCAAGGTCGEGC TCCTTAAGAGCGTTTCGEAA
13626 TCTACTACTTTAACAACATCTTTTTCTTTAAGTTCTTCGTTCTTATATTTTTCCTARACC TCGCAGGCATACCCCCOETTCTTGRGTTTTTTCTAMGTTTTTAATTTTTTTTTTTTTATICITT
13751 AMAACAAACCTAGCCTTCATCCTTATTTTCTTAGGATTTAACATGGCCACGCTCTTCTTTTATCTAAGEACCGTARAGTCCTT AGGCCTCCGTACTAACTCCTTTAATTT
ngh2tee
13876 TTTTATAAGAGCTGAACTTAGCTTCCTTTATTTTTTTANTTTTTTTTACTTTTTCCTATICTTTGCTTTTTTTTICTTAGACTCGACCTTCCTAATTTTTTTARATTTATTTTTTTAGGCATCTT
»»rosi2
14001 TTCCTTCATGATAGATAATAATTTTTTTATTTTATTTTGTCAACGTTGTATCAAAACGATCT AGGLGAAGGA GGCCCTGGTTTGCTECCCCCARARAGA
14126 GGGTAGCGTCTTAAAGCCAAGGATCGTAACCCCCAAGAAGCCAAATTCTGCACGTAGGCCGGTAGCCAAGGCCAAACTCACAAATAAGAAGTTCGTTGTAGCTCATATCCCAGGAACGGGCCACA
PT Pstl 7§
14251 ACCTACGCARACATTCTACCATTTTAGTTCGCGGAGGGOGC TGCAGGGACC TTCCCGGTGTAAGGCATACTTGCATTCGGGGTGTTTCGGACTTCTTAGGTGTGCGAGACAAGACTANGCGLAGE
»psh6
rpsiatee
14376 TCCATC CCCCCAGATGGC TAAGCGCGTACGAAGGAAGTTTAGGGCCATCTTTGGGCAATAATTTTGAAGGC TGATTTTTTARAGTTATCTGCTAATAACTTAATCTCC
14501 TGGGCTCGRCAMGGRTCTTTTTGGCCCCTAACCTTTGRGCTCGLCTGC TGTGCCCTAGAGATGATGLATGCAACTGTTAGCCGC TACGACTTTGATCGL TTTGRGGTGATATTTAGAGCAACCCC
14626 CCGCCANGCCGACCTGATCATCGTTGCAGGAAC! CCCOGCCCTACGAAGGCTCTATGACCAGACGGCCGACCE TGTCCATGOGCAGCTGLGETAKCG
14751 GAGGGGGCTACTACCACTACTCTTATGLCGT GATAAGATCATCCCCGTCGATATGCTTTGTCCCAGGTGCCCACCCACGGCCGAMGETCTTTTTTTTGRASTTTTGLAACTT
psbGrTe >>>0RF6(178)
14876 CAAAAAACCTTGATGAAGACCATAAATGAAAAGAAAGTATTCTAGTATTCGCCGAGCC TTTATTGAACTTGAC TTTTTTAGAC ARAGARGCTTA
1591 ATTCCAGCGGTGLTTTTGCTTTTGRAAGCTCCTATGCTGGTACCTACTTGCTGRATAAGEACTCTC AACCTCTACCTCAGRTCTTTTITTTTTTTTAAGTTTTATTATIGCAAC
15126 CTCTTTAACTTTAATCCTGGCTTTATTGGCGCATTTTACCATACGCGLCCCGRGGTCTTTTTTCTCGACCAC TCTTTAATAACTTTTTAGAGATACCCTCGTTTTTTGAGAATGLTGE
15251 TGAAGCAGAGCCAGCCCAGCTAATGGGCCACCTCGTACAMGACTGCGE TGCCCAGACGACAGRCCOCGRGLTTGTARACTTTGAG GGGGGCTCRTCGACTCTAMACCTARATICTTEGALGET™
ORF6{178)ver »rpl2
15376 TTTTTGGECTTTTGAGCCTAAAGCGAACAACARACAGRTTTGGCATCCTTTTTTTCTTAATTTTTTGCCTACGCCGGGCCTAATTTAACTTTAACGTSTACGAGTTAAAMMMGTAAAAAATCS
15581 AAGGCTCGATTCTTTTCAACAACTTCAACCTATTTCTCATACCGAAAGCACCAGCTCTTTARATTTTACATACCAAAGAACCC TAGTAGGAACAATACSGGTANGS TCAGEATICRATGEMGLG
15626 CAAGAAGTTTAAAAACCTCGACCTCGCTATCAATTATGCGCGCATTGAAATGGGCCGTAACTGCC TCATACCAAGE TCTCTTTTTGGAAGAAMAMAAACCCTACSTT!
15751 CTTATAACTCACTATCCTACTACATCGCCCCCGECGRTTTTTTTGTTGGTAGGACCC TCAAGACGLTACCTACCANGEATGACTACTAC! GRARGTTCTA
15876 GGAACCTACGTCATGCTGAGGGTCTTAAGGGTTAACGACGTTATTTTTAACCTTCTCTCCCCCTCGAGRGTCCTCTATAGGTTAGSTTTAGCGGCCGRAACATACTTTARGA
16081 CTTCTGCAMMACCTTCTACGTAATGACCATCCCCTCGGGACTCATTATACGAGTACCCTCCGAGRGEC TGGCCGTCATGRGECSAMATTCSANTACCCAAAT AACAAGAGA

TGTCCATCTTTTCTACAACCTCCCCOTTTAG TGAAGGATCAGEC TAAGGACGCCGTGAGEAGE TGGRTGTT

16126 CTGGAGTTAACTTCTTTAACGGAACTAATCCCCGCGTANGGGGGGTAGCAATGAACCCCGTGGACCATCCARACGGGAGGCGTACCAAGAC TCCTAMACCTEAGLGL
16251 CGAAGATT) TTTTGTCTAGATCTGCTTGARAGGGC TTTGTTTTTTSTAAGAGCACGAAGCGC SCC L TRE TCOAGGRCACTT]
16376 TTCTTACTTAGAAGCTCCCACATCCTCCCACACTTCTGGRACOTCGRCTTARAGE TCCACAACGGTAGE T TLCTAMGAAGGLSCGETCGGGL AT TCRTAGT S TUTAGAMMAGL T3 3AGAGTT

16501 TGCTTTCTCACGAAAACCTTATTTTTTTCCC TCTTGGGTCAAMGCAGTACTTTCTTACCTGATAGGCAGGGCGTTTTTCAATTTTGGAACGATGTTTGAG
>»0RF1(125)
16626 ATTCCAAGGAMTCTTTTCAAMGTCTAACGGCRAGATCTTACTCCTAAMGAACTGCTTAACGATA AAAMACAAMAACTATGTGAGC TGGCGC TTCTTAGAGGTAAATGACCGCGAGACC

16751 TGRGCCGAAGAC GGCTCGAMGCCANGGAGETGAAGCAGGACGATGLTTCCGTCCTTTCCTGLTTTGTCTTTAAGTACCAGGGLTG

16876 GTTTTIC! ATCTACTACTATCTTTTTAAAACTCAGGS TTTCGGACGACGAGGGTAAC TAGAGGACTTTCAGA
ORFT(125) et »»0RF8(241)
L7001 ACGAGGCCANGRTGTCCACGAGTCTCGAACTCTTTTAAMAMAMATATTTTTTTAGTTCTTGGATCAAATTTTANGGT GTGCT TACCATAGCTTCTTCT

17126 CTANGCAGGCCCCTGRTGTANAGGGGCCCACAATTGAAMAGTTTTTAAAGCGC TTTGAGTACAMCGCCCCCC TGRATCTTTACCAGGTCGTAGACCTCGAAGACTTCAATCTTTTTTTTTTAGAT
st AMATCTTTCCGAAMATTTAAGCATCTTCGATCGCCANGE TGCCAATATCGTAACCGE TAACATAATTTGAAGC TACAGBAGTTGGCGCCACTTTAAGEGCC TTCCTTGTCGGGG
17376 GCAGCGTACGTGRTCCAACG TTCTTCTTGCTACAGATCTAATCTTATC TAGGAAGATTTTTGGTAAGTACGGCGGCCCCGAGCAGAMATTTGLTTCC
17581 TCTGCGAGTACATAAACTATCTCTGAAMGTCCCAATGATT ACTCTC AAATACACTC GGTCGTCTTCTACCTCGACCTCTACGCAACC
17626 TCGAAGGGCCTACTTGGCAACCTTAGGAGCGATGCCAAGGGGGTTAC ACGGGCCACGTTGGRTTTGATCAGGGC TTTACTAAGATCTACCTAAAGGCTAAGTA
ORFB(241) e
17751 TGCTGTTTCTAAAAAAGTT TTAGECT TAGCTTTTGGAAACTTCACCTCTAGATTTACAAGAACTTCAGCTAGACACCCCAGTGATCCCTARAGAGCCCACAG
17876 TGGCGGLGATCCCCGACGAGGTACTTCTTCGCGCCCTTTTTTCTCAGCACGCCCTAAATTTAMACTTTTTTTTTTTGATGTACGATGGGGCC TATGATGCAAGCATC TTCTTGAGCAGEC TAGAG
PS Pst] psX
18891 GACCTCGACCCCGCCCTCTTTACACTCCTTAGTGCCGTGGATGAGCACGAGTACATTGTTAGCC TTAAGCGCGAGCACTATTTTTTTTTCGACTCTTTTGGC TTTGAAGE TGCAGAGGCGE TTTC
>0RFI(204)

18126 CTCGATCACCGGGGATAAGCTCGATGCTTCGRANGGCC TTGAAGAGGCGAGCCTACGATTCATCGAGRACGGCAGECTTGLGC GGGGGAGRGC TTTGATTTTTTTTTTAAAAAGA
18251 GCTCCTTCCTGGCCGCTACTGACTCCTCGRAC TCCTCGOGCGACGAGGGGGAGRE TTCCTCOGACGACGAGGGGGATGL TTCCTCGRACGACGAGRAAGAGRL TTCCTCG
18376 GACGGCGAGGGGGTCGTGRAGGACGAGGAGACC TTGGACGC TGAGGGCGAGRAC TCGGACGAGGAGEGCGAGEECGEL AGE

18581 AATCCTCTTTTTCATGCGTAAATTTTATTTTGGGCGTAAAGTTACGAGATCCCACGTCCACCTATTCCTAAAGAAGE TACCCTGGAGATTTGCAATTGCGCGGCAAATAGGT

ORF9 (2842
18626 TCATCGATGCTGCCTCTCTCTTTTTTTACTTTTTTAACGTCAGC TATCTAAATTTCTTCATAAGGCAGGGC TATCTTTACCAAAACTTCARTCGCATCGTTGCAAGGCCCCCACC TAAAGTTTG
>»>QRFL(165)

L8751 GITCCTTTGTGTCTTGCATCTTTTTCTCCGAGCTCTTTCCGATCTTTACCTTCTTTAAAGAAAMGATAGGCCAC TATGL TCGTGTATTGGCACGCAAGL TAGATAGGGACC TCAGCCTGAGTATT
18876 CGCAACCTCCTAACGCTTAAGAGGAAGAACATGAACTTTTTAAAGTTTTTAACAGGTCGAGCCCCGTCGACACGAGGGCCATTGAGATGGACTACCTAAGLCTGAGE TTTTTTTTTTTTGRAGE

ORFLO( 195}
19901 CTCGAGCTGRAGCTTAACTCGAATCACGGCCTCAACGTCTTCTTGTACCGACTCATCTCCTTTAGGTAGACCCTAACCE TCTTGRAGACCCGAAATTTCTTAGAAMGACATCTTTTTTTTGITA
19126 AGTTAGTGGGAGT CTCTTIT T TTCARAGCACACATTTT TAC

19251 CTCTTTTAGAGGTGGCTATCGLTCTGCTCGGCAGCAGCGTAGATT
»mept b
19376 CATCTTAAACATTTTCAACTACTTTAAGAACCTCAGEGTTAGCTTCCACGAGRTCTTCTCCCTCTTCGRATTC TTTACTTTTATGACGATCATAGTTCAGCTCGTATC TGRAKCCATGLTGRCTT
19581 TCAGCTCCGTGOCCBAGLCCATECTCATCCOTAC TCTACACCGACGACTTCTTCTGATTACACGAGAGGGGCETCGACCTCATCTTCATCTTTTCT
19626 TACTTCCACCTACTCAGAAAGCTTTACTTAAATGTTTTCGACCTCGAGACCGAGGC TCCTGAMMGAGCCRAGTC TTCTCCTTCTTGGTTTTTCAGG TG TCGTTTTTTTTGECCTTGTTCTTTG
19751 CTGTACACACCTTAGTGAGATTACTCTTACTATTGCAGCAAACATCTTCCATACCTTCTTCATGTTCAAGGGCAAGGC TTACTGATTCTTGTTTACGGACAAGCAGC TAMACACCGACACCCTCA
19876 TAAGGTTGGCTTATGCTCACTACGTGTCTGLCTTCTACCTCAGCTTCCTTGRTTTY ATCCACTATGAC ceT CTTAGCTCTGAGATG
21 CTTTGATGGRACGAGGCCCTCTCAAACGAGL TTACAAACTTCTTTGTCC TGCTGATC TTCATCACTCTCGLCTTTTTTTTACTTTTTGAGGAGCCCOANGECCTAMGCTACGAGATC TTTATGTG
2126 GEGCGACATTGGCCTCTCTACCGATGTTAGTTCTACGECGTTGCACCCCATTGATATTTTAGGCCC TTCATGECATRATTGATTGCTTGCCCTTTCCACAAAACAGGARTTTTTGRCCTTTTGT
2251 TCTTTTTCGTAACGCTTTACTACCAGCCTAACC TTCACGRAGTA TCACCATCTCCTCTACCGTACTAGE TGCCACACCCTTT
24376 AGCATCTCAATCGACTCAMACCTCTACCACCAGATCACCTACTTTTTTTTCATCATGTGC TGCCTCTACACACCC TCATTCCTACCCTACGRACGG TTC TTCAACCAGATTGRAGG TAACTGAGS
oyt pese
24581 CTTCTTGTTCTCTTACTTTTACGTGTTTTGCTATCTAGCTTTTAC CTCTTTTCCTTGATTTTTTCTTTAGAAAAGCC TTATTTTTTAAGGTTGCTAGATA
2626 ATCTAGCAGC TTTTTAGRGGEL TTCGGRGTGOGGRACOLCTANTCCCCTGTTCRATCTTTATCANTACCTCTTCTTC TRATCTGRATTTATGTGLGECTTAMCCACGATCTACCTTTTCTTTACC
2751 AGCTATTTTCACTAMGTTTCCTCGGGCCCTGRCCTGATTTTTAMMATTTAACTTTACCGTGTTCORAGTACTTTCGACCC TTTTGAAGAAGTTGACGECTACTACGAACAAGATCCTAMACGT
2876 TCAGCTAGCCCACGECAGCTGCGTTTTTGGTAC TATTTGRGGGCATTTANCGTTGTATATCTTACARTCCTTCACTACAAGRCCC TTTTCGCTGE TTATGCATACTTCACCTCCGACGATTTTGT
>»>00hS
21881 TATTGAGTACATGTTCTCCTTCTTCTTTTCCTTCTACGCACTAAGCGTGATCTTCTCTCTCCTATTTAAACAC TTTTTANGE TCTAAGGGCGTC TTCTTATTAMACACGACCTCCATCGRECTCT
21126 TTTGAGCT CAMCCTTAATTTATTTTT TRATTGCGATTCACCTCTTCAGSTGGTTCCCCC TTTCAGCAGGC TACCTCGTARACTTTAGC TTTTACATCGAT
281 TTACTCTCCTAMCCT TTTCGTGAACT TCTTATTT CGCCTCATCTCCCTCATARACGCTTTTAT
21376 TGCAAGCATGATTATTTTAGTAAATTCGGGAAMCCTCGTTGTTTTTTTTTTTGETTGAGAGC TGATTGGTATAACCTCCTTCTTCCTAATTAATTTTTGAGGTGARAGAGECCC TACCTTCAAAT
21501 CAGCCTTTANGGLCTTCTCCTTCANTAMGTTTAGTGATTCGGCCGTCCTCATTGLGTTAATTTTAATTTATGCCAMCGTGLACGACC TTAATTTTGAGGCCATCCTCAACGTCTCCCATCTCTAT
21626 TCTGAGATGAAGCTAGGCTCCACCCCCCAAATAAATTCCTGARATCTCATCTCCTTTTGCTTG TCTTTGEAGCC TTTGTTANGTC TGLCCAGTTTGEGTTCCATGTATGEC TCCCAGATTCTAT
21751 GRAAGCTCCCGTCCCCGCLTCTGLGCTANTTCACTCAGECACGL TCGTGTCCGCAGRTGTCTTCCTCATCATGAGRTTCTACCCCATCC TCRAGCTCAGEC TCTACTTTAAGE TG TTACTGEAC

ACTAGGLTTCTTTGATTACTCCGTGTTCAGGCAGGGGGGTTACTTTAACTTAAG




PSX Pstl P§
21876 TCGTAGGAGCCCTANCAGETCTCGCTGGEGGCCTCTCTGCAGTGTTCCAAACAGAC TCGCCTACTCTACTATAAGCCATTGTGGATTCCTAATCTTCTTGTGCAGC TTTGEA
22881 MTTTTAAGCTCGTCATAGTGTATCTTTTCGTGCATGRATTTTTTAAGGCTATTTCGTTCCTCTGCGTCGRARAC TTAATACGCTTTTCARAGAGC TATCAAGAC TTGAGGAGGATGGGATCTTT
22126 CTTTAMGTATCTTCCAGCTGAA TTTTAGTCTTCTCATTACTTAMCCTCAGCGGGCTCCCCTTCTTTTTTGGATTCTATTCGAAGACACTCTTGTTCATGATTTCAGACGTGCTTTATT
22251 TTAGAGATGCTATCTTTTGCATGATTTTGCTAAGCTGCATCACAGGCCTTTTCTATTCTTTCAACATACTTTACTATICT! GATTCCAAMAMGGCAAGGAAGAGCATATACGCTGGCGTC
22376 ATTAGCGAGTACCTTAGGTCTTACTACTATAGCAACACCACGATGGCCTCCAACATTGCTATCTTTTTATTGATAGTCTCGTCCTGCCTGETCTGCGCCTACCTCATARACTTCTACCTCCTCAG
22501 CCTCTCAMCTGCAACTGATTTTTATCTCGTCTACGTTAAGACCTTCTCTTTCACCCTCGCCCCCTTGAGCGAGGCCGCCCTCTTARMCTATTCTTTTTTTTATTGGATCATAGCANTCTTCTTCG
ndhseee
22626 TGATCTTGRTGLTCTTTTCT AMMAACAACAGC TAGCAGGGTTTTTTGATTTTTTTCTTGRAGGGTTTTTTTTTTAATTTTACGCCCCTTCCTACTTCTTTTTT
>»»RFLL(367)
22151 GTGAGGTTGTATTTCCACAGATTTTGTATTTACCCCCAAC TTTAGCACAGGCTTCTCTTGTTTGAAGTCCGACGTCGTCATCCACATTGL TCAATGGCAGTATTGGTGATGATTTTGGTTTACAT

22876 ACTTGTGATCCCTGTA TTTCATTAGCAGGTCC T TAGTTTTAGGTCTCAC TTTTTAGCTTGCATC
231 GTGCCCGTTATTTGATGCTTTAACATTCTCGTAMATTCTAATTTTATCTTAAGGCTCATGGAGTGGCAAAACGAGTCCACCATCTTTACCAGTTGCATTCGTGCTAGGCAGTGATACTGGATTTA
23126 TAAGTTTGAGCTGAAGAACATCCTCRACCTGTTGACGGTC TTGGTTGAAACAAGTGGC GGG/ TGCTGATGACTACTTCTATGCTTTAMGGA

23251 TTAGGGCTCAAAATAGCTGAACCTCAAAGTACTGAAAAACCTTCGTGAGGAGE TTAAAGAAGTTTAAAGTTAGCAATAACATCCACTTTATTGATGACGTAGTGACTGC TAAGAAGTTTANGGCC
23376 TCCGTCCTAAGCTTCATGCCCTACAACCAGTTTGACGACAAGACCCTAGGCTTTAACTTAGCTAAAACAAACGACTCTACTGTACTTCTAGAGAACGACATCTTCTGTGATAACTTCTTATTTAA
23581 GOGCGGCATTCTTGATTGTGCGAAAGCATCGTCTTCAATCACTT \TTGGGGGCAAGAAGAGCGACACCTTGTTCAATGCCCTAAATAAGACTATGTTTTTAAACAGAAAAT
2l
23626 TTTTTAAAAACTTCTTATACGACATCGATGCCCTCGTGAGCAATGCC TTCTTAGAAAAAAAACC TAAGTACGTARATCTTAC TACGAAGAGGACGGACTACGGCGACTTTTCTAGGTTCACTAAG
ORFIL(367) no stop but overlap 011

23751 AAGCGGGTGTT CAATTTTAATTACCARAGCCTTCTTCCCCC T AMCGTCTCTTTCGATGCAACCGT
23876 GAACACCGACCTCTTCTACTTAACCCTGAAGC ATCCCCT TAGACAAGAATGACT TGCCTCCATCAAGTTTACGG
2001 ACMGCCTTATCTGGT CTGRAGTT CTTTACAGGTGCATTAAMMAAAAATAAGC TTAGAAGTGAAAATTTTTCAGTTCAGCTTTCTAGAAGA

24126 CTCTTGAGAACTAAAAAAACTCTAGTGCTCCCTTCCCACGTAAACATCACCCTTATTTCARACTCTTACGACGTGATCCATTCTTGGTTCATTCCTGCCC TAGRAATAAAGATTGACTGCGTTCC
24251 TGGAAGGGCCACACACCATACTTTCTACTGCGATAGCGTAGGC TTTTACTATGGTCAGTGTGCTGAAATTTGTGGACGATACCATCACCACATGCCCATTAAGCTCTGCATCCTCCCCTTCGAGE
(23] Corpeee »smll sub-

20376 ACTTCTTAATTTGATGACAGCACTTTGGCCTGCCCANGCTCTTGTTTAC TTGAGACGGACTACGRACTTAAMAMATTTTGCTGGTAGGCCAGCTCTTTAGTTGCAGCC
unit A 5 EL EcoRl E6
24581 AGGCTGCATACT TCTITTT TAGCTTTGATTTAACGCTAATCAAATGLAT TITATTT TCTTCTTTGCTTAMA
24626 TGCAAAGATCTAGTTTTAAAATAGCGTATTGGTGCGTAAAATATGTCTTTTTATTCGTATTGTACCTTAGATAGGCTAGE TTTTCTTCC TTTTAAGAAGTTTAATGCCACCCARAAAAMATTTTT
£6 EcoRl E2
24751 TAAAAAMATCGATACTTAMGTATTGAACTCTTTTTTIGATCC TTCGAATTCGAAGGGGGGCCACTTGGGCCTCCTGCGCTTAGC TGATTTGTGAGAAGAAT
P6 Pstl
24876 CAGCCACATAC TTATCTCGGACAGAAGTGGGGAATTTTGEGCAATGLGC TTAAGCGTGACCCAGCARATTGATGT TGCAGCAATG
2581 TGGGATATGCCTCTTTGAC TTTTTTTAAACGCAGGCCAGAAACGAGTATAATTAAGCTAAGTTTTGTTAGAAGCGATGGCCAATACATGTGCCAGCAGCCGCGRTAATACATGAGTAGCTAGCGT
25126 TAATCGTCCTTATT! AMTTATAMCTATTIT TAGTGATTTTTTTTTATGTAAGTTGAGCTTGTAAACT
25251 AGTGATAAAATACAGGGAGTTTACAGGAACATTCGACGCGAANGEGACTAACANT GCTATATCACGAAAGTATAGGTAATGAAAGGCATTTTAMACCTAGTAGTCTATACTGT
25376 TTAATACTAAGTTAACAC [GGGTAGTARAGLC! TAACAGAATTGGCGGGGAC TTGTTCAAACGGTGGAGCATGTGOTTTAATGLG

25501 ATAATCCACGTAAAACCTTAGCAGCGTTAAATTTTTTTCTTTAGTTAAGCTTCATGGCTAAAATTTTTAGAARMAAAGAGATGGTATTGCATGGC TGTCGTCAGTTCGTGTTTTGAAATTTAGAA
25626 TTAAGTTTTATAAACGAACGCAACCCTTGTTTTGTATGTTTAATACAAAATARATGATTAAGGAATTATTCATTTTAGC TAGAAGGC TGAAGTCAMAGTCCTTACGETCTGLGTACGCTGGGCTA

25751 CACACGTGTTACAATGGT) TCTAACCTTTAGTTTTTAAMAAATTACCACAGTACGAATTGTTTTCTGAAACTTGGAAGCATGAAGAAGAMATCGTTAGTAATCG
small rRNA discontinuity
» <«
25876 ¢ AAGTCCTGCACACACTGCCCATCACGCTCAAAGAGTTTTAAATCTAGAAGCTGAATT CCTACCCATTTTTTTTTTTAMAAAAG
2601 TCGCCGRTGCACCAAMCACCGGTGTTCTAAACAAGCTACTTGTTGTCAGCACARAGAAGAGTA CATT TGACACAAGGTACCGGTATGGRAMCTTG

Saall subunit rRNA 3'<<
26126 CCGGTGGAGCAAGGTGAACAGACCANTGCATGCACCCAGAACGGGGCGCGRTTAGAAATGTTTTGAGACTTTTTAAATTTC TTAMCGAATTTGTCGTTGAACATTTTTTGTATTTTTGATTTAT
26251 CTTTGTTTTTTTTAATTTTTTTAATTTTTTGCTARATGCCGTCTTGAACGAGTTCATGTTTTTAATTCATTTTTTTAACAAGAACCAGATCANGACGTCTARCTATTTTTATTATTTAGATTTCT
>»0RF12(265)
26376 GATCCATTTTTTCTAAAMMTTTTTGTTTAACCTCTTCTTCTAATGGTGATTTTTTTTT CCTTTTTTATTTITT TTTTTGACTGCCGATTTTTTATTAMAG
26501 AMGATTAGGATCGGTGCCGATAACTTAAAAGACGTCAGCTCCCTTGATCTTTTTTTCGTACATATGCACCACAGGGGCGTGRCTGTTCACAACATCTTTTTATTTTTGTTANCCTACGTTCCTTT
26626 CTTTAAGAGAGCGATCCTTGGGTGCTACTT) TCTTCATCGACCATGACC TATTT GTGCCAATGCTCTTTTTTTTAAAGGTGACTTCCTCA
26751 CCTCGAATAACTTTTTAAGGGCCAGCACTACTTTTTATAATTCTTTTTTTTTTTTCCTAATAAGGAKCCACGTCATAACTAAGACAMCGL TCAATGC TATTTATTTTAGTAAGGGCTCTTTTAMA
26876 CCCGCCGAGACCAGCTACTATTTTAATGCCTACGTCCTTCATTTTTTTAMMMAAAACAAGGTTAACGACTTCATCGTCTTCT TATTGRGCGTACCTACGAC

>»0RFL3(169) overlap ORF12, different frame
27081 CATATATGCAAGCCCCGAGGCCCAMACTTARAACTTATCGACCCCGTAGGGTCCTTGATTGAACAGTCAMACTCC TATGCCGACAGGL TGCCGACGAGAAGGAC TTTAAGAAAACCAGCACCTA
ORF12(265)***0RF13 continues
21126 CTCAMAGCTCGATGTCGAGGCTATGCATTCTTCTTTTTTCTTTAACAACGCCCCCATTGAAGAAGC TGAGGCCTCCTCTCAGCCTGAGGCTCCATTCCTGLTACCC TTAAMAAAMTTTCAATTT
21251 TTTTTGCAAAAAMAAACTACCTCTATAACAAGGGTAAGTTTTCTAGGAATANGCAGACATATAGGACGGGGGTTTATCTCTGCATCTGATTAACGGTACTGACGGTCGTGRGCCTTTATTTTTAT
21376 TTCTACCTTATGAGCATGAAGTTTACCTACAACTACCTACTCTTTTTATTCTTCCTAGGCCTTTTTTTTTATAMATTTTTTATAAAGAARMATAACARAAAATTTGAGGTGCATACTGATCTCTT

>[25]
ORFL3(169)#e* JtRuAtrp anticodon TCA tRAtrp \
27581 TGAAMATTTTTAAGATTCGGGCACTACACTC TCAACGGAAARACTTTAGTCTTCAAAAC TGACATCGTGGGTTCGACTCCCGCCTCCCTTGTACTTTTTTTTGITTTTTTTAA

>»>0RFLA(38T)
21626 ANTGCATAGAMGAGACCACAGACTTTCTATTTTTTAATAAGTATTCACGAGAATTTTCATACCACTTTTTTGATAAGTTTTTTTTTTTTAAAGARATARATACARAGC TTATTTTTTTTTTTGAG
27751 AGGTTTAACCTCTTTAGTTTCTTTACCTTCTTTAGTATTTTTATCTTATCGAGGAACCTTGTCCACACAAMARACTTTATTACAGCAC TCTTTACCTACACTAAAGCAACCCTAAAGAAACAAMA
21876 AMMAMACTTCTTTATTTTTTTTAGGATCTCCTTTTTCTTTGTCGTCTTTTTATTTTITTACCTICTATICTCATATACGCTAGAAAACATTCCCGTATCCAAACTCTTTTTTGTTTGAGGTAGCT
28081 GAGGTGCTTTTTTATACATCTTTATCTCTGGCTTTANTTTTTT T TTAGCATCTTTTGACTTATC
28126 GAGGGCTTTGTTTTTTCAGCCTTCATCTTCCTGACCTTCARTGEAAGE TCTGAGGTCGTATACAGLTACGACCCCCAGRCTTTTTTTAAACTCCACCTGATCTCTTTAAGATTTTTTTTTTTTAA
28251 AATGCTCGCCCTCACTTTTTTAATTCTATGCTTTAGCATGGTCTCCTCTCTAAACTTAAGGAAGCGCTTTAACATGTTTATTTTTAACACAACATCACTTTTCGTCATCATTATTTTTTTAATTG
28376 AGTCTGACCAGTATATTAGTATTGTAAACTACTGTGGCTTCTTTGAATGATCCTTTAATCACAGCGACTTTGCACTCATTCTGACTTTAGGAAATCCCGAACTGTTAACAGETATGTGLTCTTA
28581 ATCGGCATTGCAAAGTACCTTCACATCCTCTTTATCGTATTTGTTTGATTTTTTAATTTTGCAAARAACCTTGAAAAC TACATCGCCGGT AT
28626 CATCTTGTACCTCCTAMATTGGTTTGCCATCTATCCTTACATTAAGTACTICTTCAGAACTTATTACTATAGCACTTTTTCTTGATTTTTTTTTGACTTTAAAMATGAGTCTGCTTTTAACTTCG
ORF14(307) 22

28751 CAAGGTTTTTGTTTAACTTT CTTIT TTTTGRCTAGTTTTTTACTCGTTANTGTGTTCTTCATGAATTTAGATTTTCTAACGGGGETC

28876 CTTATAMGTACCATGTACTTTTTTATTACCTTGCCGTTGGGTTGAATACCTTCTTTATACGCAGCAGTGCAACAGTGGC TTCGGTGGATTCGTAGTGGTGTTC TG TTGTTTGCCTAGAGCTA
»5" sRNA >»0RF15(85)

29981 GTCTTGGTGACTAGCCTAGACAAACTTCCTTGATTCATCTTCTAGGGATACCAGGCACTTTGTCTCTTTTCACGTCGATTTTCGTAAGTTTAAAACTTCCTACGAAAGCGGLCCTGAGCAAACTC

29126 TTTT TTGCGTGRCTTCTTTT AATTACAATTTTCAGCACTCTTGACTTTACTTTATTTTTGTGTTAAACCAACTTGCTTACATGCGCGGARATTTTTCAGT
> ORFIS(85) no stop but overlap with >»(01

29251 TATTGCCCTACGAGAAT TAAGCGAGCCTT TATTTTTTTAAMAAGCATGTT TCCATTAMACTATTTTTACTTTAGCA

29376 TGTGGACTGGCCTTTCAGGAGCTGCCTTAGCTACCATGATCCGTCTTGAGATGGL! CCTTTTTTTAAGGGGGATTC TTCAMGTAGC T

29501 ATCATGGTATTCTTTGTGGTTGTCCCTATCTTCTTTGRAGGGTTTGCTAACTTTTTGATACCCTACCACGTAGGE TCAMMAGATGTTGCATTCCCCAGACTAMATAGTATTGGCTTTTGGATCCA
29626 ACCTCTCGRCTTCCTTITGOTTGCAAMMTTGCGTTTTTGAGGACGACGTCTTGGANGTACTACGACAAGACCTCTTTTTTCTTACAGCCCTACAMCAMTCTCTTTACAGRGACTTCTTTANTT
29751 TTTTGACGGGGOAGC TTAGCTTTAACCCCTTTAAAAAMAGTT TIGTTCCTCTTTTTATGGAMGCCC CAAC TCTTCTTCANCECC
29876 CTCAACCTAAGCTTTTTGGACTCTTTTTTTTATTATAGTGACAMCCTATGATCCCTGGCTAACAAGGTTGTTTCCTC TTACGTTACAAAGTGTTCGAATCGAGCTGCTGT
IMEL AACAGCAGGTTGGACCTTTATAACACCCTTCTCTTCTAATATGAAATATTCTGGTTTTGGGGCTCAMGACGTCCTCTCAGTTGLTGTTGTGE TAGCTGGCATTAGTACAACCATATCTTTACTAA
126 CTCTCATAMCGAGGAGGACTCTAGTTGCTCCCGRACTTAGAAATAGRAGGGTGCTANTCCCTTTTATAACAATTTCTCTACTTCTTACACTCCGCCTCCTTGCCATCGTAACCCCAATTTTGRGA
10251 GCTGCGTGCTTATGTCTCTCATGRACAGGCATTGACAAACTTCCTTCTTTGATTTTGCTTATGRAGGGRATCCTATACTATTCCAACATCTTTTTTGATTTTTTGGACACCCCGAGGTCTACAT
30376 TCTAATAATCCCAAGCTTTGGAGTTGCAAATATCGTCTTGCCTTTCTACACCATGAGRAGRATGTCTTCAAMACATCACATGATTTGAG TG TCTATGTTATGGCTTACATGGGTTTTGTTGTTT
9501 GAGGCCACCACATGTATCTTGTAGGGCTAGATCATAGGAGCAGAAATATCTACAGTACCATTACCATCATGATTTGTCTTCCAGCAACTATTAAGC TTGTTAATTGAACTTTGACGL TAGETAAT
39626 GCTGCTATTCATGTAGATCTGRTATTCTTGTTCTTCTGTTCATACGTCTTCTTCTTCTTAACTGGAGGTTTTACTGRAATGTGGCTCTCTCACGTAGGATTGAATATTAGCGTTCACGATACCTT
0751 CTATGTCGTGRCACACTTCCACCTTATGETTGETGRAGCTGCAATGATGGGAGCCTTTACAGGCCTCTATTATTACTACAACACCTTCTTTGATGTTCAGTACTCTAGATCTTTGRC TTCCTTC
3876 ACCTTGTTTACTACTCTGCAGRTATTTGAACGACGTTCTTCCCCATGTTCTTCTTAGGCTTTTCTGGGC TTCCCAGAAGRATTCATGACTTTCCAGCCTTCTTCCTAGGTTGGCACGRACTTGEC

31081 TCCTGTGGCCACTTCTTAMCCCTTGCCGGOGTCTCCTTCTTCTTCTTCGOAATTTTTGACTCCAC) TTCGATACTAGCTAACTTTGGTATACCAAAAATCGCTAAGAGGGE
31126 CCACCTTTATTTCTTTAAGATCAGC TACAATAACTATACAAATGARATTGC TAGCGAGCTTCC TATC TTTGGAGAGTACGAGTGLGTTAMGT
COIxer
31251 TGRTGCCCATCAC TAATATTGATTTTTATCTTTT TTTTTTGCACCTCT TTTATTAGCTTTCAGTACTTCACTAAGARAAATTCTAAGCTT
»5aRNA
31376 ATTTGAAAGATAGTCTTCTTTTGCGTTCTTTTGAACCTCGGACTTTTTTATATTTCTGTATCTTTTTAACACTAGLC TAGGCACCCCCTTTTTGAGTGTTTTAGGTTTTGATAGCCTCGRTTCTC
31501 TTTTAGCTTATAGCACAGCC TCGATTACCTATTTGGTTGACTTAGCTCTGTACCAGGGTTACAAGCTCGCACACCACTCCCTCCGETTTTACC ATGCTCTTACTTAGGAACAAA
>»ndhl

31626 GTATTCTICTTACCCTTTTITAGTATTTTAATCTATICCATCGTTTTGATGCTGGTCGTTACCTTGATAATCGCATCCATAACTC TCCTAGAGUGARAGC TG TTTCCTTGRTTCAGAGGCGEGT
ILTS1 AGGGCCTAACTTTGTAGGATACAAAGGTCGTCTTCAGTACCTTGCCGATGCACTAMMACTATTTTTAAAGGGGGTTGCAATCCCTTCTGGCGCTAATTCTTTTTTTTTTGTAGECATGECCTCTC

£2 EcoRl E4
1876 TTGCGGGAGCGGTTTGCTATACTTTTTGAATGAATTCCATCTGGGGCCCANGE TTANGEATGTTC AATATCGTCTATGCCTCCCTC TCTTTGGACTCTGCGTC
12081 ATGCTTACCGGCTACTTTAGTAAAAATAAGTATTCGGTGATGGCTGGCCTACGAGCAGCTATCCTCATGCTARATCTCGAMATTTTCTTGRGCATCGTCTTTT TTCTCGTCGA

32126 ATCTTTTICTTTTGCAGCCTTIGCTGTTTATCAGGAAATTTTTTGACTTATTTTCTTATTTTTTTTCCTCCTATCARACATCCTGETCGTTTTCTTATTGRAGETTAACAGGACCCCCTTTGACC
32251 TTGCTGAGGCCGAGTCCGAACTCOTTACAGGGTACACTACAGARTACGGGGGC TTCTACTTTGCACTATTTTACCTAGGTGAGTACTTTCACC TCTTCTTCTTTTCGTGCCTRATCAGTGTAGTT

Nucleic Acids Research 175

ndhlrer
32376 TTTTTTGRTTCATGGGAACTCTTARAGCCCTTCTTGTTCTTGCATAACTATACGGTTTAGGS TITTTTTTTTTTIGTCTTCACTGGGTACCTTTTTAGATCTATGATTTCCAT
32581 GAACGAACTTTTTATCCGAGGTAAGCTTGTTGCAGGTATTGACCTTGGTAMACTTTTTTTTTTTTTTTAGCTCTAGAAATGTTTTTTACTCTTGTGTTTATTTTTTTTTARATATICTAACCCTT
32626 GGGGTTTTCCTTGCATTCTTTAATTTTGAATTTTTAACTGEATTCTTCTGAGTCGTTGAGTTTACTGTTTTTTTTATATTCCTGGTATTTTACTTTTATTTTTCTAGCAMCGGAACCATTGTATT
32751 CANTAAGAACTTCTTTCTTTTTTTTTATTTTITTITTATTTTTTICTTTGITTTCTTTICTICAATTTGAACCTTTTCATCCTTTGARAAAACTAGCCTARACTTTTTTTTCTTATGAGACGACT
32876 ACTACGACGCCCTCAACTTTAATGTTATGAACGATCTCAACTCTTTTTTTCTAMATTTTTTTATCTTTAACTCCTTCTTCTTTTITTTATTTACGGTCTTANTCTTTTTAACGTCTGTGRTTTGE
13801 ATTAACCTGIMCTAAACYUMAAMMTAGCTTWATGGTAGCTTCTTI’TTTWTTWMTYTTTTTAMMTTCAGCGCGTTCTCCYTTATGAGAAAGCAMGCTTLGTCATTCA
33126 AMCTTTAGGAAGCCCGTGAATCGCCTAGTCTCTAAAGAGCAGTTTACTCCTAAGTTTT) C TCCC

>»rpm
33251 TAAGCTAGTCTCTTACCAGAC AC TTGTGATACCAGCTCTGTTTGEGTGGTCAACACCTTTCATATTTATAGGGGATTTAGGCATCGTATAGGA
33316 CBCCTAGWGACTAYAICAAGGTCTCCATACGTAGTMAMGCCWGTWCUHMGCGTGGYMMAMAMHYMTAGTTCGACACGCCTTTGGAAGAYTGAAGWCMCTC
13501 TTTTTCTAAGTTTAGTAGCAACGTTTGCGTTTTAT CCTAGGGCGAGAGATCAAAGGCCCTATCTTT TTGTTGCTTCCTTTCCCG

rplldeee
33626 GACGGGTGTAGCAANGCTAGAGCTATAACCTCTAGE TTTGCAAATGTTGAGTAGCTTTAGC TTTGTTGAGTCGCGAACGAGGC TTGTARATGTACTAACTGCTAAACTCGGCTTCTCTCTGAATC
33751 TTTTTGATCTCGCAGAGAAGACGCAAGCGATAAAARACATTTCCTTGTTTTTTTATAATATAAATAACTTGAAGGTTCAARACATTGTTAACCTTAATTTTTCTTGAAATAGC TTTTTGAGCATT
33876 TTCATATTTTTTCTATGTTTCTTCACAGTCCTCTTTACGTTCTTATTATTATTTTTTTTTTAAGTCTARTAATTTTTTTATGCATGTCTGGAGTACCTCAAGCTTGCCTTCCTTCCTCCATGET
»»>ndhd
34891 CGOAACGTGCTCTTCCTAGACTTTTTTTTTACAAGTCTAGTGTACTCGTCCATCATCTCCACCCTCACGATGTTTGCAGTTTATCTTGTTTTCAGCTTTAAMMAACCCGAGGCCTCTARAGECGA
34126 CCTTGATTTCTTTATGCTTACCTTTAAGTATATTTTAAAGGGC TCTTTCTTTTTAATGCTTGTGCTGGCCCTTTTCTGTGEACTCTTTACCTTCGATCTTATGTTTTCTGCTAMBATCTTCTCT
34251 ATCCAMACGAATACATATGGOACTCGGGTGACTTCTTTTTTTACAAAAATGGAGCCCTTAAGTTCTCTTTAAATTTATACGGCCTTATCCTAGTCTTTCTCTGECTCCTTACTGGGTTTGTTGEC
34376 ATCTC TCTATTC AMTTTTATTTAATTTTTTTTCAATTCTTCCTCGCTGTCCTCGGL TTTATAAAGTGTAGCGACCTCATTGCTTTTTTTITITTTTA
34501 TGAGGTGTTGATGCTCGGCTCAGTCCTCGTTGTTTTCTTTGGAAGC TATTCTAAAAMATCAATACATGCAGTTATCTACTTCGTAGCATGGACGCAGE TCGRATCCCTCTTCGTCTTATTAGLAT
34626 GCCTTTACATCTACAGCTTGACAAACTCTACGAACTTTTTTGTCATTARAMCTTTTGTCTTCTCAAAGACCCAAGCAATGACGATTTACTCGC TCCTCTTCGTGGGCTTTGGTATTAAGTTCCCE
34751 ATCTGACCACTTCACTATTGGCTTACCAAAACTCACGTAGAGGCCTCTACTGGCTTTTCTATATACTTGAGTCGCTTTTTAGTAAAAACAGCTCTCTTTGGATTTTATAGGTTAACAAACTTAAT
4876 TCAAGTAGAGCTGGATACAACTTTCTTTTTAGCAGTTCTTGTTGCAGGCGTTATTGACTCCTCCCTCAACATGTGRAGCCAGACCGACCTTARRARACTTGTAGC TTACTGTACGATCCAAGAA
15081 TGAACCTCATTGCCATCTTCTTTTTAAAAGGGGATTCCAGCCTCATCGCCTACGECTTCCTTTTTACCATCATGCACGCGCTCATGTCTACGCTCATGTTTTTCCTAGTTGAGTGCATCTACTCA
£4 EcoRT €5
35126 AGGTACAAATCTAGETCCACTCTAGTTGTTAACGGTGTTTTCTICTCGTTCAACAACCTCGCATTAGCAATTATTTTTATGGTTCTTTTTTTTTCTGRAATTCTAGGAACCCTAMGTTTGTTTG
35251 TGAATTTTTTGTCTTCAACCTTACCCTTCACGTTTCGTGACCTATAGGCGTTATTTTTGTGGTTGTTGTGAGCGCTATCGGCTTGATTGGC TTTTCTAAAMATTGATTTAATGCTATCTTTTGTG
ndhdrer
35376 CACCAMGCAAAGACGTAGGCCCCGACGCCCTCGAC TIACATTATCTTTTTGTGCTTCGCAGGC TTGATCTTCTTAACCTTCCTCCCTTTCTTARTGATTTAATCTTAG
5501 GGGCTTTATATTATCTTTTTGTGCTTCGTAGRCTGGGCTTCTTAGCCCTCTCTTAATAATTTAATTTTAGTATGCTTTTCAATCCTCTTTTTATTTTTAGAGTTTTGAATTTCTTCAAGAGTGGT
15626 TTTTATATAGACTACATCATAAAGAAGGTTACTGAAGCTATTGTAAAGAATTTATTTATTTTTTCTTCATTCTTCTTTGCCGAGAAGTTTTTAATTGAGTTTTTAACTAAAAARAGCGTAGACAA
35751 COTAATGATAAACTAAACTCCTTTGCACTTGARGATTTTAACTTTAATACCTTCTTCTCTCTCTTIGTTGTTTTTTICTIGTATTTITITITTTTTTTAGAGATGCTTTTCTIGTTTTTTTAAT
>»0RF16(188)
35876 TTTTAGGACGCCTAATTCTTTTTTGGAAGGTAGTTACCTGGGACACCTTAGTATTTTTACCCTTGTATGAGACTTCTCCAATATGACTTATGTCGCATTGCARAGCTTTCTTTGCATTCGAGATG
£5 EcoRl €3
36001 AGCTCAMGGGTTTCCGAAGTCTCTACATACTTCGCAAGCAACGARTTCTTCGTTCTACATGAAATTTTCTCCAAAGCATCTTATTTCTTTTTAGTTTTCGAGCTCTTTTTTAGCAATCTTATGGA
36126 CGCTTTTTTAMCAATATCGTGGTTTTTTTTGAGTTTGATCAGCCTACTCTTAGGAGGTACATTAGCTTCATGGACCCCACCCTCTTTTCTATCTACCACCCCGAGGCCGTTTTTATTCARAAGA
36251 GCCTTCTTACCACAATCATCTAAGTTATTTTGCAMATTTTAAGCTTAACGTAGCTGTACTCT \CAGGTCAGCTTCTTACTATAC

ORF16(189) ¥2*
36376 TTCATTGTTICTTTICAATTCTTTTTTTTTCTTTCTTTTCTAAMAACAACGAGGAGTACCAARTCGATGTTCAGCACTCTGTAATTAACCTCTCCTCTGAGG TGAAMAAGARATCTTTTCGGTA
>»0RFLT(221)
36591 GACTATGCCCTTAATCTTTTATTCTTCTTGTTGTTTTTTTTTGGTGTCTACTTCGRLTTTTIGTTCTTGAGTATGTTCTCGTCCTTCACAGAGCTCTTTGTGTTCTTTGTGCCTCTCTTGTTTAT
36626 TTTTTATTTTATTGTTTTGATCCCCTTCAACCTCTTATTTGATTTTGATCTTTTTTTTGITGTATACTTGCGTGGTTCTTCARACACAACTAGCC TATTCTTTGAGTGCGTTTATGAACTACATC
36751 GGGATCTTAGCATTCTTCACCAGACTTATTGTTCAGTTTCTTAGGC TTGTTCTAATGTTTGTTGTTTACTGCATGATGCACGATACCGTCATGTTACAAAACTATTCTCAAAAARATTTCTTGRT
>(24]
36876 TGGAGATAGCTTTTGAGAGEAGTTAATGAGCGTTCAGCCAAACGGAACCTCGATCTTCTTTTTCTTGTTTGCAACCTTCCCTCTAAGGTTGTTTTACTGATGC TATGAGTGCATGEATACTTTTT
ATML TTGTAGTTACTGTACAGTTTTCAGCATTCTTTACTATTGTTTTTTGATTGTTCTTACTCTTCTATACTTTTTTIGTTTACGAGAAGTATGAGCACCACTTCGACAATATAACARAGATGCATAAA
ORFLT(221) ey 5.8 rANA §°

37126 AAGCTCATTGAAGAGC TTAAGTCCTTAAAGAAGGACTCCTTTTAATTTTGATTTTTTTTTTTTTTGCAGTCTAACAAAGCACTAGACGGATGCCTARAARTCTTGGTTGAGGGCGTAAATCTAAA
37251 TACGATATT TICTTT TGCTTAGGATGTACAAGGGCCCTTGAAAATTTTATGAAGCGAAACATC TAAAACATAATTCAACTGAGATGT

5.85 1N 3'cc »lrg
31376 TAAMGTAACGGTGAGTGAMACAAAGTAGCTCARAAATTAGAAAAGAGGGC TGAATTACT TAC CCCGTAAGCTTTTTGATTTAATTATTTTTTTTIGIGC

suburit rANA §°

seL TGCTAGGGTWCTCMCCIGGGTTCATTCCCCAGCTMTAMGTTCGATTCmGIAGCMCTCCGMTAmmAF--- TITIC TAATAAA
37626 ACCAMATTT T TAAMAGATTCTGAAATCTAGTGCAGTGAAACAGTTAAAGCGTGTTGTTTTAACGTACCTTTTG
st TATM'WECCMCMTTTATMMﬂAGCWTTAICAMTCGCGTMTNMATGTTAIMﬂMmTAYMCGMGICMGTGATCTAATCATGGCTMTWWICGMCC
37876 ATAAATGTTGCAAMTTTCOGRAGAAGCTGTGATTAGUGRTGAAAGGC TAATCAMACTTGACGATAGC TCGTTTTTCGCGAAATCTATCTACGTAGAGTATTTTTTTTC TTTTGTGCGGGGTAGT
38091 CTAATCTTTICT T \TTAAAATA GGACTGAGAGTGCAAAGATTCTTGGTCGAGAGGGAAACAGCCCAGACCGT
38126 ACGATAAAGTGCATAAC TGTTTT GOGAGGTAGGL TTAGAATCAGCCAGECT GTAACAGCTCACCAATAGCTACGATTATTTGA
38251 ACAMACATCGTATTAAMATAATTTTTAMATTAAAGCGCTAAGCATTCTACTGANGCGECGGGTAACTCORTAGCGAAACG TTTTGTAGGTTGTTGAAGETTTATTGAGAAATAGGC TGGAGATA
38376 TCAAMTTGATAATGTTGGCATGAGTAATAGACAAATGTTCAARTCATTTTTGTTTGATANGTTAGIGTTGC TTTGTTTTGATCATCTTACAAAGTGTGATCCGGTCTCTAATTTTTTAAATAG
38501 ATATTTTTAAAGATGAGCTCTGTATTTTTTTCTGGCCTCCTTTGTGTTCTTTTTAATTTTTTTAGAGAGTGCGTGRAGGLCGACTGRAAMCATTTTACATGGTGTACCGTACTAACACTAACGE
38626 AAGTACTTTAGTC TGAAGGAACTCGGCAARATTACTTTGTAMCTTCGGGATAAAANGTGCGTCAGCAAACAAAAAAATGEGGGG TAGCGACTCT
34751 T TTTGCAAMTTTAATTAT TTTAACGETTAGCGCTGTTGATAACAAGCAGCAATAAACGGCGGCC
38876 ATAACTCTGATGGTCCTAAGGTAGCAAAATCCCTTGACGGGTANGTTCCGTCCTGE GTA 61C \GCTCTATGAAATTGAATT

39001 GCAGCTTTTTACAACTAGACGGAAAGACCCTATGCACC TTTACTGATGCTAGGAACTAAAGGGATATACTGGAGATAAAT TGAMAMCTACTTCTCTTTTAC
39126 GTCTCTTCATAAAAATGACTAGRTTATTTTTACTTTTCTGOCTGTTAGTTTAMCTGGGGCGRTTGL! GTA TACGCTTTGTGAGGAATTTTTCTTTGC
39251 AAMATGAGTTANTAAMACTGCGTAATTTGATTAAATTACAAACTAGTAATTTAGGGGCTAATTGCCTGCTATATGATCCGGTGTTTTTTTTTGAATAAGACATCGCTCAACGAATAAMAGGTAC
39376 GCTAGGRATAACAGGCTTATAMTTCTGAGAGTTCCTATTAMAGAATTTGTTTGGCACCTCGATGTCGOCTCATCACATC TTGRTGRTGCAGAATCTGCCANGEGTTTGRCTGTTCGLCAATTAN
30501 AGTGGTACGTGAGCTGGGTTTAAAACGTTGTGAGACAGTTTGGTCCCTATCTGTTGTA GGCTGAGATC TAGAAC

39626 GRATCTACTTTAAATAMGGTATAGATGCTATGCTAAGCTGGATAAGE TAATTTTTTATTAAAATTTTTTAGC TTAMMGAATTAGAAGL TTTTTAGCAACTCGTTTCTAATAGTATTTTAGAAG

Large subunit rRNA 3'<c /tRNAtyr

39751 ACTACTAMGTTAATTTGAAGGTAGC TGTTATAGGGCCC TTAACGGGCGTAC TCTTATTATTATTATATGAAGTAATGGC TGAGTGGTTAAAGCGGEAG
anticodon GTA thutyr,
39076 ACTGTAMATCTGTTGRTAGTACCGTCGTTGGTTCRAATCCAACTTACTTCATAC TAMCTTTT TACAAMMATTTTTTTTATAAAARAAATTTAGAACA

4001 TCTTTGTTTTTTTTTTTTAGGAACTAAATTAGCTCCTGATTTCTTAAAGE TTAGAACGCGATTGTTAARAATC TTTAATAAGCGCATGTCTATCTTTAATTTTTTTTTTATAAAAAGATTTGTTT

40126 CTTTTTTAATTTTTTTTTTTAMAACATAAAAAAATCAMACTCC TTTTTATTGCAGATAAGAAAATATACTATAAGTACGAGTACGTTAAGTACTTTAACTACCTGTTTGATAGAGRAGATTTT

48251 TATAMMAARTATAGATTGTATAGSC TATATATTCGCGAACGTATGAACATATTTATTCAGCATCCAGAG TTTTTTTTTTTTTTTTTACTAAAAACAAAACCTTGTTAARTCAATTARACACCAT
£3 EcoRl

376 GCCCGTATGCACAMTATTATTTTATTTTCAGATAATAACATGTCCTTTTCTAATTTTTTTTTTAMCGTACCGCTGATCATTAGTTATGAATTC

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 PstI and EcoRlI 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 Pstl 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 S1 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
M13 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 ¢ oxidase subunits (COI,
COlIl, COII) commonly encoded in mt DNA, COIII 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 ND1—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 ND®6, 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 ND1, 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



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 (arp9) 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 azp9, has a corresponding
polypeptide in eubacteria (the c chain, see ref. 36) and
chloroplasts (subunit III), 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 afp9. 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 a®p9 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 asp6, 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 ap6 or arp8, 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 (rpl14), S12 (rpsi2), and S14 (rps14)(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 rpll4 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 the psbG
gene product and the ndh gene product of E. coli, it was proposed
that psbG is not a photosystem 2 gene (64).
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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 ap9 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 arp9 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 7.
brucei has indicated the presence of double transcripts differing
in size by 150 —200 bp for all protein coding genes except ndhS5.
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, rpsi4,
and ORFS, 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 19420
and 30+31. This is also the case in Tetrahymena (17, 18).
Discontinuities in the large subunit rRNA (IgrRNA) are known
in eukaryotes where the 5.8S rRNA gene is separated from the
5'-end of the 1grRNA 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

OREFS 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
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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). 1t 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 ORF11 immediately upstream
of the Paramecium COII gene whose initiation codon is uncertain
1.

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 rpli4
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 rpll4, 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 of A and T, with a preponderance of T 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 ORF1 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 4 32 (34) 15 48 27
G 12 12 19 (19) B 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, ORF1,
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).



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 (cy? 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: tRN Atrp(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 minimum
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
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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 of UGA
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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