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Supplemental Data

NcRNA gene identification.

SnoRNA genes.

Profile-based programs methods identified 35 box H/ACA snoRNA and 89 box C/D snoRNA
putative genes with guiding antisequences complementary to snRNA and/or rRNA sequences. The
computationally identified snoRNA genes grouped into 19 box H/ACA and 41 box C/D OHSets, 13
(70%) and 38 (95%) of which respectively had =2 members.

Experimental screenings of box C/D snoRNAs were performed using size selection and box C/D-
anchored primers, identifying 26 of the 38 (68%) OHSets of size =2, and 1 of the 3 OHSets of size 1.
Stage-specific transcription patterns or low transcript levels might have accounted for the lack of
experimental identification of the 12 OHSets with sizes =2 (60% of the experimentally identified

snoRNA species were represented by <2 clones, see Table SI). In addition, experimental screenings

identified 6 non-predicted OHSets of size =2 and 1 of size 1, the members of which displayed rRNA
or snRNA antisequences. Computation analysis of box C/D snoRNA genes therefore predicted 27 out
of the 34 (80%) experimentally recovered rRNA- or snRNA-guiding box C/D OHSets. Experimental
screenings also identified 1 orphan OHSet of size =2 and 3 of size 1, the members of which displayed
3-4-nt stems, boxes C and D but no rRNA or snRNA antisequences (these could not be predicted, see
Methods).

Computational, comparative genomics and experimental approaches altogether identified 35 box
H/ACA and 107 box C/D snoRNA genes that respectively grouped into 19 and 52 OHSets (Table I).
Within the 58 OHSets with sizes =2, the ohnologous genes harbor identical guiding sequences in 47
OHSets, and mutations of C—T or A—G that allow identical pairing in 9 OHSets. Members of OHSet
PtCDO03 display one base difference, three positions upstream of box D (Figure S6). Mismatches at

this position have already been characterized within functional rRNA:snoRNA duplexes (Chen et al.,
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2007). Members of OHSets PtCDO06 harbor one base difference, four positions upstream of box D. No
functional snoRNA-rRNA duplex with mismatched bases at this position could be characterized in a

survey of 415 duplexes (Chen et al., 2007).

snRNA genes and Pol II signature.

We identified 4U1, 4 U2, 2 U4, 3 U5 and 3 U6 snRNA putative genes (See Table I). Analysis of
the DNA ohnologous blocks for local duplication events and genome screening for snRNA-related
sequences identified a U6-related snRNA sequence with a deletion of 11 bp in the region that was
complementary to the U4 snRNA. This sequence was part of the OHSet that also included the 3 U6
snRNA genes.

An Upstream Sequence Element (USE) with the consensus sequence 5’-AAACCCATAA(A/T)A-
3’ and a TATA-like box flanked these genes (Figure 2A & B). A distance of 18 bp separated the USE
and the TATA-like box that flanked the U1, U2, U4 and U5 snRNA genes while distances of 21-22 bp
separated those flanking the U6 snRNA genes. In metazoan and plants, transcription studies
demonstrated that the former were transcribed by Pol II and the U6 snRNA genes, mainly by Pol III.
The Ul, U2, U4 and U5 genes of P. tetraurelia were also flanked on their 3’ sides by the conserved
Downstream Element (5’- TTAAACAAACGAAAT-3’) and on their 5’ sides, by an Initiation Element
(IE) consisting of a pyrimidine trinucleotide (IE). The USE, TATA-like box, IE and DE, respectively
separated by 18 bp, 22-26 bp, and 50-300 bp, were used as Pol II signature to screen the P. tetraurelia

genome.

SRP RNA genes, telomerase RNA gene and Pol I1I signature.

We identified 2 SRP RNA putative genes that grouped into 1 OHSet. A related sequence mapped
3 kb distant from one of the former (see below). Our bioinformatics screening of the genome
identified the previously characterized telomerase RNA sequence but failed to identify any telomerase

RNA-related sequence (McCormick-Graham & Romero, 1996).
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In most if not all organisms, the SRP RNA, U6 snRNA and telomerase RNA genes are
transcribed by Pol I1I. In the P. tetraurelia genome, the 2 SRP RNA genes, the telomerase RNA gene
and the 3 U6 snRNA genes displayed a Pol III signature, being flanked on their 3° ends with a
polythymidine stretch of 5-6bp, and on their 5° ends with a USE (consensus sequence 5’-
AAA/TCCCATAAA(A/T)-3’) and a TATA-like box separated by 21-22 bp. The SRP-related
sequence lacked any flanking consensus motif while the U6-related snRNA sequence displayed
mutations in the flanking TATA-like box and polythymidine stretch suggesting they were non-
functional. The USE, TATA-like box and polythymidine stretch, respectively separated by 21-22 bp

and 50-300 bp were used as Pol III signature to screen the P. tetraurelia genome.

5S RNA genes.

The P. tetraurelia genome harbors 26 5S RNA genes that grouped into 2, 2, 3 and 3 OHSets

respectively displaying 1, 3, 2 and 4 members.

tRNA genes and codon usage

We identified 216 tRNA putative genes that grouped into 106 OHSets, 62 of which had sizes =2.
The programs that we used also identified 13 tRNA-related sequences that were expected non-
functional (see Methods). Sparring strategies allow an organism to read the genetic code information
with a limited repertoire of 46 anticodons. The 216 tRNA genes harbored 44 anticodons
complementary to the 61 universal sense codons and 2 anticodons for the specific decoding of the 5°-

TAG-3" and 5°-TAA-3’ codons (see below).

The P. tetraurelia anticodon repertoire harbored a single guanine-ending anticodon for pairing
with the pyrimidine-ending codons encoding the Asp, Asn, Cys, His, Phe, Ser and Tyr residues

(Figure S7). There were no adenine-ending anticodons for the decoding of the Asn, His, Phe and Tyr
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residues, and the 5°-ATC-3" and 5°-ACA-3’ anticodons are likely to define tRNA potential
pseudogenes rather than Asp and Cys residues, respectively. If not, A and its modified nucleoside I
that is able to pair with A would lead to mistranslation (Osawa et al., 1992). As in most eukaryote
genomes, two tRNAs with pyrimidine-ending anticodons paired with the two purine-ending codons
encoding the Arg, Glu, Gln, Leu or Lys residues, the three 5’-(A/G/T)AT-3’ anticodons paired with
the three 5’-AT(T/C/A)-3" codons encoding the Ile residue, the four 5’-(A/C/G/T)CC-3’ anticodons
paired with the four synonymous codons encoding the Gly residue while three 5’-(A/C/T)XX-3’
anticodons (with X being A, T, G or C depending on the decoded codon) paired with the four
synonymous codons encoding the Ala Arg, Leu, Pro, Ser, Thr or Val residues. Finally the P.
tetraurelia tRNA genes also harbored two 5’-(C/T)TA-3" anticodons that paired with the 5’-TA(A/G)-

3’ codons encoding a Glu residue instead of stopping translation.

tRNA genes could be grouped into functional sets of 6-20 members accordingly to the anticodon
sequence (Supplemental Figure S7). Within each functional set, gene number correlated with P.
tetraurelia codon usage that we calculated by using the whole proteome. The thymidine-ending
codons displayed higher frequencies than the cytosine-ending codons for the Asp, Asn, Cys, His, Ser
and Tyr residues in the P. fetraurelia genome as in other eukaryote genomes. However the Phe-
encoding codons provided an exception with an over-abundance of the 5’-TTC-codons relatively to

the 5°-TTT-3’ codons.

Conserved sequence identification.

Sequence conservation was analyzed with CDS coverage values of 55%, 65% or 75% (see Figure
S2). With a CDS coverage of 55%, about 13%, 19%, 31% and 31% of the macronuclear genome were
conserved between the DNA ohnologous blocks arisen from the AD, OWG, IWGD and RWGD,
respectively. With a CDS coverage of 75%, about 18%, 28%, 44% and 41% of the macronuclear
genome were conserved between the same DNA ohnologous blocks. Finally, with the retained CDS

coverage of 65%, about 23%, 37% and 36% of the macronuclear genome were conserved between the
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OWG, IWGD and RWGD DNA ohnologous blocks. The three genomic subsets are mainly included
into each other, but not totally, so that altogether the conserved sequences identified in that case
account for 47% of the P. tetraurelia genome. While the percentages of the conserved sequences
between the DNA ohnologous blocks displayed some variation depending upon the coverage values,
the relative abundance of the different genetic elements were only slightly sensitive: conserved
sequences distributed into 0.1% of RNA gene sequences, 3.5-4.6% of intron sequences, 4.9-10.9% of
intergenic DNA and 84.4% to 89.5% of CDS in the four genomic sets. CDS coverage of 65% drew out
intergenic DNA, intron and ncRNA gene coverages of 20%, 71% and 88%, respectively (Figure S2)
The high intron coverage was a consequence of the short intron size of 25 bp on average and minimal
conservation length of 100 bp with which the Phastcons program worked. This led introns to be

enclosed within larger fragments.

Conserved structure identification.

Using higher cutoffs, less candidates with a higher specificity (a parameter that estimates the
percent of the true candidates) and a lower sensitivity (the percent of snRNA and tRNA recovered
amongst those present in the different subsets) were recovered. The RNAz program was also run onto
conserved sequences of the OWGD genomic subset and two additional candidates were recovered. The
relative paucity in recovering RNA structures from this subset did not appear to be due to the
incapacity of the RNAz program to run on sets of >6 sequences. Although OWGD subsets may
theoretically harbor up to 8 homologous sequences, none of the ncDNA subsets did it. The relative
paucity in recovering RNA candidates from the OWGD genomic subset should rather reflect a lack of

such sequences in the P. tetraurelia genome.
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Supplemental Table Legend

Table SI. ncRNA putative genes and evolutionary conserved RNA putative secondary
structures. The 5S RNA, snRNA, snoRNA, SRP RNA, telomerase RNA and tRNA putatives genes
are listed with their genome positions on the corresponding pages. The singleton or cluster
organization, the number of experimental clones recovered, the targets and the existence of
orthologous targets within mammals (M), plants (P) or yeasts (Y) are indicated in the case of the
snoRNA genes. The structures identified by the RNAz program, adjacent to protein-coding genes
within putative or experimentally characterized UTRs, and those mapping further apart are listed with

their genome positions on pages RNAz-1 and RNAz-2, respectively.
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Supplemental Figure Legends

Figure S1. Sequence identity. Identity of aligned (left) and conserved (right) sequences evolved

from recent duplicates

Figure S2. Identification of conserved sequences. (A) Aligned and (B) conserved sequences
evolved from recent duplicates were split into CDSs, introns, ncRNA genes and intergenic DNA.
While the aligned sequences distributed into 0.06% of ncRNA genes, 3.7% of introns, 17.5% of
intergenic DNA and 78.8% of CDSs, the Phastcons sequences distributed into 0.08% of ncRNA
genes, 4.6% of introns, 6.4% of intergenic DNA and 89.3% of CDSs. (C) Coverage of 65% for CDSs
drew out coverage of 72% for intron sequences, 88% for ncRNA gene sequences and 28% for

intergenic DNA sequences.

Figure S3. Sequences flanking ncRNA genes of Tetrahymena thermophila. (A) Pol Il-transcribed
genes. USEs, TATA-boxes and IEs map upstream of the U1, U2, U4 and U5 snRNA gene 5’ regions,
DEs map downstream of the gene 3’ regions. The USE, TATA-box, IE and DE consensus sequences
and inter-element distances are shown. (B) Pol Ill-transcribed genes. USEs and TATA-boxes map
upstream of the U6 snRNA, SRP RNA and telomerase RNA gene 5’ regions, polythymidine stretches
map at the gene 3’ regions. The USE, TATA-box and polythymidine stretch consensus sequences and

inter-element distances are shown.

Figure S4: ncRNA gene characterization. Graphic representation of the gene candidates recovered

with different profile-based programs. (A) snoRNA genes, (B) tRNA genes.

Figure S5. Screen shot of conservation tracks. The P. tetraurelia genome has three ohnologous

genes encoding U6 snRNAs, one of which maps on scaffold 52. Conservation tracks were established
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for ohnologous sequences arisen from the RWGD (upper track), and for ohnologous sequences arisen
from the RWGD and IWGD (lower track). Red arrows point to sequence conservation of USEs (see
Figure 2). Upstream of the USE of the U6 snRNA.l1 gene lies one protein-coding gene
(GSPATG00017346001) with three paralogs in the genome. The lack of any sequence conservation
downstream of the U6 snRNA.l gene indicates that deletions occurred within the ohnologous

regions.

Figure S6. SnoRNA gene OHSets. Box H/ACA snoRNA genes grouped into 19 OHSets and box
C/D snoRNA genes, into 52 OHSets. 18 box C/D snoRNA OHSets were further organized into
clusters. Clusters 1-1 to 1-4 are inserted within scaffolds 91, 92, 134 or 15. (A) Cluster organization.
Clusters 1 1 and 1_2 harbors 8 snoRNA genes, cluster 1 3, 6 genes and “cluster” 1 4, 1 gene. Gene
sizes are indicated (upper lanes), as well as distances separating boxes C and D of adjacent genes
(lower lanes). A TATA box and a USE lie upstream of ohnologs PtCDO1 1, PtCDO1 2 and
PtCDO1 3, and a polythymidine stretch, immediately downstream of ohnologs PtCD06 1, PtCD06 2
and PtCDO06 3. Conserved nucleotide motifs are indicated by hatched boxes. Corresponding
sequences are aligned below. “Cluster 1 _4” only harbored one gene and a polythymidine stretch. (B)
Cluster conservation. SnoRNA sequences that form duplexes with RNA sequences for the guiding of
nucleotide modifications are shaded. Boxes C and D are boxed. Positions identical between ohnologs

are marked by stars.

Figure S7. tRNA genes. The 216 tRNA genes grouped into 50 functional sets of 6-20 members
accordingly to the anticodon sequences. Codon and anticodon frequencies are indicated so that the
codon or anticodon sums for a given amino-acid are 100%. Codon usage frequency was calculated by

using the whole proteome.
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Table SII . Conserved elements amongst aligned sequences. The four genomic sets were

analyzed so as to recover 55%, 65% or 75% of the CDSs amongst the aligned sequences.

Target Expected Conserved CDS tRNA
Genomic Set Method coverage length  elements(bp) coverage coverage PIT Lmin
55% 0.600 55 22,279,398 56.04 86.40 9.82 81.61
RWGD 65% 0.825 185 25,938,353 65.05 85.96 9.81 100.90
75% / / / / / / /
55% 0.460 27 21,864,333 54.91 91.67 9.82 21.76
IWGD 65% 0.666 55 26,219,934 65.18 92.14 9.80 25.50
75% 0.896 180 31,300,132 76.51 95.46 9.81 31.74
55% 0.470 29 13,850,317 54.73 94.82 9.86 10.58
OWGD 65% 0.670 50 16,659,965 65.02 94.88 9.81 12.03
75% 0.852 104 19,661,506 75.46 99.88 9.81 14.22
55% 0.450 25 9,318,383 57.65 92.27 / /
AD 65% 0.640 50 10,617,768 65.24 94.60 / /
75% 0.808 50 12,609,434 76.09 99.37 / /
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Figure S6
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