Novel Ciliate Genetic Code Variants Including the
Reassignment of All Three Stop Codons to Sense Codons in
Condylostoma magnum

Stephen M. Heaphy,' Marco Mariotti,> Vadim N. Gladyshev,” John F. Atkins,' and Pavel V. Baranov*'
'School of Biochemistry and Cell Biology, University College Cork, Cork, Ireland

“Division of Genetics, Department of Medicine, Brigham and Women's Hospital and Harvard Medical School, Boston, MA

*Correspondent author: E-mail: p.baranov@ucc.ie.
Associate editor: James Mclnerney

Abstract

mRNA translation in many ciliates utilizes variant genetic codes where stop codons are reassigned to specify amino acids.
To characterize the repertoire of ciliate genetic codes, we analyzed ciliate transcriptomes from marine environments.
Using codon substitution frequencies in ciliate protein-coding genes and their orthologs, we inferred the genetic codes of
24 ciliate species. Nine did not match genetic code tables currently assigned by NCBI. Surprisingly, we identified a novel
genetic code where all three standard stop codons (TAA, TAG, and TGA) specify amino acids in Condylostoma magnum.
We provide evidence suggesting that the functions of these codons in C. magnum depend on their location within mRNA.
They are decoded as amino acids at internal positions, but specify translation termination when in close proximity to an
mRNA 3’ end. The frequency of stop codons in protein coding sequences of closely related Climacostomum virens suggests
that it may represent a transitory state.
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Introduction

The standard genetic code contains 61 amino acid specifying
codons and 3 codons that specify translation termination. It was
long considered to be unchangeable and its origin was described
as a “frozen accident” (Crick 1968). Since then a number of
variant genetic codes have been discovered, and the National
Center for Biotechnology Information (NCBI) currently reports
18 additional genetic codes alongside the standard one (http://
www.ncbinlmnihgov/Taxonomy/Utils/wprintgccgi). The ma-
jority of them have been found in mitochondrial and bacterial
genomes. The rise of variant genetic codes is due to a change in
codon meaning which is referred to as codon reassignment. This
phenomenon can occur due to alterations in the components
of translation machinery (tRNAs, aminoacyl-tRNA synthetases
or release factors), see Baranov et al. (2015) for a review.

Stop codon reassignments are a particularly common fea-
ture of mRNA translation in ciliates (Knight et al. 2007;
Lozupone et al. 2001). Species belonging to the genera
Paramecium, Tetrahymena and Oxytricha are known to trans-
late TAA and TAG as glutamine (Q) and only recognize TGA
as a signal for termination (Horowitz and Gorovsky 1985),
whereas Blepharisma translates TGA as tryptophan (W) and
recognizes TAA and TAG as signals for translation termina-
tion (Liang and Heckmann 1993). In Euplotes, TGA is reas-
signed to cysteine (C) (Meyer et al. 1991) and high frequency
of +1 frameshifting during mRNA translation occurs at TAA
and TAG codons (Klobutcher and Farabaugh 2002; Wang
et al. 2016). It has been conjectured recently that Euplotes
species use additional mechanisms to discriminate between

TAA/TAG codons specifying ribosomal frameshifting and ter-
mination of translation (Lobanov AV, Heaphy SM, Turanov
AA, Gerashchenko MV, Pucciarelli S, Devaraj RR, Xie F, Petyuk
VA, Smith RD, Klobutcher LA, Atkins JF, Miceli C, Hatfield DL,
Baranov PV, Gladyshev VN, unpublished data).

To obtain a more detailed picture of stop codon reassign-
ment events in ciliates, we took advantage of recent advances in
large scale sequencing projects. The Marine Microbial Eukaryote
Transcriptome Sequencing Project (MMETSP) (Keeling et al.
2014) provides transcriptomic data for over 650 different marine
microbes including ciliates. We obtained RNA-seq from 18 dif-
ferent ciliate genera from the MMETSP. In addition, transcrip-
tomics for four additional genera were obtained from (Feng et al.
2015), one from (Kodama et al. 2014) and one from (Lobanov
AV, Heaphy SM, Turanov AA, Gerashchenko MYV, Pucciarelli S,
Devaraj RR, Xie F, Petyuk VA, Smith RD, Klobutcher LA, Atkins
JF, Miceli C, Hatfield DL, Baranov PV, Gladyshev VN, unpublished
data). We assembled each transcriptome de novo using Trinity
(Grabherr et al. 2011), see Methods section.

Using BLAST (Altschul et al. 1997), we searched each tran-
script against the NCBI Reference Sequence (RefSeq) protein
database with an e-value of 10~ *° as a threshold for signifi-
cant sequence similarity for individual transcript hits. Table 1
summarizes characteristics of each transcriptome composi-
tion and provides information on the number of transcripts
with statistically significant similarity hits.

To infer stop codon reassignment events, we first calculated
the density of stop codons in pairwise alignments of conceptu-
ally translated ciliate mRNAs (with stop codons translated as an
unknown amino acid) for each data set. Figure 1 shows the
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Table 1. Summary of 24 Species Analyzed; Including the Assembled Transcriptome Size and The Number of Significant Alignment Hits.

Genus and Species Assembled Transcripts TAA TAG TGA Source
Transcripts E=10"3%° NCBI/Here NCBI/Here NCBI/Here
Anophryoides haemophila 14,853 2,189 Q/Q Q/Q —/- Keeling et al. (2014)
Aristerostoma sp. ATCC 30,326 3,950 Q/Q Q/Q —/- Keeling et al. (2014)
Blepharisma japonicum 32,295 6,392 —/- —/- W/W Keeling et al. (2014)
Campanella umbellaria 171,018 16,384 Q/E QJ/E —/- Feng et al. (2015)
Carchesium polypinum 87,362 8,610 Q/E Q/E —/- Feng et al. (2015)
Climacostomum virens 23,177 5,718 -7 -7 cn Keeling et al. (2014)
Colpoda aspera 87,297 9,079 —I- —/- C/- Feng et al. (2015)
Condylostoma magnum 29,437 4,510 Q/Q Q/Q —/W Keeling et al. (2014)
Euplotes focardii 34,984 3,939 =N - Cc/C Keeling et al. (2014)
Euplotes crassus 33,701 3,619 —/- —/- Cc/C Lobanov et al. (under review)
Fabrea salina 15,706 4,340 —/- —/- C/- Keeling et al. (2014)
Favella ehrenbergii 31,448 3,387 Q/Q Q/Q —/- Keeling et al. (2014)
Litonotus pictus 30,341 2,692 —/- —/- —/- Keeling et al. (2014)
Mesodinium pulex 84,288 7,615 -Nn /Y —/- Keeling et al. (2014)
Myrionecta rubra 40,881 3,579 A -1y —/- Keeling et al. (2014)
Paralembus digitiformis 108,308 5,579 Q/Q Q/Q —/- Feng et al. (2015)
Paramecium bursaria 128,693 13,341 Q/Q Q/Q —/- Kodama et al. (2014)
Platyophrya macrostoma 46,111 7,407 Q/- Q/- —/- Keeling et al. (2014)
Protocruzia adherens 42,999 4,835 Q/- Q/- —/- Keeling et al. (2014)
Pseudokeronopsis sp.OXSA 32,771 3,919 Q/Q Q/Q —/- Keeling et al. (2014)
Strombidinopsis acuminata 66,812 7,693 Q/Q Q/Q —/- Keeling et al. (2014)
Strombidium inclinatum 38,510 3,545 Q/Q Q/Q —/- Keeling et al. (2014)
Tiarina fusus 77,484 6,261 Q/Q Qn? —/- Keeling et al. (2014)
Uronema sp.Bbcil 14,501 2,843 Q/Q Q/Q —/- Keeling et al. (2014)

Note.—Comparison between NCBI genetic codes and the genetic codes inferred in this study (separated with/). - refers to no reassignment and

o

shows that the function of

the codon cannot be classified based on threshold used in this study. Organisms with the genetic codes different from the NCBI classification are highlighted in gray.

densities of each stop codon (see Methods section for the de-
scription of the pipeline). Blepharisma and Paramecium were
used as reference organisms for determining a threshold for
discrimination between stop codons that were reassigned to
code for amino acids and stop codons that function as signals
for termination. The threshold is shown as a gray-shaded area in
figure 1. It can be seen that the distribution of stop codon1\
frequencies is bimodal with a clear separation between two
classes. The few stop codons falling into the gray area may
represent very recent stop codon reassignments, transitory
states, or may correspond to organisms with a large number
of pseudogenes in their genomes or frequent utilization of
recoding mechanisms in translation of their transcriptomes.
Most organisms have either 1 or 2 stop codons reassigned to
amino acids. It is also clear that evolution of TAA and TAG
codon meanings is coupled, i.e, if one of these codons is reas-
signed the other codon is also reassigned. This is most likely
because these two codons differ at the wobble position and
could be recognized by the same tRNA. A few exceptions where
one of these two codons occur in the gray area could be due to
inability of the threshold used to provide a clear discrimination
(see Discussion section below). Most striking, however, is that all
three stop codons in Condylostoma magnum show frequencies
indicative of reassignment to sense codons.

To determine the meaning of reassigned stop codons, we
evaluated the frequency of amino acid substitutions in pairwise
alignments of translated mRNAs and their close homologs from
other species. Occasional matching of a ciliate stop codon (func-
tioning as a terminator) to a sense amino acid in a homolog
may occur close to N- or C-termini if a ciliate homolog is shorter,
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Fic. 1. Classification of ciliate stop codons. Stop codon densities (axis y)
in protein coding sequences are indicated for each species (bottom).
Rectangles specify stop codons of the organisms used for defining
a threshold (gray area) for discriminating reassigned codons (above
gray area) from those that retained their function as signals for ter-
mination (below gray area). The phylogenetic tree constructed
with 18S rRNA sequences above indicates the relatedness of each spe-
cies. The histogram on the right shows distribution of stop codon
densities.
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in case of transcribed pseudogenes containing nonsense muta-
tions, when a ciliate transcript contains a sequencing error or
when a specific stop codon is recoded to an amino acid in the
context of a specific mMRNA. However, if a stop codon reassign-
ment took place, it is expected that the reassigned stop codon
would frequently match the specific amino acid to which it was
reassigned. We provide the total substitution values of all three
stop codons for each ciliate in supplementary tables S1-S3,
Supplementary Material online. Supplementary figure S1,
Supplementary Material online, shows z-scores of amino acid
substitution frequencies for each likely reassigned stop codon. It
can be seen that for each reassigned stop codon there is only a
single amino acid with exceptionally high Z-score. An even
clearer picture is obtained when substitution frequencies are
calculated only for amino acid residues evolving under strong
stabilizing selection (fig 2 and supplementary table S4,
Supplementary Material online).

For Paramecium, we observe that Q is the most frequently
substituted amino acid for both TAA and TAG, and for
Blepharisma and both Euplotes species tryptophan (W) and
cysteine (C) are the most frequently substituted amino acids
for TGA, respectively. With the same frequency as Blepharisma,
we can clearly see that TGA in Condylostoma is likely reassigned
to W along with TAA and TAG also reassigned to Q. The
specificity of substitutions in Condylostoma further supports
the notion that all three codons are reassigned in this organism.
In addition, we report novel stop codon reassignments in
Campanella and Carchesium where TAA and TAG appear to
code for glutamic acid (E) and in Mesodinium and Myrionecta
where TAA and TAG appear to code for tyrosine (Y). In total,

ACDEFGHIKLMNPQRSTVWY

Myrionecta TAA - 115
Myrionecta TAG - 50
Mesodinium TAA - 31
Mesodinium TAG - 143
Blepharisma TGA - 199
Condylostoma TAA - 231
Condylostoma TAG - 187
Condylostoma TGA - 165
Strombidinopsis TAA - 102
Strombidinopsis TAG - 53
Favella TAA - 19
Favella TAG - 55
Strombidium TAA - 23
Strombidium TAG - 71
Pseudokeronopsis TAA - 50
Pseudokeronopsis TAG - 91
E.crassus TGA - 49 I
E.focardii TGA - 57
Aristerostoma TAA - 31
Aristerostoma TAG - 58

Carchesium TAA- 118
Carchesium TAG - 64 oa

Campanella TAA - 955
Campanella TAG - 204
Paramecium TAA - 164
Paramecium TAG - 91 0.2
Tiarina TAA - 52
Uronema TAA - 137
Uronema TAG - 8
Paralembus TAA - 134 0
Paralembus TAG - 31
Anophryoides TAA - 64
Anophryoides TAG - 20

Fic. 2. Identification of amino acid specifications of the reassigned
codons. Each row corresponds to a single reassigned codon. The
organism, the codon identity and the total number of occurrences
at highly conserved positions of aligned sequences are indicated on
the left. The normalized frequencies of amino acid substitutions are
shown as heatmaps.

we provide evidence in support of redefining the genetic codes
of nine ciliates. Table 1 compares the genetic code of each
ciliate species analyzed with the NCBI assigned code.

The unclassified, gray-shaded region of figure 1 requires ad-
ditional attention. It is likely that Mesodinium TAA is reassigned
to Y. It is very close to the threshold and such reassignment
would be consistent with the function of TAG in Mesodinium.
Climacostomum is closely related to Condylostoma and may
represent a transitory state that potentially could provide an
answer to how Condylostoma emerged as an organism with the
genetic code composed of 64 sense codons. Recently, we car-
ried out ribosome profiling analysis of E. crassus translatome
and mass-spectrometry analysis of its proteome (Lobanov AV,
Heaphy SM, Turanov AA, Gerashchenko MV, Pucciarelli S,
Devaraj RR, Xie F, Petyuk VA, Smith RD, Klobutcher LA,
Atkins JF, Miceli C, Hatfield DL, Baranov PV, Gladyshev VN,
unpublished data). While the analysis revealed thousands of
ribosomal frameshifting occurrences at TAA/TAG codons, it
revealed no cases of stop codon readthrough that preserved
the frame. As can be seen in figure 1, the density of TAA/TAG
codons is much higher in E. focardii than in E. crassus and this
could be due to potential utilization of stop codon read-
through in addition to ribosomal frameshifting.

Identification of an organism with all stop codons reas-
signed to sense codons poses a question of how translation
termination is accomplished in Condylostoma. A theoretical
possibility is a regulated termination where stop codon func-
tion would depend on specific ligands whose expression is
regulated by a specific condition. Such a situation has been
observed previously in Acetohalobium arabaticum, where the
function of the TAG codon as signal for termination or as a
codon for pyrrolysine depends on the energy source used by
these bacteria (Prat et al. 2012). This, however, seems an un-
likely possibility because of very high frequency of stop co-
dons in protein coding genes and tremendous impact of such
switches on the whole proteome. An alternative possibility is
that the function of a stop codon depends on its position
within mRNA. Based on our recent characterization of E.
crassus translatome and proteome (Lobanov AV, Heaphy
SM, Turanov AA, Gerashchenko MV, Pucciarelli S, Devaraj
RR, Xie F, Petyuk VA, Smith RD, Klobutcher LA, Atkins JF,
Miceli C, Hatfield DL, Baranov PV, Gladyshev VN, unpublished
data) we proposed that the translational machinery of E.
crassus is able to discriminate stop codons in internal posi-
tions of MRNAs from those at the ends and use only the latter
for termination of translation. Such a mechanism could also
explain the enigmatic reassignment of all three stop codons in
Condylostoma. To address this possibility, we analyzed codon
frequencies relative to the expected ends of protein coding
sequences (CDS). For this purpose, Condylostoma transcrip-
tome was aligned to the most conserved eukaryotic proteins
using eukaryotic orthologous groups (KOGs) (Tatusov et al.
2003). The positions in pairwise alignments matching the
stop codons of homologous sequences were considered as
expected locations of stop codons in the corresponding
Condylostoma sequence. Figure 3 shows frequencies of all
64 codons relative to expected CDS ends. It can be seen
that stop codons (TAG and TGA in particular) are
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overrepresented at the expected locations of CDS ends.
Importantly, it also can be seen that ~15 nt downstream of
expected termination locations there is overrepresentation of
AAAs which probably reflects locations of mMRNA polyA tails.
This suggests that 3'-UTRs in Condylostoma are very short
and conserved and may be implicated in recognition of stop
codons signalling for termination of translation. Consistent
with this hypothesis, a depletion of stop codons is observed
within ~30 nt upstream of expected locations of termination
sites, which probably is due to selection to avoid premature
termination due to close location of stop codons to the polyA
tails.

Since the strength of stop codons as signals for termination
is highly dependent on the identity of the nucleotide adjacent
at the 3’ end (McCaughan et al. 1995; Poole et al. 1995) we
explored the possibility of a particular context preference at

frequenc .
q y 0.0 O.

1 02

—3-00 —2-00 . 4-00 0
position

Fic. 3. Frequency of codons relative to expected positions (zero on
axis x) of translation termination in Condylostoma. Top panel—
frequency of each out of 64 codons (stop codons are highlighted).
Bottom panel—total number of codons found at corresponding lo-
cation. The total number differs due to variance in transcript and CDS
lengths and also due to presence of ambiguous nucleotides (codons
with ambiguous nucleotides were ignored).
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internal (reassigned) or terminal positions of coding regions.
We observed that in both cases A and T occur more
frequently than G and C consistent with AT richness of
Candylostoma  genome  (supplementary  fig.  S2,
Supplementary Material online). However, Ts downstream
of TAGs and TGAs are more frequent than As at the sites
of termination, but not at the internal positions.

Given that Euplotes and Condylostoma are distant relatives
within the ciliophora phylum, it is possible that a polyA dis-
tance mechanism of translation termination has emerged in
the course of convergent evolution; however, it is also con-
ceivable that the mechanism evolved earlier in the evolution
and is common to all ciliates. If the latter is true, it could
explain the high propensity of ciliates to stop codon reassign-
ment. The difference in genetic codes among ciliates would
depend primarily on the availability of specific tRNAs for
recognition of stop codons when those occur in internal po-
sitions. Emergence of such tRNAs is not an unlikely event in
the light of a recent discovery of substantial variability in
identity of codons recoded as selenocysteine in bacteria
(Mukai et al. 2016). Sequence analysis of ciliate tRNAs and
future experimental studies may shed a light on this intriguing
possibility and disclose the molecular machinery used by cil-
iates to discriminate between stop codons at different posi-
tions. Potential possibilities include interactions between
polyA biding proteins (PABP) and ribosome complexes
with release factors, it has been shown recently that PABPs
enhance termination in a mammalian system in vitro (lvanov
et al. 2016). It is also conceivable that the first ribosome read-
ing through all stop codons could stall in the beginning of
polyA tails and serve as a barrier for trailing ribosomes favour-
ing termination of translation when the trailing ribosomes are
located at stop codons shortly upstream of polyA tails.
Ribosome stalling at the beginnings of polyA tails have
been observed in a yeast strain lacking ribosome rescue factor
Dom34 (Guydosh and Green 2014).

Methods

Data Sources and Assembly

We obtained RNA-seq data for 19 of the MMETSP ciliate
species from iMicrobe (http://dataimicrobe.us/), along with
four sequence read archive (SRA) files from (Feng et al. 2015)
and one SRA file from (Kodama et al. 2014). SRA files were
converted to fastq with FASTQ-DUMP. We used RNA-seq
forward strand reads to assemble a transcriptome de novo
using Trinity version r20140413p1 (Grabherr et al. 2011) for
each species. A summary of the assemblies is tabulated in
table 1.

Stop Codon Densities and Substitution Frequencies

We performed pairwise alignments of conceptually translated
ciliate mRNAs using standalone BLASTX 2.2.31 for each tran-
scriptome against NCBI Reference Sequence (RefSeq) protein
sequences database with an e-value of 10~ *° as a threshold
for significant sequence similarity for individual transcript hits.
In order to indicate each stop codon individually, we per-
formed pseudo reassignments of two stop codons to amino
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acids with the one remaining stop codon translated as an
unknown amino acid, denoted by “*”. In total, we carried out
three alignments for each of the species analyzed, one per
stop codon. The alignments were output in format option 2
“query-anchored no identities”. We removed alignments
where hits were originating from mitochondrial and bacterial
species to reduce contamination from unintended assembled
transcripts. From this output, we were able to calculate the
density of stop codons in each query sequence, based on the
frequency in the pairwise alignments and the length of the
alignment size, as illustrated in figure 1.

Using a custom Python script, we calculated the frequency
of amino acid substitutions (20 standard amino acids) in
pairwise alignments for each stop codon classified as reas-
signed (fig. 1). For each amino acid substitution, we calculated
corresponding z-scores which are displayed as a heatmap in
supplementary figure S1, Supplementary Material online. For
figure 2, the analysis was limited only to substitutions at the
positions evolving under strong stabilizing selection, i.e, the
positions that are at least 95% identical across 100 closest
homologs found in RefSeq database. The absolute substitu-
tion counts among conserved positions is summarized in
supplementary table S4, Supplementary Material online.

Position Specific Codon Frequencies in Condylostoma
Individual transcripts from MMETSP0210 Condylostoma
magnum, strain COL2 from iMicrobe (http://data.imicrobe.
us/) were searched using a collection of eukaryotic ortholo-
gous groups, KOGs (Tatusov et al. 2003). One “profile” align-
ment was built for each KOG and the pipeline Selenoprofiles
(Mariotti and Guigo 2010) was used to perform protein-to-
RNA alignments. The hits were filtered with a BLAST e-value
threshold 10~ '° and a minimum profile coverage of 90% (i.e.,
the predicted Condylostoma protein sequence was required
to span at least 90% of the input KOG alignment). When
multiple transcripts matched the same KOGs family, only the
best scoring sequence was chosen for further analysis. The
sequences at the 3’ of the homologous regions identified in
this way in the Condylostoma transcriptome were treated as
expected locations of translation termination. The frequency
of each of the 64 codons was counted at each position relative
to the expected location of termination (fig. 3). The analysis of
nucleotide context at the 3’ ends of stop codons was per-
formed in the same way, except that quadruplets (stop codon
and adjacent 3’ end nucleotide) were used instead of codons.

Supplementary Material

Supplementary tables S1-S4 and figures S1 and S2 are avail-
able at Molecular Biology and Evolution online (http://www.
mbe.oxfordjournals.org/).
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