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Summary

Deviant genetic codes reported in ciliates share the
same feature: one (UGA) or two (UAR) of the three
canonical stop codons are translated into one particu-
lar amino acid. In many genera, such as Oxytricha,
Paramecium, and Tetrahymena, UAR codons are
translated into glutamine. UGA is translated into cys-
teine in Euplotes or into tryptophan in Colpoda inflata
and Blepharisma americanum. Here, we show that
three peritrich species (Vorticella microstoma, Opis-
thonecta henneguyi, and Opisthonecta matiensis)
translate UAA into glutamate and that at least UAA in
0. matiensis is decoded through a mutant suppressor-
like tRNA. This kind of genetic code has never been
reported for any living organism. Phylogenetic analysis
with a-tubulin sequences corroborates that peritrichs,
peniculines (Paramecium), and hymenostomates (Tet-
rahymena) form a monophyletic group (class Oligohy-
menophorea). The differential translation (glu/gin) of
UAR codons, the monophyly of the Oligohymenopho-
rea, and the common evolutionary origin of glutamate
and glutamine suggest that deviant genetic codes of
present-day oligohymenophoreans could have the
same origin.

Results and Discussion

When analyzing the “phylogeny” of genetic code devia-
tions [1], it becomes evident that reassignment of stop
codons to sense codons is a relatively frequent phenom-
enon. This is particularly apparent in ciliates, in which
two (UAR) or one (UGA) of the three canonical stop
codons are translated into one particular amino acid.
In many genera, such as Oxytricha, Paramecium, and
Tetrahymena, UAR codons are translated into gluta-
mine. On the other hand, UGA is translated into cysteine
in Euplotes [2] or into tryptophan in Colpoda and
Blepharisma [3]. We have investigated the peritrich cili-
ates Vorticella microstoma, Opisthonecta henneguyi,
and Opisthonecta matiensis for the occurrence of devi-
ant genetic codes. For this purpose, we used actins
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and tubulins as informational molecules because the
alignment of their coding sequences is straightforward.
We amplified, cloned, and sequenced several DNA frag-
ments representing about 95% and 85% of typical actin
and «-tubulin genes, respectively (see the Supplemen-
tary Material available with this article online). The de-
duced amino acid sequences indicate that Vorticella
and Opisthonecta actin and o-tubulin coding regions
contain UAR codons in frame. Preliminary alignment of
the deduced amino acid sequences of peritrich actins
shows that in-frame UAA and UAG codons (see Figure
1, amino acid positions 59, 127, 197, 216, 228, 272, and
313) are at positions that normally encode a glutamate
residue (also see Figure S1 in the Supplementary Mate-
rial). Likewise, in a preliminary a-tubulin alignment, in-
frame UAA codons of peritrichs (see Figure 2, amino
acid positions 77, 297, and 411) occur at glutamate resi-
dues. We then decided to extend the analysis to a wider
number of actin- and a-tubulin-deduced amino acid se-
quences and to calculate the degree of conservation of
glutamate residues at the abovementioned amino acid
positions. This analysis was carried out with 306 actin
and 136 a-tubulin sequences, which are representatives
of most of the eukaryotic kingdoms. Glutamate shows
(see Table 1) a high degree of conservation (above 94%)
in all of the analyzed positions, except at position 313
of actins, where an aspartic residue (equivalent to gluta-
mate) is the predominant amino acid (above 78%). Strik-
ingly, E411 of tubulins is invariant, i.e., glutamate is at
this position in all of the cases analyzed. In addition, a
glutamine to glutamate substitution (see Table 1) is
rarely observed, and it occurs in less than 1.5% of se-
quences at only four (amino acids positions 59, 197,
216 of actins and 77 of tubulins) out of ten analyzed
positions. In summary, our data (six independent in-
frame UAA codons in O. henneguyi, five in V. micro-
stoma, and two in O. matiensis) strongly support that
UAA is translated into glutamate. The support for UAG
to glutamate is less strong because only two in-frame
UAG codons have been found in O. matiensis actin, and
one of them (position 313) is at a nonconserved site.
Nonetheless, alignment of another available cDNA pro-
tein-coding sequence in the database [4] also displays a
UAG at a position of a moderately conserved glutamate
residue (86% E, 2% Q). The extended analysis (see Table
1 and Figure 1) also shows that some glutamine resi-
dues, which are invariant (position 133 of tubulins) or
more than 93% conserved (positions 91, 176, 233, 256,
and 342 of tubulins; 61, 123, 355 of actins), are encoded
by UAR codons in Paramecium and/or Tetrahymena,
but by canonical codons (CAR) in Vorticella and Opistho-
necta. Since UAA and UAG are sense codons, the re-
mainder of the canonical stop codons (UGA) must be
used to mark the ends of translation. We thus ampilified,
cloned, and sequenced the remaining 3’ and 5’ regions
of actin genes in V. microstoma and O. henneguyi by
performing inverse PCR with sequence-specific, out-
ward-facing primers and circularized DNA as template
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ACTIN

A, 18 43

5961 75

Rabact MCEEDSTALVCDNGSGLVKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVG QSKRGILTLKYPIEH
Athaact MADGIDIQPLVCDNGTGMVKAGFAGDDAPRAVEPSIVGRPRHTGVMVGMGOKDAYVGDIZAQSKRGILTLKYPIEH
Crenact MADEEEVSALVCDNGSGMVKAGFAGDDAPRAVEPSIVGRPRHTIGVMVGMGQKDSYVGDIAQSKRGILTLRYPIEH
Tthact MAESK SPAIVIDNGSGMCKAGIAGDDAPRAAFPSIVGRPKMPGIMVGMDOKECYVGERAQAKRGVLNLKYPIEH

Pteact MSIREHPAVVIDNGSG®CKAGIAGDDAPRCCFPAVVGRPKHeGIMVGMDSKEAYVG ®AKRGVLALKYQIDN
VmiactI MGROGTPVVIDNGSGMCKAGLSGDDAPRSSFPSIVGRPKYEN IMVGMNNKDVYVGELAQAKKGVLKLNYPIEH
VmiactII SGVVEAGLSGDDAPRSSFPSIVGRPKYEN IMVGMNNKDVYVGEQAQAKKGVLKLNYPIEH
Oheact MGu.GTPVVIDNGSGVFKAGLSGDDAPRSSFPSIVGRPKYENIMVGMNNKEVYVGE QAKKGVLKLNYPIEH
OmaactI SGVLKAGLSGDDAPRSSFPSTVGRPKYDN IMVGMNNEDVYVGEAQAKKGVLKLNYPIEH
OmaactII SGVLEAGLSGDDAPRSSFPSIVGRPKYDNIMVGMNNKDVYVGERAQAKKGVLKLNYPIEH

123 127 150
Rabact GIITNWDDMEKIWHHTFYNELRVAPEEHPTLLTEAPLNPKANREKMTQIMET FNVPAMYVATIQAVLSLYASGRT

Athaact GIVNNWDDMEKIWHHTFYNELRVAPEEHPILLTEAPLNPKANREKMTQIMPAT FNAPAMYVAIQAVLSLYASGRT
Crenact GIVTNWDDMEKIWHHTFFNELRVAPEEHPVLLTEAPLNPKANREKMTQIMEIT FNVPAMYVATQAVLSLYASGRT
Tthact GIVTDYDDMEKIWHHCEYNELRVTPEEHPCLLTEAPQNPKLNREKMTKTMEIRAT FNVPSFYVATIQAVLSLYASGRT
Pteact GIVNNWDDMERIWHHAFFNELRVTPEDHPALLTEAPMNPKANREKMT@ ILETEFNVPSFYVAIQAVLSLYASGRT
VmiactI GIVNNWDDMTKIWHHCFYNELRVTPSEHPCLLTEAPRNPKVNRERMTEIMERT FDVPAFYLPIQAVLSLYSSGRT
VmiactII GIVNNWDDMTKIWHHCEFYNELRVTPSEHPCLLTEAPRNPKVNRERMTEIMEWTFDVPTFYLSIQAVLSLYSSGRT
Oheact GIVNNWDDMTKIWHHCFYNELRVTPSEHPCLLTEAPRNPKVNRERMTEIMERTFDVPAFYLSIQAVLSLYSSGRT
Omaactl GIVNNWDDMTKIWRHCFYNELRVTPSEQPCMLTEAPRNPKANREKMTEIMENARFNVPAFYLATQAVLSLYSSGRT
OmaactII GIVNNWDDMTKIWHHCEFYNELRVTPSEHPCLLTEAPRNPKONRERMTEIMERIGEFSVPAFYLSIQAVLSLYSSGRT

197
Rabact TGIVLDSGDGVTHNVPIYEGYALPHATMRLDLAGRDLTDYLMKILT)
Athaact TGIVLDSGDGVSHTVPIYEGYALPHAILRLDLAGRDLTDALMKILT!
Crenact TGIVLDSGDGVTHTVPIYEGYALPHAILRLDLAGRDLTDYLMKILM
Tthact TGIVVDSGDGVTHTVPIYEGYALPHAILRIDLAGRELTEYCMKLLY!

IRGYSFVTTAEREIVRDI
RGYSFTTTAEREIVRDI
IRGYSFTTTAEREIVRDI
IGLNFSSTAEREIIRDI

216 225

Pteact TGIVVDSGDGVSHTVPIYEGYALPHAVLRIDLAGRACTQYLVNILNINLGVSFTSSAEMEIVRDMKIMKLCYVALDY
VmiactI TGLVLDAGDGVTHTVPIYEGYALPHAIERNDLAGRDLTDYLRKLLNIFIGLNFSSSAETETIRDI HCYVALDY
VmiactII TGLVLDAGDGVTHTVPIYEGYALPHATIERNDLAGRDLTDYLRKLLNIIGLNFSSSAETETIRDIKUKHCYVALDY
Oheact TGLVLDAGDGVTHTVPIYEGYALPHAIERNDLAGRDLTEY LREKLLNIJIGLNFSSSAETETIRDIKIKHCYVSLDY
Omaactl TGCVLGAGDGVSHTVPVFEGYVIPHATERNDLPGRDLTEHMKKLLNUIGLNFSSSAEMETTRDIKINKHSYTALDY
OmaactII TGLVLDAGDGVTHTVPIYEGYTLPHAIERTDLAGRDLTDYMRKLLNIJVGLNFSSSAELETIRDI LCYVALDY
228 237 253255 272 300
Rabact ENMATAASSSSLEKSYELPDGQVITIGNERFRCPETLFQPSFIGMYSAGIHETTYNS IMKCDIDIRKDLYANNV
Athaact EQULETAKTSSSVEKNYELPDGQVITIGSERFRCPEVLYQPSMIGMIANAGIHETTYNSIMKCDVDIRKDLYGNIV
Crenact EQRMATALSSSALEKTYELPDGQMITIGNERFRCPEVLENPNMIGMAAVGIHDTTENS IMKCDVDIRKDLYNNIV
Tthact EARLKAYKESSeNDKSYELPDGNT ITVQDARFRCPELLFKPAFIGKIFPGIHELTFNSIMKCDVDVRKDPYNNIV
Pteact EEMKKYKESAANNRPYELPDGNVVVIONQRFRCPELLFKPNFIGLIAVAGIHELTFKSIMKCDIDVRKVLYGNVV
VmiactI EQUVKNYAQGNQTIKVYELPDGOTVIIGSQRFRCAEALFKPMLIGKUMPGFHEITYQSILKCDVDIRKDLYNNIV
VmiactII DQUVKNYAQGNQNDKVYELPDGQTVTIGSQRFRCAEALFKPMLIGKUMPGFHEITYQSILKCDVDIRKDLYNNIV
Oheact EQRMENFNQTNQNDRVYELPDGQTVSIGSQRFRCPEALFKPMLVGKUMOGFHEITYQSILKCDVDIRKDLYSNIV
Omaactl KEMNEKYQNGGKNV . VYELPDGQKITIGNQTFRCPESLFQPLMIGKIALPGIHEPVYQSIMKSDVDIRKDLESNIV
OmaactII EAMEKYNSSGNN.SVFELPDGQTIDVGNQKFRCPEALFKPLSMG! PGFHEITYNSILKCDVDIRKDLYSNIV
313 355 377
Rabact MSGGTTMYPGIABRMOKEITALAPSTMKIKIIAPPERKYSVWIGGSILASLSTFQOMWITKQEYDEAGPSIVHRKCE
Athaact LSGGTTMFPGIABMRMSKEITALAPSSMKIKVVAPPERKYSVWIGGSILASLSTFQOMWIAKAEYDESGPSIVHRKCFE
Crenact LSGGTTMFPGIANRMSKEITALAPSAMKIKVVAPPERKYSVWIGGSILASLSTFQOMWIAKSEYDESGPSIVHRKCFE
Pteact MSGGTTMFPGIPRLSKELTSLAPSSMKIKVVAPPERKFSVWIGGSILSSLSTFeAMWITRSEYDESGPTIVHRKCE
Tthact LSGGTTMFPGIARRLSKEVSALAPSSMKIKVVAPPERRYSVWIGGSILSSLSTFQTMWITKAEYDESGPSIVHRKCE
VmiactI MSGGTTMFPGIPYRLSKEVTALAPS TMKVKVFAPQERKFLVWIGGSILSSLSTFQTMWITKAEYQETGAEIVHRKCE
VmiactII MSGGTTMFPGIPIIRLSKEVTALAPSTMKVKVEAPQERKFLVWIGGSILSSLSTFQTMWITKAEYQETGAEIVHRKCV

Oheact MSGGTTMFPGIS)
OmaactI LSGGTTMFSGI
OmaactITI MSGGTTMFPGIP

Figure 1. Alignment of Deduced Amino Acid Sequences of Actin

LSKEVTALAPSTMKIKVFAPEERKFLVRIGGSILSSLSTFQTMWITKAEYQETGSEIVHRKCE
RLTKELKSMCPESVDVKIKAAQERKFLVWIGGSILSSLSTFQNQWISKAEYQETGASIVHRKCT
LSKEVTALAPSTMEVEVLAPQERKFLVWIGGSILSSLSTFQNMWITKAEFEETGASIVHRKCT

Vorticella microstoma, Opisthonecta heneguyii, and Opisthonecta matiensis actin are aligned to actin from rabbit (accession number
NM_007392), Arabidopsis thaliana (accession number M20016), Chlamydomonas reinhardtii (accession number D50838.1), Tetrahymena
thermophila (accession number M13939), and Paramecium tetraurelia (our unpublished data). Filled circles and filled triangles denote UAA
and UAG codons, respectively, at the nucleotide sequence (see Figure S1). Gaps, introduced to improve alignments, are indicated by dots.
The black and gray shadowed amino acids represent, respectively, glutamate and glutamine residues encoded by UAR in ciliates. The numbers
on top of the alignments refer to the sequence in the first row. Rab, rabbit; Atha, Arabidopsis thaliana; Cre, Chlamydomonas reinhardtii;
Tth, Tetrahymena thermophila; Pte, Paramecium tetraurelia; Vmi, Vorticella microstoma; Ohe, Opisthonecta henneguyi; Oma, Opisthonecta

matiensis.

(see the Experimental Procedures in the Supplementary
Material). Sequence analyses of these actin 5’ regions
show that both species use UGA as the true stop codon.
Therefore, all of this evidence strongly supports that
UAA codons are translated into glutamate in peritrichs.
Whether UAG is translated into glutamate must be fur-

ther verified. These genetic code deviations, namely
translation of canonical stop codons into glutamate, had
never been described in ciliates or in any other living
organism.

According to wobble pairing rules, canonical gluta-
mate tRNAs, with YUC anticodons, would not be able
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—-TUBULIN
1 11 15 31 15
Mmustub MRECISIHVGQAGVQIGNACWELYCLEHGIQPDGQMPSDKTIGGGDDSFNTFFSETGAGKHVPRAVFVDLEPTVI
Athatub MREIISIHIGQAGIQVGNSCWELYCLEHGIQPDGTMPSDSTVGACHDAFNTFFSETSSGQHVPRAVFLDLEPTVI
Cretub MREVISIHIGQAGIQVGNACWELYCLEHGIQPDGOMPSDKTIGGGDDAFNTFFSETGAGKHVPRCIFLDLEPTVV
Tthtub MREVISIHVGRGGIQVGNACWELFCLEHGIAPDGOMPSDKTIGGGDDAFNTFFSETGAGKHVPRAVFLDLEPTVI
Ptetub MREVISIHVGeGGI®VGNACWELFCLEHGIQPDGOMPSDKTIGGGDDAFNTFFSETGAGKHVPRAVFLDLEPTVI
Vmitub CLEHGMQPDGHMPSDKTIGGGDDAFNTFFSETGAGKHVPRAVFLDLEPTVI
Ohetub CLEHGIQPDGOMPSDKTIGGGDDAFNTFFSETGAGKHVPRAAFLDLEPTVI
Omatub CLEHGIQPDGOMPSDKTIGGGDDAFNTFFSETGAGKHVPRAVFLDLEPTVI
77 85 91 133 150
Mmustub DIVRTGTYRQLFHPEQLITGKEDAANNYARGHYTIGKEIIDLVLDRIRKLADQCTGLQGFLVFHSFGGGTGSGET
Athatub DEVRTGTYRQLFHPEQLISGKEDAANNFARGHYTVGREIVDTCLERLRKLADNCTGLQGFLVENAVGGGTGSGLG
Cretub DVRTGTYRQLFHPEQLISGKEDAANNFARGHYTIGKEIVDLALDRIRKLADNCTGLQGFLVEFNAVGGGTGSGLG
Tthtub DIVRTGTYRQLFHPE®LISGKEDAANNFARGHYTIGKEIVDLCLDRIRKLADNCTGLOQGFLVFNSVGGGTGSGLG
Ptetub DEVRTGTYR®LFHPE®LISGKEDAANNFARGHYTIGKEIVDLCLDRIRKLADNCTGL®GFLVFHSVGGGTGSGLG
Vmitub DEVRTGTYRQLFHPEQLISGKEDAANNFARGHYTIGKEIVDLCLDRIRKLADNCTGLQGFLMFHSVGGGTGSGLG
Ohetub RTGTYRQLFHPEQLISGKEDAANNFARGHYTIGKEIVDLCLDRIRKLADNCTGLQGFLMENSVGGGTGSGLG
Omatub DIIRTGTYRQLFHPEQLISGKEDAANNFARGHYTIGKEIVDLCLDRIRKLADQCTGLQGFLMFNSVGGGTGSGLG
176 225
Mmustub SLIMERLSVDYGKKSKLEFSIYPAPQVSTAVVEPYNSILTTHTTLEHSDCAFMVDNEAIYDICRRNLDIERPTYT
Athatub SLLLERLSVDFGKKSKLGFTIYPSPQVSTAVVEPYNSVLSTHSLLEHTDVVVLLDNEAIYDICRRSLDIERPTYS
Cretub SLLLERLSVDYGKKSKLGFTVYPSPQVSTAVVEPYNSVLSTHSLLEHTDVAVMLDNEAIYDICRRSLDIERPTYT
Tthtub SLLLERLSVDYGKKSKLGFTIYPSP®VSTAVVEPYNSILSTHSLLEHTDVAVMLDNEAIYDICRRNLDIERPTYT
Ptetub SLLLERLSVDYGKKSKLGFTIYPSP®VSTAVVEPYNSILSTHSLLEHTDVCVMLDNEAIYDICRRNLDIERPTYT
Vmitub SLLLERLSVDYGKKSKLGFTIYPSPRQVSTAVVEPYNSILSTHSLLGNTNVAVMLDNEAVYDICRRNLDIERPTYT
Chetub SLLLERLSVDYGKKSKLGFTIYPSPQVSTAVVEPYNSILSTHSPLEHTDVAVMLDNEAVYDICRRNLDIERPTYT
Omatub SLLLERLSVDYGKKSKLGFTIYPSPRQVSTAVVEPYNSILSTHSLLEHTDVAVMLDNEAIYDICRRNLDIERPPYT
233 256 285 297300
Mmustub NLNRLISQIVSSITASLRFDGALNVDLTEFQTNLVPYPRIHFPLATYAPVISAEKAYHEQLSVAEITNACKAPAN
Athatub NLNRLISQTISSLTTSLRFDGAINVDITEFQTNLVPYPRIHFMLSSYAPVISSAKAYHEQFSVPEITTSVEEPSN
Cretub NLNRLIAQVISSLTASLRFDGALNVDITEFQTNLVPYPRIHFMLSSYAPIISAEKAYHEQLSVAEITNAARNPAS
Tthtub NLNRLIAGVISSLTASLRFDGALNVDITEF®TNLVPYPRIHFMLSSYAPIISAEKAYHE®LSVAEITNSARIPAN
Ptetub NLNRLIA®VISSLTASLRFDGALNVDITEF®TNLVPYPRIHFMLCSYAPIISAEKAYHE®LSVAEITNSAFAPAN
Vmitub NLNRLISQVISSLTASLRFDGALNVDITEFQTNLVPYPRIHFMLSSYSPIISAEKAYHEQLSVAEITNSCHIPAN
Ohetub NLNRLISQVISSLTASLRFDGALNVDITEFQTNLVPYPRIHFMLSSYSPIISAEEAYHEQLSVAEITNSCFYPAN
Omatub NLNRLIAQVISSLTASLRFDGALNVDMTEFQTNLVPYPRIHFMLSSYSPIISAEKAYHEQLSVSEITNSAFXPAN
342 375
Mmustub QMVEKCDPRHGKYMACCLLYRGDVVPKDVNAAIATIKTKRSIQFVDWCPTGFEVGINYQPPTVVPGGDLAKVQRAV
Athatub MMAKCDPRHGKYMACCLMYRGDVVPKDVNTAVAAIKAKRTIQFVDWCPTGFKCGINYQPPSVVPGGDLAKVQRAV
Cretub MMVKCDPRHGKYMACCLMYRGDVVPKDVNASVATIKTKRTIQFVDWCPTGFKCGINYQPPTVVPGGDLAKVQRAV
Tthtub MMAKCDPRHGKYMACSMMYRGDVVPKDVNASIATIKTKRTIQFVDWCPTGFKVGINYQPPTVVPGGDLAKVMRAY
Ptetub MMAKCDPRHGKYMACSMLYRGDVVPKDVNAAIATIKTKRTISFVDWCPTGFKVGINYQPPTVVPGGDLAKVMRAV
Vmitub MMAKCDPRHGKYMACSMMYRGDVAPKDVNASIATIKTKRTIQFVDWCPTGFKVGINYQPPTVVPGGDLAKVMRAC
Ohetub MMAKCDPRHGKYMACSMMYRGDVVPKDVNAAIATIKTKRTIQFVDWCPTGFRKVGISYQPPTVVPGGDLAKVMRAC
Omatub MMAKCDPRHGKYMACSMMYRGDVVPKDVNASIATIKTKRTIQFVDWCPTGFKVGINYQPPTVVPGGDLAKVMRAV
411 450
Mmustub CMLSNTTAIAEAWARLDHKFDLMYAKRAFVHWYVGEGMEEGEFSEAREDMAALEKDYEEVGVDSVEGEGEEEGEEY
Athatub CMISNNTAVAEVFSRIDHKFDLMYSKRAFVHWYVGIIGMEEGEFSEAREDLAALEKDYEEVGGEGAEDDDEEGDEY
Cretub CMISNSTAIGEIFSRLDHKFDLMYAKRAFVHWYVGIRIGMEEGEFSEAREDLAALEKDFEEVGAESAEGAGEGEGEEY
Tthtub CMISNSTAIAEVFSRLDHKFDLMYAKRAFVHWYVGEGMEEGEFSEAREDLAALEKDYEEVGIETAEGEGEEEGY
Ptetub CMISNSTAIAEVFSRLDHKFDLMYAKRAFVHWYVGIIGMEEGEFSEAREDLAALEKDYEEVGIETAEGEGEEGEG
Vmitub CMISNTTAIAEVFSRLDHKFDLMYAKRAFVHWYVGHGMEEGEF
Ohetub CMISNTTAIAEVFSRLDHKFDLMYAKRAFVHWYVGUGMEEGEF
Omatub CMIPNTTAIAEVFSRLDHKFDLMYAKRAFVHWYVGIGMEEGEF

Figure 2. Alignment of Deduced Amino Acid Sequences of a-Tubulin

V. microstoma, Opisthonecta heneguyii, and Opisthonecta matiensis a-tubulin sequences are aligned to a-tubulin from Mus musculus (acces-
sion number BC008117.1), Arabidopsis thaliana (accession number AY091372.1), Chlamydomonas reinhardtii (accession number M11447.1),
Tetrahymena thermophila (accession number M86723), and Paramecium tetraurelia (accession number X99489). Filled circles and filled
triangles denote UAA and UAG codons, respetively, at the nucleotide sequence (see Figure S1). The black and gray shadowed amino acids
represent, respectively, glutamate and glutamine residues encoded by UAR in ciliates. The numbers on top of the alignments refer to the
sequence in the first row. Mmus, Mus musculus; Atha, Arabidopsis thaliana; Cre, Chlamydomonas reinhardltii; Tth, Tetrahymena thermophila;
Pte, Paramecium tetraurelia; Vmi, Vorticella microstoma; Ohe, Opisthonecta henneguyi; Oma, Opisthonecta matiensis.

to pair UAR codons. Since two suppressor-like tRNAs
(tRNAS",,, and tRNA®",,), which decode UAR into gluta-
mine, have been reported in the hymenostomate Tetra-
hymena thermophila [5], we hypothesized the existence
of YUA-bearing tRNAs in peritrichs. Searching for these
tRNAs, we cloned and sequenced (see Figure S2) two

DNA fragments in O. matiensis, which were recognized
as tRNAs when they were analyzed with the tRNAscan-
SE software [6]. This software also displays that one
of these nucleotide sequences bears a UUC anticodon
while the other bears a UUA anticodon. Thus, the first
sequence most likely codes for a putative canonical
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Table 1. Percentage of Glutamate and Glutamine Residues Encoded by UAR Codons in Actin and «-Tubulin of Oligohymenophoreans

Amino Acid % Other
Protein Position % E % Q Amino Acids
Actin

59 98.69 (100) 0.32 (0) 0.99

127 99 (100) 0 1

197 95.8 (100) 0.65 (0) 3.55

216 98.64 (95) 0.32 (0) 0.99

228 94.4 (40) 0 5.6

272 96 (100) 0 4

313 18.3 (100) 0 81.7

18 - 0.32 (5) 99.68

43 - 59.4 (10) 40.6

61 - 98.7 (100) 1.3

123 - 98.7 (90) 1.3

253 - 0.98 (15) 99.02

255 - 3.6 (40) 94.4

355 - 93.1 (35) 6.9
a-Tubulin

77 95.6 (100) 1.47 (0) 4.4

297 96.32 (100) 0 3.68

411 100 (100) 0 0

11 - 100 (100) 0

15 - 100 (100) 0

31 - 82 (100) 18

85 - 83 (100) 17

91 - 93.4 (100) 6.6

133 - 100 (100) 0

176 - 95.6 (100) 4.4

233 - 99.26 (100) 0.74

256 - 99.26 (100) 0.74

285 - 85.3 (100) 14.7

342 - 95.6 (100) 4.4

These values were calculated only in the positions encoded by the UAR codon in peritrichs (see the text and Figure 1). The percentage of
glutamine was calculated only in the positions encoded by the UAR codon in Tetrahymena and/or Paramecium (see the text and Figure 1).
Actin (306 sequences)- and «-tubulin (136 sequences)-deduced amino acid sequences were retrieved from the Interpro database (at the EBI)
and have accession numbers PS00406 and PS00227, respectively. Amino acid positions are referred to as rabbit actin (GenBank accession
number NM_007392) and Mus musculus a-tubulin (GenBank accession number BC008117.1). The numbers in parentheses correspond to

values obtained when considering only ciliate sequences.

glu-tRNA, and the second one most likely codes for a
putative suppressor-like tRNA.

Phylogenetic studies based on rRNA sequences [7]
reveal a solid and consistent association between peri-
trichs (Vorticella and Opisthonecta), hymenostomates
(Tetrahymena), and peniculines (Paramecium). In order
to validate the monophyletic character of the class Oly-
gohymenophorea, we reexamined the phylogenetic po-
sition of the peritrich ciliates by using a UAR-containing
marker. We used «-tubulin, which allows one to infer
phylogenetic relationships at a low taxonomic level
within ciliates [8]. The general pattern of the «-tubulin
tree (see Figure 3) is rather similar to a multifurcation
leading to different subgroups. Opisthonecta and Vorti-
cella species branch close to the hymenostomates (Tet-
rahymena) and peniculines (Paramecium) with high
bootstrap values. These species constitute a solid mo-
nophyletic unit, the class Oligohymenophorea. Conse-
quently, UAR codons are differentially translated within
a solid monophyletic group into glutamine in Tetrahy-
mena and Paramecium and into glutamate in Vorticella
and Opisthonecta. A similar situation was already de-
scribed in pseudohypotrichs since Diophrys translates
UAR into glutamine [9], whereas Euplotes translates
UGA into cysteine and UAR are stop codons [2]. This

scattered pattern of UAR reassignment within and be-
tween ciliate classes led to the hypothesis, first pro-
posed by Baroin-Tourancheau et al. [10], that these nu-
clear genetic code deviations have arisen independently
several times within the phylum. Nevertheless, we sug-
gest that UAR reassignment could have a single origin
at least in oligohymenophoreans. This is based on the
solid monophyly of the Oligohymenophorea class, the
translation of UAR codons with different specificity (glu
or gln) within this class, and the accepted common evo-
lutionary origin of the glutamate and glutamine transla-
tional pathways [11]. In modern organisms, glutamine
translation follows two different pathways. According
to the indirect pathway, tRNAY'¢ (canonical gin-tRNAs)
are first glutamylated by a glutamyl-tRNA synthetase
(9luRS) and are then converted into glutaminyl-tRNAY'¢
by an amidotransferase. Alternatively, in the direct path-
way, tRNAY¢ are glutaminylated by a glutaminyl-tRNA
synthetase (gInRS). Both pathways are found in modern
prokaryotes, although it is assumed that gInRS evolved
in eukaryotes. A horizontal gene transfer probably ac-
counted for the direct pathway in prokaryotes [11]. It
has been suggested that the glutamine direct pathway
probably evolved from that of glutamate since gluRS
and gInRS synthetases are paralogous genes [11]. An
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Figure 3. Consensus Tree Based on o-Tubulin-Deduced Amino Acid Sequences

The resulting bootstrap values are displayed at each node; neighbor-joining, parsimony, and maximum likelihood are listed from left to right.
The scale bar represents 0.6083 expected amino acid replacements per position.

ancestral gIxRS might have glutamylated tRNAY'® (ca-
nonical glu- and gin-tRNAs); however, the amidotransfer-
ase selected only the tRNAY'® (canonical gin-tRNASs) in
order to convert glutamyl-tRNAs to glutaminyl-tRNAs
[12]. Later on, the duplication of the gIxRS and the diver-
gence of one copy made possible the specialization of
two related enzyme activities, glu-tRNA and gin-tRNA
[12, 13]. This implied not only changes in the acylation
activity, but also changes in the preference for the last
position of the tRNA anticodons. Meaningfully, it has
been suggested that the evolving gInRS could change
its anticodon preference through the use of intermediate
suppressor-like tRNAYUA [12]. All of this is not surprising
if one bears in mind that, in modern organisms, incorpo-
ration of nonstandard amino acids, such as the recently

discovered pyrrolysine [14] or selenocysteine [15], is
made by taking over the tRNA synthetase system of
standard amino acids (lysine and serine, respectively)
and suppressor-like tRNAs. In summary, there may have
been an oligohymenophorean ancestor with a deviant
genetic code. Its code diverged later, giving different
specificity to UAR codons. This divergence was possible
through modifications on the aminoacylation apparatus
that we suggest could be similar to those that gave rise
to the glutamine translational pathway.

Supplementary Material

Supplementary Material including the Experimental Procedures, nu-
cleotide sequence alignments, and a table with sequence features
is available at http://images.cellpress.com/supmat/supmatin.htm.
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