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ABSTRACT

The recent development of rDNA vectors for
transformation of Tetrahymena combined with
improved microinjection technology should lead to a
renewed interest in this organism. In particular, the
rDNA itself constitutes an attractive system for
biochemical studies. The rDNA is amplified to a level
of 2% of the total DNA and exists as extrachromosomal
molecules. Furthermore, the rDNA is homogeneous in
sequence because it is derived from a single gene
during sexual reorganization. In order to facilitate
studies of this molecule, we report here a compilation
of previously published sequence information together
with new sequence data that completes the entire
sequence of the 21 kb rDNA molecule.

INTRODUCTION

Tetrahymena thermophila is a dinucleate ciliate. The genetic
nucleus, the micronucleus, is diploid, and the somatic nucleus,
the macronucleus, is polyploid (n= ca. 45). Tetrahymena can
be grown on a complex or chemically defined medium and is
easily subjected to labelling conditions of cellular components
and to subcellular fractionation procedures. Cell cultures can be
synchronized through the vegetative cell cycle and through sexual
reorganization (conjugation). Many aspects of cellular
metabolism, cell physiology and genetics of Tetrahymena have
been studied thoroughly as presented in ref.1. Most topics
concerning the molecular biology of Tetrahymena and other
ciliates are described in a more recent book (2).

The ribosomal RNA genes of Tetrahymena are among the best
characterized eukaryotic genes. During conjugation, the single
locus micronuclear gene is excised from its chromosomal origin
and rearranged into extrachromosomal, palindromic, 21 kb
molecules each containing two divergently arranged transcription
units. These events have been diagrammed in Fig. 1. As a result
of the amplification and subsequent polyploidization, each
macronucleus contains approximately 20,000 rRNA genes which
are essentially identical due to their derivation from the single
micronuclear copy (the B strain is inbred and thus homozygous
for most loci) (cf. reviews, 3 and 4). This situation is in contrast
to the chromosomal organization of tandem arrays of rRNA genes
found in most other eukaryotes and makes Tetrahymena very well
suited for genetic analysis of the rRNA gene.

The only apparent transcript from the extrachromosomal rDNA
molecules is a 35S rRNA precursor containing the 17S, 5.8S
and 26S rRNAs. Transcription and processing of the 35S pre-
rRNA has been studied in detail (cf.5) including the selfsplicing
reaction performed by the intron of the 26S rRNA (6). A
simplified account of these processes has been diagrammed in
Fig.1. The origin of replication of the rDNA molecule has been
mapped to a position close to the center of the molecule (7) and
the replication of the telomers has been studied extensively (8,19).
Also known is the nucleosome pattern (cf. review, 9) and the
specific cleavage sites for topoisomerases (10). Specific proteins
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Fig. 1. Diagram of the rDNA in the micronucleus and the macronucleus of
Tetrahymena combined with a simplified transcription map of the macronuclear
rDNA (cf. text). NTS = non transcribed spacer; ETS = externally transcribed
spacer; ITS 1 and 2 = internally transcribed spacer regions 1 and 2; IVS =
intervening sequence. The number (n) of tandem telomeric repeats is about 50
(34). The ‘hidden break’ is introduced into the mature 26 S rRNA (35) and has
been mapped at the nucleotide level (25).
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GTTTTTTTGCTTTTTGTTGT
ATTTAAATTTGAGTAGATAA
ATAGTATTTAAAACAAAAAT
AAAATGAGAAAATATTACAT
AAAATATATGATTTTAAAAT
AGTATTTCCTTTTTTTATAC
TTATGTAAAAAACATTTTAT
ACTTAAAGAAAAAGTTTATC
ACTTTTTTTGAGAGTTGAAA
ATTTATAAATTAAAAATGAT
AACAATTTTAACAGCATGCG
TTTTTTGATTAAATAAAGAG
GCAAAAAAAAAAACAAAAAT
AATTTTTAAAAATGAAAAAA
TTAAGTGGACTCGCATAAAA
AATATTCGCGGAGTTAAACA
TTAAAAATGAGTGGAGCCAC
AAATGAAAAAAATGAAAAAA
TAAACCTTCCGAACTTTTTT
TCTCCGGATCAAAAATAAAA
GTTTTTCTCTATGGCTTCGG
ATTTTCATGAAGGCTGTAAA
CAACACGCTAGTACTGTTAT
TTGTGCCTTCGAAGATTTTA
GATCTATTACAACGCGTCAG
AATCGGAAAATAGCGAGCAA
GTATTGAACAGCGAAACTGC
ATGCTTAAAATTCCGTGTCC
AGGTTTACCTCGATAAATCA
CGATTCCGGAGAAGGAGCCT
ATAGCAAGCTGGGAAACTTA
CGCGGTAATTCCAGCTCCAA
CTGGACATACGTTTGCAAAC
CCCGAATACATTAGCATGGA
TTAATAGTCAGAGGTGAAAT
TCAAAGACGATCAGATACCG
TCTTTGGGTTCTGGGGGAAG
CACGGGGAAACTCACGAGCG
GAGTGATTTGTCTGGTTAAT
CAATAAGCCAATGGAAGTTT
TGTCCTGGGAAGGTACGGGT
TCATCAGCTTGCGTTGATTA
TTGCGGAAAAATAAGTAAAC
ACCTTAACTTATGTACTTTC
TAACATCCAAAACGAAAAGA
CCGCGAGTCATCAGATCTTT
CCGTCAAAAGCTTCTCTCGT
AAGGCGAATGCTCACTATGC
GGAGGAAAAGAAACTAACTA
CTAAAGGGTCAACCTGAAAC
GGGAGATTTCAAAGAGTCGG
TACTGCGAAGGAAAGATGAA
AAGGGGGAAGTACTAATCAC
CAGATTGAAGGAGTCACCTG
CTACTGACCCGTCTTGAAAC
AAGCCGCAAGGTAGCAGCAT
AGGGTGAAGCCAGGGGAAAC
TCTAGTAGCTGGTTCCCTCC
GAACTTCGACCTATTCTCAA
TGGTAAGCAGAACTGGCGAT
AGCAGGACGGTGGCTATGGA
TGCCGATACTCAACCATCAG
TAGTGAGATCTTGGTGGTAG
GATCCTAAGACATAGGTTAA
GGCGGTAACGCAAAGAAACC
ATATCGGCTGTATGTATGGC
TAAGGATTGGCTCTGAGGAT

TGCAAGGTAGGTTTCGGCCG

CGGCCTCAACAGGTGATGAC

TGACTCTCTAAATAGCAATA
CAAGACCGTCAAATTGCGGG

CGGACATGGTCCTAACCACG

CTTCTCATAAGATATAGTCG

TTGATTAGTTTTGGAGTACT

TATCTAGCGAACCCACAGCT

GTGGGGTATAGCCTAGGTGG

TCTAAGATTAAGGTCATTTA
TAAGTGTAGCTCAGTGAGAA
CCTATCGATCCTTTAACTTT

GCTTTTTGATCCTTCGATGT

TAGACCGTCGTGAGACAGGT

TAAATACGGTTGTCTGAAAA
AGTGTGATGATAAACGAAAA
TCATCTACGTAAATCTTTTG

AGATTTATCTCATCTCCCTT

CTTTAGTAAATTTTTTTCCT
AACAAAGTTAAAAAAAACTC
AAATTATAAATCAATATTAA
ATGTTAAAAGTTACGCTTAA
ATTTTAGTATTTTATAAAAA
GAATTTTATTAACAATGCCA
GTAAAAATTAAAGTAAAATT
AAAATTTCACCCACTTATCA
AAAATCTTTGTATTTTAACA
AGTTGACTTTTATTAAGAAG

ACCAAACCAAAAGACCTAAA
AATAATTTGCTAAAGTGGAT

TAAAAATAAAAATCCCACAC

TTATGAGATTTGCATTATTT

AAACATTTTATTTATTGATC

ATTTTTAATTAAAATAATTT

TTCAAAATATTATAGAATTT

AAGAAATTATTGGGG

40
TAGTTTTATAGCCTTCAGCA
GAATTAGATGTTTATATTCT
ATTTGTTTTTTATGTTGTAA
ATTTTAGCTATTTGACTACT
GATAAAATATTTTTTAAGAG
ATTTAAATGCTAGAAAATTT
CAATTTCATTTATTCATTTT
TAGAATTAAAAATATTGATT
AAAAGACTTAGAAAAAATTT
AGAAAAGTAAAATTTATTTT
TATATCATTTTTTATATGTA
TTATAAAGAGAACTTAAAGA
AGTAAACTTAGAAAAATTTT
TGATTTAGGAGAAATTTTGA
ATGAGTGGAGTCACTAAAAA
AAAATAAGTGGACTCACAGA
TCAAAAAGTTCAGCAGAGCC
TGAATGAAAACTGAAAAATT
GACTTTGAGAAAAATTCTTT
TATCAGCTCGATTTGAGCTT
CTTTTAGTCGATGGCCGCTG
TTCACTGCAAAGCTTCGCAG
AAATCGGTGAAATCGCAGAT
GCAACTAGAAGAAACTAATA
TTCTCGATGAACTATTAATC
ATTTTGAGGATAGTAACCTG
GAATGGCTCATTAAAACAGT
TGCGACCGGAACGTATTTAT
TCTAAGTTTCTGCCCTATCA
GAGAAACGGCTACTACAACT
CGTTTCTACGGCATTGAAAT
TAGCGTATATTAAAGTTGTT
TAAAATCGGCCTTCACTGGT
ATAATGGAATAGGACTAAGT
TCTTGGATTTATTAAGGACT
TCGTAGTCTTAACTATAAAC
TATGGTACGCAAGTCTGAAA
CAAGACAGAGAAGGGATTGA
TCCGTTAACGAACGAGACCT
AAGGCAATAACAGGTCTGTG
AATCTTATTAATACCAGTCG
TGTCCCTGCCGTTTGTACAC
CCTACCATTTGGAACAACAA
GAAGAGAACTTCGGTTTTCT
AAACTTTCAACGGTGGATAT
GAACGCAAGTGGTGGAGGTG
TAAACGTGATGGGTGGTCGA
TACTCATAGAAAAATTACAT
GGATAGCCCCAGTAATGGCG
TAAGCTCCTCTCATAAGTTC
GTTGTTTGGAATTGCAGCCC
AAGAACTTTGAAAAGAGGGC
TGCAGAGTCGATACGTAAAA
AGATCGGGCAGCAATGCAGA
ACGGACCAAGGAGTCTATCA
CACCCGCCTTGAGTCTCCGC
TCTGGTGGAAGCTCGTAGCG
GAAGTTTCTCTCAGGATAGC
ACTTTAAATTGGTAAGAGCC
GAGGGATGAACCTAACGTTG
AGTTAGAATCCGCTAAGGAG
AGCAAATGCGAGGCTTTGAT
TAGCAAATATTCAAATGAGA
CTCCTTGCAATACAAGAAGA
CGGAAACGTCAGCAGGTGTC
AGAGCAGCTCACCCTAAGAG
CGGGTATAAAGGCTTTGTAA
TCTTTATACAATTAACGATC
ACAATGTGATTTCTGCCCAG
TTTACCTTTGGAGGGAAAAG
AAAGGGGTCAACAGCCGTTC
CAGCCAAGTCCTAAGTCAAC
GACCTCTCCTTAATGGGAGC
CGTAAGGTAGCCAAATGCCT
AAGGGAACGGGCTTAGAATA
GAGAGCAATCGATCCTGTAA
TTGACTGATTTTGCGAAGAC
CGGAAATCTCACGTAGAACA
ACAAGTTTTAAGCTAGAGGT
CGGCTCTTCCTATCATTGTG
TAGTTTTACCCTACTGATGA
GACAATGCCGTGAAGCTACC
AAAATAAAAATTAAGTTCGA
TAGACGACTTAACATGGAAC
TATTTTTTACTTCTGCTGGG
TTTTTCACTCACTGGGTTAT
AATAGATTTGCTAATAAGAT
AAATGTTAAAGTTTTATGTT
AATTATGCTTTTTACGCAGA
TTCTTCATTCAAATTTTACC
CTTTTATAGAAAATTTTGCA
TTGCTTTATAAAATGAATGA
ATACTTTTTTTTCTCCAGCC
AAATTTTTCATTCAAAATTT
CAAAATGAATGAAAAAATCT
GATTTGATTTAAAAAGTTGA
TTGAATAAAAATTTTTTTGC
AAAAATTAAGTGGAAATTGA
AAGGCTTATAAGAAATTTTA
TTTTATAACAAAAAACCCTT
TGATAAGAACTTCAATCTTT
AAACATTTTAACATCTTAAT

60
CTATGTTGTTGAATTTTACC
GCTAATTTCACTGGTGAAAA
AATGTTTTAAATTAGATAAA
TTAATGCTAGTAAATTAAAA
GTAAATTTAAGAAATTAGTT
AAGTAAAACATTTATAAATA
AGTTAAATTTTTCATTCACA
TTGAAAATTGCTCATTAGAT
TAAAAGTGTAAAAAAAGACT
ATATTTTTTAATCATTTAAA
AAAAACATTTTATCAATTTC
AAAAGTTTATCTAGAATTAA
TGAAAAATGAAAAAAAAAGA
GATTGCGCTTAGATTTTGTG
AATTAAGTGAACTCACTTAA
AAAATTAAGCGGATTGCGCT
ACTTAAAAATTTAGCTTAAA
TACAAGGGATTGAAAATTTT
GGCAAAAAAAATAAAAATAA
CAGTAAGATTTCCTTTTGGG
AGGGTCTGTTGAAGGTTTTT
AAACTTTTCCCAGTGACACT
GTTATTAACAGCTAGCAACA
GTAAACGAAACGATGCGGGA
TTTTGTGAACCAACCTTTTG
GTTGATCCTGCCAGTTACAT
TATAGTTTATTTGATAATTA
TAGATATTAGACCAATCGCA
GCTCTCGATGGTAGTGTATT
ACGGTTCGGCAGCAGGGAAG
GAGAACAGTGTAAATCTCTT
GCAGTTAAAAAGCTCGTAGT
TCGACTTAGGGAGTAAACAT
CCATTTTATTGGTTCTTGGA
AACTAATGCGAAAGCATTTG
TATACCGACTCGGGATCGGC
CTTAAAGGAATTGACGGAAC
CAGATTGAGAGCTCTTTCTT
TAACCTGCTAACTAGTCTGC
ATGCCCCTAGACGTGCTCGG
TGTTAGGGATAGTTCTTTGG
ACCGCCCGTCGCTTGTAGTA
GAAGTCGTAACAAGGTATCT
TCGAGGTTTTATTGTCACAC
CTAGGTTCCCGTGACGATGA
TAAAAACCTTCATGTTTGTT
GCAATCGCCGCCAGAACGAA
TTTTCTCACTACACCTGAAA
AATGAACAGGCTAAAGCTCA
CTTGGGACAGGACGTCAAAG
TAAGTGGGAGATAAACTTCT
TAAAAGACTTGAAACCGTTG
GGTCGATGAGTAAGGAAATG
TCAAAAGGAAAACTTCAAAC
ATTAAGCGAGTGATAGGGTG
GAAGGGTTCGAGGAAGAGCT
ATACTGACGTGCAAATCGTT
AAGAGCAAGTACGCAGTTTT
GCGGAGTTTACTTAAATGAA
AGATAAGGCGCCCAAATGCA
TGTGTAACAACTCACCTGCC
GAGTAGGAGGGCGTGATCGT
ACTTTGAAGACCGAAGTGGA
CATTCGTTTTCGTTGTCAAA
ACTGGAAGAGTTATCTTTTC
CTGTCAGTTGCGCGCCTGAT
TGATATCCAAGCTTGTTTGT
AACTCAGAACTGAAGCGGAC
TGCTCTGAATGTCAAAGTGA
TTATCAGGCATGCACCTGGT
AGTACCAAGTCTCAGGGGAA
AGATCTTCTGTTGATATGGA
TAGCGGATGAAGTGATGCAA
CGTCATCTAATTAGTGACGC
ATCAGCGGGGAAAGAAGACC
AACCACTACCCACGTAGTCA
ATGGTTAGGGGGGGAGTTTG
AAAGGGTAAAAGCTACATTG
GTCAGAAAAGTTACCACAGG
AAGCAGAATTCACAACGGTG
AACGATGTTGCGACAGTAAT
ATCTGTTGGATTATGACTGA
AAGGTAGAGCGGGGAAGAGC
GGGTATTGTAAGCATGAGAG
GTTGTTAACCTCTTTAAGAA
TAAATACTTAGAGATTTTAC
GCAAAGCAGCTATGAGGCAA
ATTTGTTAGTAAAAAAATTG
ATGAGCTTAGCTAAATTTTT
CACTTATCAATTTATTTTTT
TGGATTTCCTGGGGCTCCAA
AAATTTAAAACAAGCAAAAT
GTCAAAGACCTATATTGTTT
CACCCACTTATCAATATATT
TTGTATTTTAACCAAATTTT
CTTTTTTCAAGAAAACCACT
GTGTAAAAATGCGCTAAACT
TGCAAAAATTTCACTAAAAT
AATTTAACGCGGAAGCTTCA
CTAAAAGTTTATTTTTGAAT
GACTAGCTTAGTCATTTTTG
CATTGATAAATAACCAAAAA

80
TTCGAAAATCACTTAAAATT
TGTAGCAAATAGAAATTATT
ATTTACAAATTTACAAATTT
TGAATTTAATTCATTTTCAC
AAATTTTAAAGAAAAAGCAT
AAAGTAAAATAGTTTTAGGA
AAAAACTTTTTTTTGGTAAA
ATTTTTTTGGCAAAAAAAAA
TAGAGAAAAAATCAAAAAGA
TGCTAGTAAATTTAAATAAA
ATTTATTCATTTTAGTTAAA
AAATATTGATTTTGAAAATT
CTTAGAGAAAAAAATCAAAA
TGAAGCCACTTACAAAAAAT
AAATGAGTGGAGCCACTCAA
A2AAAATGAGTGGACTCACT
ATCAGCTCTAAATTAAATTA
GGCAGAGTCTTTTTTTTGGC
TATCAGGGGGGTAAAAATGC
CAACCAAGGATAACGATAAT
CTGGATTAAGGCTCGTATTA
TGTTGTATCGATATCTATGC
AAGTTGACTAGAGTCGAAGA
TCTATGTATAAAGCTTAATC
GAACACTATTCAAAAAATGA
ATGCTTGTCTTAAATATTAA
AAGATTACATGGATAACCGA
GCAATGTGATTGAGATGAAT
GGACTACCATGGCAGTCACG
AAAATTGGCCAATCCTAATT
AGCGAGGAACAATTGGAGGG
TGAACTTCTGTTCAGGTTCA
TTTACTGTGAAAAAATTAGA
TTTGGTAATGATTAATAGGG
CCAAAGATGTTTTCATTAAT
TGGAATAAATGTCCAGTCGG
AGCACACCAGAAGTGGAACC
GATTCTTTGGGTGGTGGTGC
TTGTAAATAACAGGTTGTAC
CCGCACGCGCGTTACAATGA
AATTGTGGATCTTGAACGAG
ACGAATGGTCTGGTGAACCT
GTAGGTGAACCTGCAGATGG
CTAGTGTGAATAAAAATTTT
AGAACGCAGCGAAATGCGAT
TCAGTGTGGAAAGGAATCAC
GTAGTCACATTCCAGTAATG
CAAGCAAGATTACCCGCTGA
AAGTGAAAATCTGAAGTGGT
AGGGTGACAACCCCGTAGTC
TCTAAAGCTAAATATACACG
AGAAGGAAGCTGTAGAAGAG
GTACAGAACTTGCTACACCG
TGGACTGAGGGGCCTAAGGG
GAAAAACCCGTCCGCGAAAC
TAATTGTTAGGACCCGAAAG
CGTCAAATTTGAGTGTAGGG
ATTAGGTAAAGCGAATGATT
CTCTCGGGAAGAACGCAGTG
CGCTCATCAGATACCACAAA
GAATGAACTAGCCCTGAAAA
TGCCTAGAAGTATTGGCGTG
GAAGGGTTCCATGAGAACAG
AGGGAATGAGGTTAATATTC
TTTTTAACATACTATGGCCA
GACCCTTGAAAATCTGGGGG
TAGTGTGGCAACATGCTGAT
AAAGGTAATCCGACTGTTTA
CGCAATTCAACCAAGCGCGG
AGCTAGTCTTTAAACCAATA
ACTTTGAGATGGCCTTGCAA
TGCAGTTCACAGACTAAATG
CACTGGAGCCGCTGGGAACT
GCATGAATGGATTAATGAGA
CTGTTGAGCTTGACTCTAGT
TTTTGCTTATTTCGTGAAGA
TCTGGGGCGGAATGCCTGTT
ATTTTGATTTTCAGTAGGAA
GATAACTGGCTTGTGGCAGC
TCGGATTGTTCACCCGCTAA
TTAAGTTAGTACGAGAGGAA
AGGCCTCTAAGTCAGAATCC
GAAAAAGCTTGACCTTAACT
TAGAATTTCTACGATCTGCT
ATTTTTTATGTTTTGATTTG
ATTTTATCAAATAATTTATG
TTTTTCTCATTTGGAAAGCT
AATAGTTGTGTTTAAGCTGA
TCTCAAAGTAAATTTTTTTT
TTTGTGACTAAAGCAGTCCC
TGGAAAAATTGCGAAAGTGG
GAATGAAAAAATCTTTGCAT
TCCTAAAAGTTGACTTTTAT
TTTTTTAAGTCCTGCCTGCA
TCATTCAAAATTTCACCCAC
TTATTAGATAAATCTCTTTT
ACGCTTAGATTTTAACTTTA
TTAATTCAATAAATATGTAA
TTTTTAGATAAAATTTATTA
GAAAAACTTATAAAAATTTA
AGATTTAATTAATATTTTAT
TCAAAGTATTACATCAATAA

GAGTAATAATTGGGTTTAAA
TTAATCTAATAAACTAGCAA
TCAAGCAAAATAGGTTCTAA
TTTAAAACACTTATTTTAAT
CTAAAAATGGACAAAAATGA
ATATGAGTAAATAGTTTTTT
ATAAAGACTTTATAAAGATA
AACAAAAATAGTAAAAAATC
GATAAAAAGACTTAGAGAAA
ACATATATAAAAAAACATAA
TTTTACATTCAAAATAAATT
GCTCATTAGAAATTTTTTTG
AGTGAAAAAAGACTTAGAAA
GAGCGGACTCGCTCAAATAT
AAAATTAAGCGGACTCGCTT
CAAAAATGAAGCAGACTCGC
GACTTAGTGAAAAATAGCGA
AAAAAAAAAAACAAAAATAG
ATATTTAAGAAGGGGAAACA
GAAGCGCTAACTGAGCAGAC
GAGCAAATGGCCTGACTGAA
AGATATTGTTACAAATAACG
GATGCGATAGAGTTTTCTCA
TAACGATATAGCTGAGTACT
GCAAGCTGTTGGAAGATGCA
CCCATGCATGTGCCAGTTCA
GCTAATTGTTGGGCTAATAC
CAAAGTAACTGATCGGATCG
GGTAACGGAGAATTAGGGTT
CAGGGAGCCAGTGACAAGAA
CAAGTCATGGTGCCAGCAGC
TTTCGATTCGTCGTGTGAAA
GTGTTCCAGGCAGGTTTTAG
ACAGTTGGGGGCATTAGTAT
CAAGAACGAAAGTTAGGGGA
CACCGTATGAGAAATCAAAG
TGCGGCTTAATTTGACTCAA
ATGGCCGTTCTTAGTTGGTG
TTCTTAGAGGGACTATTGTG
CTGGCGCAAAAAGTATTTCC
GAATTTCTAGTAAGTGCAAG
TCTGGACTGCGACAGCAATG
ATCATTAACACAATTAACAA
TCATATGTCTAAGATCTGGA
ACGCAATGCGAATTGCAGAA
GCATCTTAATGCGATTGAAG
TGAACATTCGTTCAGGCATC
ACTTAAGCATATCAGTAAGC
CAACACAACAGAATTGTAAT
GGAGAGGAAGGCTGGTGTAA
GGAGACCGATAGCGAACAAG
CAATAAACTGGACGGCGCAT
GTCAGAAGACAAAATGGGTT
CGATTTTGTCAAAATGGCTT
GAAAGTGAGTACAAGGTGCC
ATGGTGAACTACGCTTGAAT
GCGAAAGACTAATCGAACCA
GAAGGACTCGGGAGTCCTAA
CTCTTGAGTTGGGCCATTTT
AGGTGTTGGTTCATACGGAC
TGAATGGCGCTGAAGCGTGT
AGCCTATATGGAGCAGCGAT
CAATTGTTCATGGGTTACTC
CTCAAGCTGGACGTGGTATA
TGAAATTGGATTATCCAGAG
AGACATAATTTCACGCCAGT
AGACTTGCGAACGATGAATT
ATAAAAACAAAGCATTGTGA
GTAAACGGCGGGAGTAACTA
GATTGCATCGGTTTAAAAGG
AGGGTATGGTAATAAGCTGA
TCGGTCGGGGAAGATGTATT
AATTTGTATGCGAAAGTATA
TTACCACTGTCCCTATCTAC
CTAACTTTGTGAAATGGCAC
AAAGACTGGTGCAAACCAGT
AAACCATAACGCAGGCGTCC
TACAAACCGCGAAAGCGTGG
CAAGAGTTCATATCGACGTT
TAGGGAACGTGAGCTGGGCT
CACTTAAATCAGATAATTGG
ATGCTGGAAAGCAATGTCTA
GCTAATCGTATTCCAAATTA
GAGATTCAGCCCGTCTCCTT
TTTAATTTAATTTTGTTTAA
AACTCATTAAAACAAAACAA
TCAATCAACTGCTTATAAAT
TATAAGTCTTTATGCATGAT
AATGCAAAATGAATGAAAAA
AGAGCCTTTCTCTAAAAGTT
ATTTGAATGAAAAAGTGAAT
TTTAACAAAATTTTTCATTC
TAAGAAACAAAATGAATGAA
GGCTAATATTCTTTCCTAAA
TTATCAATATTTTTTTTGGG
TTACCACGGCTTGTCCAATG
TCCCACTTTAATTTCAAGCG
AAATGGTTGATCTCTATAAT
ATCATCATTAATTTCTTGAA
TGAAAACTACAAAAAATAAA
GTTTATTCATATATAAACTA
ATAACTTTTACTCAATGTCA
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Fig. 2. Display of the sequence of the right hand half of the extrachromosomal, palindromic rDNA molecule from T.thermophila (cf. text). The sequence has been
compiled from the following sources: pos. 1—61 (ref. 21); pos. 62—1907 (ref. 31); pos. 1908 —2464 (ref. 26); pos. 2465—2534 (ref. 27); pos. 2535—4287 (ref.
28); pos. 4288—6957 (this work); pos. 6958 —7474 (ref. 32); pos. 7475 —8364 (this work): pos. 83658781 (ref. 30); pos. 8782 —9958 (ref. 24); pos. 9959 — 10264
(R. Pearlman; pers. comm.); pos. 10265— 10315 (ref. 33).



binding to the telomeric (11) and promotor regions (12) have
been described.

Much of the original work on the ribosomal RNA genes in
Tetrahymena relied on the ability to isolate the native gene in
a pure form. A protocol was devised based on a modified Hirt
extraction followed by banding of the rDNA according to buoyant
density in a CsCl-gradient (13). This isolation procedure gave
sufficient material for a variety of biochemical studies to be
performed, including sequencing of native rDNA (14). Protocols
for isolation of native r-chromatin (15) and for preparation of
extracts for in vitro transcription and processing (16) of rRNA
have also been developed.

The lack of an efficient system for genetic transformation of
Tetrahymena was an obstacle for the molecular biologist in the
field for many years. Then transformation by microinjection (17)
and electroporation (18) using native rDNA was described. This
was followed by the development of an rDNA based vector
system, where a circular plasmid containing a single rRNA gene
is propagated in E.coli and manipulated as a standard vector.
Upon introduction in Tetrahymena, this plasmid is converted into
a linear, palindromic molecule by recombination. Drug resistant
markers in the introduced gene allows for selection of
transformants, and the rearranged vector completely replaces the
endogenous rDNA after a number of generations because an allele
is used which contains an origin of replication with a replication
advantage over that of the host IDNA. This transformation system
has been used successfully in several studies, e.g. in
characterization of the template function of telomerase RNA (19).
A series of very promising rDNA genetics experiments in which
conjugating cells were transformed with altered rDNA molecules
should also be mentioned (20).

In view of the above mentioned advances, we would like to
suggest that Tetrahymena be used as an experimental organism
in studies of various aspects of DNA metabolism, in particular
when these studies require microgram amounts of native material
of a specific gene (the rDNA). Tetrahymena is also a good
experimental organism for studies involving DNA damage
because the high ploidity level of its genome results in high
viability of the cells thus permitting repair of the damage to be
investigated.

RESULTS

Despite the fact that the extrachromosomal rDNA molecule is
usually described as a gigant palindromic sequence, it contains
a small region (28 bp) at the very centre of the molecule which
does not belong to the overall symmetry (21). This feature has
been noted in several Tetrahymena species (14) and has important
implications for the molecular processes leading to the formation
of the palindromic rDNA molecule from the chromosomally
integrated micronuclear copy (cf. ref. 4).

The compiled rDNA sequence is listed in Fig.2. The sequence
displays the RNA-like strand of the right hand half of the
palindromic molecule reading in the 5 to 3’ direction beginning
at the non-palindromic center (pos 1—28) of the molecule. Only
one of the approximately 45 telomeric TTTTGG-repeats has been
included in the Fig. (pos. 10310—10315). A variety of
sequencing protocols, including chemical and enzymatic
sequencing, were used by the different contributing laboratories.
In order to complete the entire rDNA molecule, we have
sequenced about 3.5 kilobases of DNA from different regions
of the molecule. Furthermore, the previously published sequences
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Table I: Map co-ordinates of the transcribed regions of the rDNA molecule of
T.thermophila.

Sequence position Feature

1887-8522 pre-rRNA

2535-4287 17S rRNA

4418-4571 5.8S rRNA

4749-8508 26S rRNA

6342-6345 hidden break deletion
7010-7422 group | intron

of the ends of restriction fragments were reinvestigated by
sequencing overlapping fragments.

In no cases did we detect discrepancies in the sequence obtained
from individual clones derived from different rounds of cloning
experiments. The displayed sequence is 10315 bp in length with
an overall A+T composition of 64%. The A+T composition
of the transcribed region is 57% which is lower that that of the
overall rDNA and also of the bulk DNA which is 75% (22).
An analysis of the occurrence of repeats in the rDNA sequence
has been published (23,24). Different features concerning
transcription of the rDNA are given in table I. The listed map
coordinates were determined experimentally using Sl nuclease
protection, primer extension and reverse sequencing procedures.
The 5’ end of pre-rRNA and the entire 5.8S rRNA were
determined by RNA sequencing (26,29).

Table II shows the sequence differences observed between
strain B and strain C3 rDNA. These data have been kindly
provided by the laboratories of Ed Orias and Meng-Chao Yao.
Strain C3 is a strain with a dominant replication origin and is
often used in transformation experiments. The complete sequence
of the rDNA from a different species of Tetrahymena,
T.pyriformis, has been determined recently and will be published
elsewhere (T.Higashinakagawa, pers.communication). A
comparison of the 26S rRNA sequences of T.thermophila and
T.pyriformis has been published recently (25).

Plasmid clones covering the entirce rDNA molecule from
T.thermophila is available from the authors. Strains of
Tetrahymena are available from the American Type collection
(T .thermophila B1868VII has ATCC no. 30377) and from some
of the authors in the cited references.
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