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Abstract

RAG1 and RAG2 are essential subunits of the V(D)J recombinase required for the generation of the
variability of antibodies and T-cell receptors in jawed vertebrates. It was demonstrated that the
amphioxus homologue of RAG1-RAG2 is encoded in an active transposon, belonging to the
transposase DDE superfamily. The data provided supports to the possibility that the RAG
transposon has been active through the deuterostome evolution and is still active in several lineages.
The RAG transposon corresponds to several families present in deuterostomes. RAG1-RAG2 V(D)J
recombinase evolved from one of them, partialy due to the new ability of the transposon to interact
with the cellular reparation machinery. Considering the fact that the RAG transposon survived

millions of years in many different lineages, in multiple copies, and that DDE transposases evolved
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27 their association with proteins involved in repair mechanisms, we propose that the apparition of
28 V(D)Jrecombination machinery could be a predictable genetic event.

29

30 Introduction

31 The recombination-activating gene products known as RAG1 and RAG2 proteins congtitute the
32 enzymatic core of the V(D)J recombination machinery of jawed vertebrates. The RAG1-RAG2
33 complex catalyzes random assembly of variable, diverse and joining gene segments that are present
34 in the jawed vertebrates genomes in numerous copies and together, with hyper-mutation, generate
35 the great diversity of the assembled antibodies and T-cell receptors. Therefore, the RAG1-RAG2
36 rolein the V(D)J rearrangement of antigen receptors is crucial for the jawed vertebrates adaptive
37 immunity (Teng and Schatz 2015). Concerning the origins of RAG1-RAG2, it remains elusive for
38 more than 30 years as the genes were only found in jawed vertebrates (Danchin E. et al. 2004). On
39 the other hand, striking similarities between RAG1 and DDE transposase has been noted: common
40 reaction chemistry for DNA cleavage, similar organization of protein domain structure and
41 similarities between recombination signal sequences (RSSs) and terminal inverted repeat (TIRS)
42 targeted by transposases (Kapitonov and Jurka 2005; Fugmann 2010). The hypothetical transposon
43 ancestry of RAG was further supported upon the demonstration of RAG1-RAG2 mediated
44 transposition in vitro (Agrawal et al. 1998; Hiom et al. 1998) and in vivo (Chatterji et al. 2006;
45 Curry et al. 2007; Ramsden et al. 2010; Vanura et al., 2007), thought the efficiency of such
46 reactionsin vivo is highly disfavored comparing to recombination.

47 A next step in the understanding of RAG1-RAG2 recombinase evolution was the discovery of a
48 RAGI1-RAG2-like locusin purple sea urchin genome, where genes for both proteins are oriented in
49 close proximity in a head-to-head manner as RAG1-RAG2 locus in vertebrates. However this locus
50 lacks TIR and thus does not show the typical features of a transposon (Fugmann et al. 2006).Due to
51 the similarity between RAG1l and Transib transposon (a family from the DDE transposon

52 superfamily) and the fact that RAG2 lacks similarity to any known transposon protein, even though
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53 it harbors Kelch-like repeats and PHD domains as other eukaryotic proteins, led severa authors to
54 propose that a Transib-like transposon joined the deuterostomian ancestor genome followed by
55  exons shuffling events bringing Transib and the ancestor of RAG2 together (Fugmann 2010). As a
56 result, the RAG1-RAG2 locus was then recruited for an unknown function. A second much more
57 recent recruitment as RAG1-RAG1 V(D)J recombinase most likely occurred at the base of the
58 jawed vertebrates evolution. Kapitonov and Koonin (2015) went a step further and provided in
59 silico evidence that RAG1 and RAG2 subunits of the VV(D)J recombinase evolved from two proteins
60 encoded in a single transposon as they found three sequences that could correspond to fossilized
61 RAGIL-RAG2 transposon (including TIRs) in one starfish genome. A mgor step in the
62 understanding of the RAG1-RAG2 evolution was reported by our group (Huang et al. 2016)
63 showing for the first time the presence of an active RAG transposon in the cephalochordate
64 Branchiostoma belcheri named ProtoRAG. The full length ProtoRAG transposon is bound by 5 bp
65 target site duplications (TSDs) and a pair of terminal inverted repeats (TIRs) resembling V(D)J
66 recombination signal sequences (RSSs). Between the TIRs reside tail-to-tail oriented, intron-
67 containing and co-transcribed, RAG1-like and RAG2-like genes. The RAG transposon has been
68 recently active in amphioxus as shown by indel polymorphisms. Furthermore the amphioxus
69 RAGI1-RAG2-like proteins could mediate TIR-dependent transposon excision, host DNA
70 recombination, transposition and even signa joint formation at low frequency, using reaction
71 mechanisms similar to those used by vertebrates RAGs (Huang et al. 2016).

72 Here we bring more information about the evolution of RAG transposons. We show that beside B.
73 belchieri, an active RAG transposon is found in the hemichordate Ptychodera flava, that several
74 fossilized transposons are found in several deuterostomes species suggesting that RAG transposon
75 has been active through the history of the deuterostome lineage.

76

77 Results

78 Description of an active RAG transposon in P. flava and many fossilized transposons in
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79 deuterostomes
80 Due to the discovery of an active RAG transposon in amphioxus B. belchieri, we screened all the
81 available genome and EST projects using the query sea urchin RAG1L and RAG2L sequences.
82 Many hits in several deuterostomians species were found, hits are found in protosomians but they
83 show low similarity and correspond to the transib transposons (Panchin and Moroz 2008) and the
84 chapaev transposon family (Kapitonov and Jurka 2007). The family reported by Panchin and Moroz
85 (2008) as well as many other families were found during our survey. However the connection
86 between these families and the RAG1-RAG2 is not clear even if they are related.
87 Among the hits found in deuterostomes, one of them corresponds to a complete transposon and
88 other several fossilized transposons (see Figure 1 and Supplementary Table 1) in the hemichordate
89 P flava. In other deuterostome species, we found evidence for RAG1L-RAG2L structures without
90 TIRs but with many fragment copies of the RAGI1L-RAG2L locus. some species with an
91 incomplete transposon with TIR and RAGL sequences and many other copies of RAG1L-RAG2L
92 fragments. The presence of TIR on many of these copies might indicate that they correspond to
93 fossilized transposons. Transcribed sequences database are available for severa deuterostomes and
94 in most of the case RAGLL and RAG2L transcripts are found, complete or incomplete, thus
95 revedling the domestication of the transposon or their activity.
96 Based on the phylogeny of the RAGIL and RAG2L protein sequences (see Figure 2 and
97 supplementary table 1 for the phylogenetic analysis and the families description), we can find
98 several RAG familiesin P. flava. Among them, B and C families have unambiguous TIR and TSD
99 structure. Two copies of B family show a TSD-5TIR-RAG1L-RAG2L-3TIR-TSD structure. While
100 one of these two copies encodes a complete RAGLL and RAG2L protein, the other one corresponds
101 to RAGIL and RAG2L pseudogenes. However its presence confirms that the authentic RAG
102 transposon appears in this family. The C family has one copy with TSD-5TIR-(RAG1L-RAG2L)-
103 3TIR-TSD structure, this copy seems to be inactivated (severa in frame stop codons,

104 Supplementary Table 1). In addition, three STIR-3TIR copies with no recognizable RAGL/2 genes
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105 and one of those copies has both TSD. We also found 12 structures having the 5' or 3'TIR. We
106 failed to find TSD-TIR structure for other RAG-like families (A and unclassified families) in P.
107 flava, this could be due to the poor genome assembly or to the fact that some families have become
108 inactive. Anyway, these findings are sufficient to show that multiple families of RAG transposon
109 have been and arethriving in P. flava. Moreover, we found several fossilized transposons in the case
110 of Patiria minata as partialy described in 2015 (Kapitonov and Koonin 2015), a 5TIR-
111 RAGIL_fragment-3TIR structure containing TSD and no RAG2L protein, a 5TIR adjacent to
112 RAGIL structure (TSD-5TIR-RAGIL) and other several structures having the 5' and 3TIR but
113 without internal RAG coding sequences. These structures indicate that RAG was an active
114 transposon during the echinoderms evolution. Afterwards a comparative sequence analysis was
115 made in B. belcheri, Branchiostoma floridae, P. flava (Pfl) and P. minata (Pmi) TIR sequences
116 (Figure 3) showing no identity between different Transib, vertebrate RSS and amphioxus, Pmi and
117  Pfl species except the first CAC nucleotides. Nonetheless both sequences analyzed in amphioxus,
118 share TIR similarity, suggesting a possible common origin of RAG transposon between these two
119 species of amphioxus. However, there is no identity between B and C RAG transposon families in
120 P flava, suggesting, despite the similarity between RAG-like proteins of both families, no TIR
121 similarity between each other, as they may be not reactive or functionally compatible. Previously,
122 an equivalent of RSS nonamer, a stretch of nine highly conserved nucleotides has been found in the
123 amphioxus ProtoRAG TIR, though this ProtoRAG nonamer has no similarity with the nonamer
124 found in RSS (Huang et al. 2016). However, there is no such nonamer or equivalently conserved
125 oligomer found in P. minata and P. flava B and C ProtoRAG family. All this suggests that the
126 nonamer structure is not important in echinoderms and hemichordates phyla, but became important
127 in amphioxus and vertebrates.

128 The speciestreein Figure 1 (see also Supplementary Table 1) shows a summary of RAG1L-RAG2L
129 sequences distribution in deuterostomes according to the available data. When genomic and

130 transcription data are available the species names appear in red, whereas when only genomic data
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131 are available the species names are shown in blue, and when only available expressed sequence data
132 corresponds to the species name are black. It is likely that the transposon is active if bona fide
133 sequences are present in the genome in several copies and fragments and if the putative transposons
134 are transcribed as in the case for P. flava RAGL-B and B. belcheri. On the other hand P. miniata
135 seems not to be transcribed since only fossilized transposons are found in the genome. In two
136 species of sea urchin, Eucidaris tribuloides and Lytechinus variegatus, no transcribed sequences are
137 found, but many copies of RAG1L-RAG2L are present on the genome without TIRs indicating that
138 might be fossilized transposons that became inactivated by the loss of the TIR sequences.

139 The case of S purpuratus is more difficult to understand: the published RAG1L-RAG2L locus
140 (Fugmann et al. 2006) renamed here RAG1L-RAG2L B1, was believed to be domesticated, as the
141 RAGIL and RAG2L coding sequences are not interrupted by stop codons, RAG1L and RAG2L are
142 transcribed. And could be functional, but because no TIR sequences has been identified they cannot
143 be a transposon (Fugmann et al. 2006). However, we found many fragments which were highly
144 similar to this sequence in the S purpuratus genome, which could reveal a recent transposition
145 event followed by the domestication of one of its copies (see supplementary data and Figure 3). We
146 found another RAGL copy which arose from a duplication event which occurred at the origin of the
147  echinoderms, named RAG1L-B2. The RAG1L-B2 copy is only found fragmented with multiple
148 recent copies in the genome whereas it is complete as RAGLL transcript. A possible explanation for
149 this second locus could be the existence of an active transposon with the genome sequence not well
150 assembled or otherwise a domesticated or recent fossilized transposon. For most of the species we
151 do not have information at the genomic level, but if we find RAGL transcript, this sequence could
152 correspond to an active transposon, domesticated transposon or recent pseudogene. This shows that
153 the transposon has been present in their ancestors.

154

155 Featuresof the proteins encoded by the RAG-like proteins

156 In ambulacraria (echinoderm and hemichordate) the deuterostome RAG1-like, 816-1136 aa-long


https://doi.org/10.1101/100735
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/100735; this version posted March 17, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

157 shares around 26.52% sequence identity between RAGI1L-B family and vertebrate RAG1, around
158 33.21% between the orthologous RAGL-A family and the vertebrate RAG1 and only 27.79%
159 between RAG1L-A and RAGIL-B, while inside RAG1L-B family are sharing 48.75% of sequence
160 identity and only 20.13% respect to Transib transposase in terms of core region. As regards to
161 RAG1 lancelet, 30.47% and 37.62% sequence identity are shared with A and B families
162 respectively and only 27.45% with RAG1 vertebrate (see Supplementary Figure 2A). Clusters of
163 high identity are found between RAGIL and vertebrate RAG1 along much of their length,
164 suggesting conservation of multiple functional elements. Vertebrate RAG1 uses four acidic residues
165 to coordinate critical divalent cations at the active site (Ru et al. 2015) and all four are conserved in
166 RAGIL (Supplementary Figure 1A, red highlight). In addition, many cysteine and histidine residues
167 that coordinate zinc ions and play a critical role in proper folding of RAG1 (Kim et al. 2015), are
168 conserved between RAGIL and vertebrate RAG1 (Supplementary Figure 1A, * and # symbols).
169 However, RAGLL does not share much identity with vertebrate RAG1 in the region corresponding
170 to the nonamer binding domain, consistent with the fact that RAG transposons TIRs have no clear
171 similarity to the RSS nonamer. In fact, different families of RAG1-like have little similarity to each
172 other in the putative nonamer binding domain, consistent with the fact that different ProtoRAG
173 families have very different TIR sequences and no obvious nonamer regions, excluding the
174 amphioxus TIR. Finally, there are also some RAGI1-like specific conserved regions (see
175 Supplementary Figure 1, underlined by *). It should be noted that PfIRAGLL-A and jawed
176 vertebrate RAG1 show conserved position in the alignment not shared with other RAGILL families,

177 RAG2ZL 366-535aa long, shares low sequence identity between B family and vertebrate RAG2
178 (18.69%) and between B family and lancelet RAG2L (25.02%). On the other hand the RAG2L-B
179 family shares around 45.90% while lancelet RAG2L shares only 20.24% identity with RAG2
180 vertebrate (supplementary Figure 2B). However, the N-terminal six-bladed 3-propeller domain (six
181 Kelch-like repeats), which is conserved in both vertebrate RAG2 and ProtoRAG RAGZ2L, can be

182 discerned in RAG2L. Strikingly, amphioxus RAG2L lacks the entire RAG2 C-terminal region,
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183 including the PHD domain as shown previously (Huang et al. 2016). However, this PHD domain is
184 present in all other echinoderm and hemichordate RAG2 proteins (Supplementary Figure 1B). Thus,
185 the absence of this region in amphioxus RAG transposon might be a secondary loss.

186

187 Phylogenetic relation between the RAG families

188 The phylogenetic analysis with the complete RAG sequences from the available deuterostome
189 species are shown in Figure 2A and 2B and synthesized in Table 1. At least two sub-families have
190 been present in the ancestral deuterostome, named RAGL-B and RAGL-A. Other families such as
191 RAGL-C have not been included in the phylogenetic history as they are found only in one species
192 (Table1).

193 In the case of the orthologous relation found between RAGI1L-A of P. flava (hemichordate) and
194  vertebrates RAGL recombinase, we can observe that RAGL-A was lost in many lineages excluding
195 hemichordates and jawed vertebrates. RAGL-B conversely, is lost in tunicates and in vertebrates
196 lineage but conserved in severa lineages as cephalochordates, hemichordates and echinoderms.
197 Furthermore the phylogenetic analysis shows that RAGL-B has been duplicated in the echinoderms
198 ancestor after the hemichordates/echinoderms split, and both copies have been kept (even if most of
199 them have been inactivated) in most of the echinoderm species (Table 1 and Figure 2C).

200

201 RAG transposon has been active during the deuter ostome evolution

202 From the RAG transposon status: active, fossilized, domesticated, absent (Figure 1 and see the
203 description of an active transposon in P. flava and many fossilized transposons chapters), we can
204 proposed the following evolutionary history (Figure 4). The transposon has been active in the
205 deuterostomes ancestor and in the branch that leads to the common ancestor of chordate, still active
206 in cephalochordates and domesticated as a RAG1-RAG2 V(D)J recombinase in the common
207 ancestor of jawed vertebrates. The transposon has been lost in the Petromyzon lineage. The

208 transposon has been active in the branch originated from the node between deuterostomes and
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209 ambulacraria antecesors. It remains active in hemichordates inside the subphylum of Enteropneusta
210 (at least on the P. flava lineage) but is lost in the other enteropneusts as S kowalevskii.
211 Unfortunately we do not have genome information for the other hemichordates subphyla:
212 Pterobranchia. In the case of the echinoderms lineage, the transposon has been present in the
213 echinoderms common ancestor, in the branch leading to the common ancestor of crinoid, in the
214  clade formed by the sea urchin and holothuroids and in the clade formed by starfishes/ophiures. It
215 has been then lost in the crinoid lineage. The transposon has been active in the branch that goes
216 from the common ancestor of echinoderms to the common ancestor of sea urchin/Holothuroids and
217 starfisheg/brittle stars. Concerning the Asteroidea/Ophiuroidea group, the transposon has been
218 active in their common ancestor and has been active in the Ophiure lineage in particular in O.
219 gpicalatus where the transposon is likely to be active or has lost its activity recently. The transposon
220 seems to have been inactive in the starfish lineage but fragments showing similarities to RAG1-L
221 and/or RAG2-L transposons are found in this species. Furthermore, transposons are clearly found
222 fossilized in P. miniata. In the case of sea urchin/holothuroids group, it seems that the transposon
223 has been active in their common ancestor and inactive in the holothurian lineage. We should also
224 note that the transposon seems to be active in some sea urchin lineages as in E. tribuloide but much
225 lessin others.

226

227 Discussion

228 In this report we show that a RAG transposon has been present in the deuterostome common
229 ancestors and was active since then in some lineages, fossilized later during evolution and
230 domesticated at least in the case of jawed vertebrates. The structural and regulatory features that
231 cause the jawed vertebrate RAG V(D)J recombinase to favor deletional/inversional recombination
232 over transposition as in the case of the RAG transposase (Huang et al. 2016) is not yet resolved. It
233 could be explained by how the cleaved ends and particularly the signal ends are processed. The

234 RAG V(D)J recombinase binds signal ends tightly as excepted for a transposase but it has acquired
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235 the possibility to give up these ends efficiently to the non-homologous end joining machinery. This
236 alows recombination and prevents the propagation (Teng and Schatz 2015). Thus the jawed
237 vertebrate V(D)J recombinase differs from the current RAG transposon, as well as its transposon
238 precursor, in how it interfaces with the DNA repair apparatus. This new property occurred likely in
239 thejawed vertebrates common ancestor.

240 DDE transposases have been shown to interact with repair proteins. For example the Sleeping
241 Beauty transposase interacts directly with the Ku70 repair protein (Izsvék et al. 2004) and the pogo
242  transposase of D. melanogaster interacts with the proliferating cell nuclear antigen (PCNA), a key
243 protein for DNA replication and repair (Warbrick et al. 1998). Therefore, the associations of DDE
244  transposon with DNA repair and replication factors appear to evolve in a convergent manner
245  (Feschotte and Pritham 2007). This characteristic and the fact that the transposon survived during
246 millions of years in multiple copies in different lineages increased the probability of the co-option
247 of the RAG transposon as V(D)J recombinase. Therefore the apparition of V(D)J recombination
248 machinery in the jawed vertebrates phyla could be labeled as a predictable genetic events.

249 Our results could also explain better the origins of the T-cell receptor and B-cell receptor gene
250 organization. The earlier proposed scenario (Fugmann 2010; Koonin and Krupovic 2015; Hsu and
251 Lewis 2015) involved an insertion of the RAG transposon into the ancestral IG/TCR V-gene, prior
252 to the externalization of the RAG1-RAG2 complex while leaving the RSS-like TIR within the
253 IG/TCR V-gene. This was followed by duplication of this new genetic structure: VRSS-RSSJ. The
254 RAG transposon was then co-opted as V-J recombinase and the system started to work. However,
255 this scenario explains the V-J structure |G light chain, TCR alpha and gamma chain but not the VDJ
256 organization of IG heavy chain or TCR beta and delta chains. Hsu and Lewis (2015) proposed the
257 following scenario for the origin of the D segment: the duplication of the VJ unit, followed by J- to
258 V- recombination and the insertion of non-templated N-region into the signal joint generates a proto
259 D segment. We proposed here an alternative hypothesis to explain the VDJ organization: while one

260 RAG was domesticated (likely RAGL-A orthologue), other RAG transposons (likely RAGL-B
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261 orthologue) were till active as one of them split the VRSS-RSSJ copy and gave rise to VRSS-
262 RSSDRSS-RSSJ. RAGL-B transposase became then extinct and finally was lost during vertebrate
263 evolution.

264

265 Material and methods

266 Identification of RAG1 and RAG2-like sequence in different data bases

267 RAGI1-RAG2-like locus identified in the echinoderm Srongylocentrotus purpuratus and in the
268 vertebrates genome were used as a protein sequence to perform a TBLASTN-based search against
269 the NCBI nr protein, transcriptome shotgun assembly (TSA) and the WGS database as of June 2016
270 (Altschul et al. 1990). These retrieved sequences were extracted and translated by ExPASy
271 Trandate tool. Potential open reading frames of RAG1-RAG2 elements used in this study were
272 predicted using FGENESH (Solovyev et al. 2006) with the sea urchin organism specific gene-
273 finding parameters. The mMRNA sequences were then assembled into contigs by CAP3 (Huang and
274 Madan 1999).

275

276 Phylogenetic analysis

277 The alignment and trees were constructed using MEGAG6 (complete deletion, WAG with Fregs. (+F)
278 correction model, 1000 bootstrap replicatesin Tamura et al. 2013). Thus, whether they are active,
279 fossilized or domesticated was classified into families. Short sequence copies were analyzed one by
280 one with the reference data set

281

282 Sequencesearchesfor TIR and TSD motifs

283 We used three methods to search target site duplication (TSD) and terminal invert repeat (TIR)
284 sequences. In the first method, the upstream and downstream 20 Kb of sequence flanking the
285 RAGI1-RAG2-like sequences were extracted and separated into a set of small fragments (using a

286 window size of 60 bp and a step size of 1 bp). In the first method, each upstream fragment was


https://doi.org/10.1101/100735
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/100735; this version posted March 17, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

287 compared with each downstream fragment for 4-6 bp TSDs and possible TIRs using a custom Perl
288  script. We required 40% identity for potential TIR pairs, and allowed only one mismatch for TSD
289 pairs. In the second method, all upstream fragments were compared against all downstream
290 fragments using BLAST. We required a minimum e-value of 100 and sequence identity of 40% in
291 the BLAST search. However, these two methods failed to work well and provided no reliable
292 results. Therefore, we turn to the third method. In this method, we posited that if there are multiple
293 copies of ProtoRAG transposons in the genome assembly, comparison between these copies could
294  help to determine their terminal sequences (TIR, etc.).

295

296 We focused on finding more complete elements that contain both TIR and RAG gene fragments,
297 such as“5TIR-RAGs-3TIR”, “5TIR-RAGS’ and “RAGs-3TIR”.

298 Here is our procedure:

299 1. First weidentified all genomic regions containing RAG1/2 fragments by using TBLASTN
300 and the amphioxus and vertebrate RAG1/2 proteins as queries;

301 2. Theregion containing RAGL/2 plus upstream 20kb and downstream 20kb was extracted,
302 which we called the RAG region;

303 3. Because there should have aclear border between the ProtoRAG and the host DNA, we

304 could determine the potential 5’ and 3'-terminal of the ProtoRAG transposon by comparing
305 RAG regions with each other by using BLASTN (see the Figure below);

306 4. Finally, we examined the potential 5/3-terminal sequences of the RAG regions. Most of

307 them had been destroyed and therefore no detectable TIRs, but several of them shown clear
308 and intact TIR structure.

309 5. AndtheTSD if presents, should be right next to the TIR sequences.

310

311

312 Therefore, the sequences containing the RAGL1/2-like fragments and the 20 Kb flanking regions

313 were compared to each other and also to the whole genome assembly using BLAST. The terminal
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314 sequences were analyzed using a custom Perl script and then subjected to manual inspection.

315

316 Summary of data availability

317 In order to detect the absence or presence of a given structure in the genome or transcriptome, we
318 need to extract al the available taxonomic information from the NCBI database. It has to be noted
319 that evenif the sequence for a given genomeis not complete, when RAG1L-RAG2L seemsto be an
320 active transposon, we should find an active or at least a fossilized transposons (in several copies).
321 Focusing on the genome database we can find species such as Parastichopus parvimensis,
322 Acanthaster planci, Ophiothrix spiculata, Petromyzon marinus, Branchiostoma belcheri,
323 Oikopleura dioica, Botryllus schlosseri & Ciona savignyi. Transcript sequences can be provided for
324  Saccoglossus kowalevskii, Anneissia japonica, Psathyrometra fragilis, Abyssocucumis albatrossi,
325 Sclerodactyla briareus, Apostichopus japonicus, Parastichopus californicus, Echinarachnius
326 parma, Evechinus chloroticus, Paracentrotus lividus, Sphaerechinus granularis, Arbacia
327 punctulata, Henricia sp. AR-2014, Echinaster spinulosus, Peribolaster folliculatus, Leptasterias sp.
328 AR-2014, Pisaster ochraceus, Marthasterias glacialis, Asterias rubens, Asterias forbesi, Asterias
329 amurensis, Luidia clathrata, Patiria pectinifera & Ophiocoma echinata. Finally, together with
330 genomic information and transcript expression we have Ptychodera flava, Eucidaris tribuloides,
331 Srongylocentrotus purpuratus, Lytechinus variegatus, Patiria miniata, Homo sapiens, Mus
332 musculus, Gallus gallus, Xenopus tropicalis, Latimeria chalumnae, Danio rerio, Carcharhinus
333 leucas, Carcharhinus plumbeus, Branchiostoma floridae and Ciona intestinalis.

334
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Figure 1| Distribution of the RAG1-RAG2 sequences in deuter ostomes. Only species for which

the genomic and/or transcription data are available are represented in the phylogenetic tree. Species

are colored in red when genomic and transcription data are available, in blue when only genomic

data are available and species are colored in black only when expressed sequence data are available.
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411 Phylogenetic analysis with the complete RAG1 (2A) and RAG 2 sequences (2B). See also table
412 1. Phylogeny of two families A and B and other families such as P. flava RAG C are only found in
413 one species (see also table 1). It is therefore difficult to decipher their story.
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416 Figure 2C | Schematic drawing of duplications and losses of the RAG families during the
417 deuterostome evolution: duplication (D) and lost (X).
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* 20 * 40 * 60
BAG-RSS : [eEeEElEn N NN NANN NN - NNNNNNANNN - —— —————— == —— == —— —— —— ——— nnn‘CB:BAAEE : 39
Transib : [ ViECCnNNAINN NN - NNNNNNNNNN - —— —————————— ———— —— ——— nnannnniEEnnnnn : 41
Bbe bac2 5 71 bp HI C A C T G A A A A e T T A e TG T AT AN G T GGCGGECATE T TGRS
Bbe altl2 5 71 bp 1 (oY AERY YA Cv (e Gy CUN G Rl A Tely - — —— —— —— —— —— —— ———— ——— GECATE T T{CREH%
Bbe ref26 5 71 bp 1 (oY AEE A CHlL (O A UG OE ATy — —— —— ———— —— ———— —— ——— C] CATC T TGRS
Bbe ref27 5 71 _bp : (ot AEE A (O A G o ATy — —— —— ———— —— —— —— —— ——— C] CATE T TCHES]
Bfl Bf12 5 71 bp HlCAC ‘leEAAAGTTA(- TG “TACCCEC GECATCTT CREE Y
Bfl Bfl1l14 5 71 bp HECACHATGEARAGT TRCETETECATAMGC T ANNGE GCT TEI®GT(e C CGE Tele (89 G CGGE CATE T T CREY
Bbe bac3 5 71 bp B CrcTGARARET TARE CATNEGGT] ] GECATC T TSl
Bbe bac2 3 71 bp : [ohelii RiifeRb . deca € GCCATC T T/ Y]
Bbe altl2 3 71 bp Bl CACEIGAT! Jd\eca CGCCATCT TN
Bbe bac3 3 71 bp Bl CACHEIGAT! d\eca CGCCATC T T
Bbe ref26 3 71 bp : [ohelii RiifeR\ . Jgeca CGECATC T TN
Bbe ref27 3 71 bp Bl CACIIGAT? deca CGCCATC T TN Y]
Bfl Bf12 3 71 bp N CACTETGE plecle CGECATCT TGN Y
Bfl Bf114 3 71 bp N CACTENIGAR? plecle CGECATCT TGN Y
Pfl_C_BCFJ01102604_5_71 bp : [enaieruNeler:y:\isifenyClelspvatchy:yb Thyciopyiie —— —— ey : 60
Pfl_C_BCFJ01031953_5_71 bp : [enleruNeler:y:\isfenyClon gt chy:yb Thyciohyiie — — ——ijgeii.uy : 60
Pfl C_BCFJ01084502_5 71 bp : [erter:udeler¥:ViyieyyClons gt iyl Ty e ol —— —— ey : 60
Pfl C BCFJ01107546 5 71 bp : [erXerNdelesr iy chyclenduv LYY\ Thyclohyile —— ——[iade: .Uy : 60
Pfl C BCFJ01016857 5 71 bp : [enlerNNeler:y:\isieyyClelsppatchy:yb Thyciopyiife —— —— ey : 60
Pfl C BCFJ01036631 5 71 bp : [enlenuelesrtlisic THTAGAAATINTGE TGtk T C AAT : 60
Pfl C_BCFJ01047137_5 71 bp : TACATCGCATTE TETAGAAATINTGE T Gttt T C ART : 60
Pfl C_BCFJ01046932 5 71 bp : [SXerNNelerYXiuifSiNcle: C v 2Ly Thyclotyife —— ——iager-\i : 60
Pfl C BCEJ01107167_5_71 bp : (ohXergenp¥atii(ehycielnyvaVcray:\ Ty clofyile —— —— ey : 58
Pfl ¢ BCFJ01070588 5 71 bp : [onTh- -[ek¥abiv:hyclen sl ch¥aya Thge Cjn T - — —— gy eV Al T Cle cle o Clefole oo : 58
Pfl C_BCFJ01150129 3 71 bp : [eEter:Nyeleortiyilcinigelole op:uy vVl C A THRIErYN — — AgyThAelody (e Tigiele: e Alelele . cloligicle : ©2
Pfl C_BCFJ01103012_3 71 bp : [e:lerNyeleohtiyileiny TAGARRERTHAGC TIETIGHT TGGEE 2 GGGAGCT TIE CREE
Pfl Cc BCFJ01107168 3 71 bp : TAGAAR THAGCTTIGHT TGGET FAGGGAGCT TIC CRuN
Pfl C BCFJ01048214 3 71 bp : TAGAAR T YT G T TGRTT 92 GRGAG CT TC RN
Pfl C_BCFJ01102604_3 71 bp : [e:lerNyele ohtiyileiny TAGARRERTHAGC TIEIGHT TGGEE 2 GGGAGCT TIE CRE
Pfl C_BCFJ01107546_3_ 71 bp : [eElenNyelesntivile.jy TAGAREETE AGC TIEEGHT TGGEE 2 GGGAGCT TIE CREYA
Pfl C_BCEJ01287958_3_71 bp : (ohNerNyeleshViieiid TAGAARERT CH Gl TETAN T[8 G GTT G2 GEIAE C T TT CREE
Pfl C BCFJ01036631 3 71 bp : [erNeh:Neleiok\iyifehy| T GC TTIGH T TAGET GCG GG Y-S
Pfl C_BCFJ01070588_3 71 bp : [e:ierNuyeleof ey B TCEGC TIETAR TG HET GEGEGAACT TT CR-l]
Pfl C BCFJ01083599_3 71 bp : [eEbiNyele . B TCRGC TIETAN TG HETGEGEGAACT TT CR-l]
Pfl B BCFJ01052780 5 71 bp : CACTqiT.E. A PGV TEATEAGTGTAWEAT : 60
Pfl B BCFJ01017854 5 71 bp : [ehtelnuikc: 2 ENQV TIATEACTGTAWEAT = 60
pfl B BCFJ01094280 5 71 bp : [deiyyilesc: AT AT AATTTARENGR @ 60
pfl B BCFJ01052781 3 71 bp : [oae AT ATleA aTCcrEATEGCEGCET @ S6
Pfl B BCFJ01094280 3 71 bp : ::ACEATAT-A NATCH:AATEGC®GCOT : 60
Pmi JH771625 5 71 bp I CACAGBCGARAAAT[ECCTT? TIEAGAGGEEGGCAAGCHENEN]
Pmi_JH782081_5 71 bp HlCACAGCGARAMATACK ( : 60
Pmi_JH779599 5 71 bp HlCACAGCGARRNATA : 60
Pmi JH774215 5 71 bp HECACAGCGARARATAC GAATT GO AR CGE AACIEGJ [NeAclsle : 60
Pmi JH78045% 5 71 bp HECACAGCGARARATACCCT GAATT GO AR CEGE AACIEGJ [Nenclele : 60
Pmi_JH78114% 5 71 bp HECACAGCGAARRAATA GAATTGEeAREESS CGE NACEG( C [@Xenclen : 60
Pmi_JH77554%_5 71 bp HECACAGCGAARRAATA 0 e CGE ANACIEGC eelecoleTWNeACvE : 60
Pmi JH774292 5 71 bp : CTCAGTGAAAAETE o A T GE A GCEG] ARGEEGGCAJAGE CREN]
Pmi JH769343 5 71 bp HECACACTGCAARAAATECCITANANARAT TGO AR CECACCECCMEE TACAGGEEGG CACEIGE CREuNl]
Pmi_JH771625_3 71 bp HECACAGCGRAARRAATT! N Gelip cigeligat| - — — (e AleGle ANE G WCAETGCCETHEGCAGARBA : 60
Pmi_AKZP01165822 3 71 bp HECACAGCGAARRAATT! CATTGGTAETGTA‘————E‘L [EAINEG RCAETGCCET[EECGTAGARR @ 60
Pmi JH77959% 3 71 bp HECACAGCGRARARATT ATIEGECET GT ARt W ClE (N T Gl G A T G( G GABA : 60
Pmi AKZP01172991 3 71 bp HECACAGCGAAARATTCCCEATHIEGOCET GT AAREESS (FAClE AT GE CHATGHEGGCGING] GABA : 60
Pmi_AKZP01156453_3_ 71 bp HECACAGCGRAARRAATT! CATHEEGOCET GT AAREEEE (P ClE (P T GIE G AT G( & GABA : 60
Pmi_AKZF01162400_3 71 _bp HECACAGCGAARAATTCCCEATIHEGOCET GT NARSES (FNCIE GC TGEG A T G( & GAGA : 60
Pmi JH770396 3 71 bp HECACAGCGAAARATTECCEATIIEGOCET GT ARy (P ClE FAT Gl G AT G( G GABA : 60
421
422 Figure 3 | Full length alignment of the TSD and TIR sequences. (3A) Alignment of RAG
423 transposon TSDs and flanking sequences from the P. flava, P. miniata, B. belcheri, B. floridae
424 genome. The length of the TSDs is the same: 5bp for the Transib and the RAG-L transposon
425  which indicates ssimilar mechanisms of transposition (3B). Alignment of ProtoRAG TIR sequences
426 with the consensus RSS and Transib TIR. IUPAC codes used in the alignment: N=A, C, G or T;
427 K=G or T; W=A, T; V=A, C or G Lower case indicates an undetermined nucleotide. Shading
428 indicates sequence conservation, with darker gray indicating a higher degree of conservation. Bbe:
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429 B. belcheri; Bfl: B. floridae. Pfl: P. flava, Pmi: P. minata RAG transposon copy identification
430 numbers correspond to those listed in Table S1.

431

¥ Pterobranchia (Pterobranchs)

.. Enteropneusta (acorn worms)

?Crinoidea (crinoids)
— 4 Holothuroidea (sea cucumbers)

— () Echinoidea (sea urchins)

— ﬁOphiuroidea (brittle stars)

ﬁ ? Asteroidea (starfishes)

N Gnathostomata (jawed vertebrates)

—+<=Cyclostomata (jawless vertebrates)
.7 Cephalochordata (cephalochordates)

< 7Appendicularia (appendicularians)

432 L (' Ascidiacea (sea squirts)
433 Figure 4 | Evolution of the RAG transposon. Transposon activity is indicated in bold pink and

434 V(D)Jrecombinase activity isindicated in bold green.

435
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RACIBI-liks

RACGIBI-like

RACGIB-lHz

Other families
Not phylogenstieally

Not found

RAG2BI-like

RAG2BI like

RAG2IB-He=

‘Other families
Not phylogenatically
aszigned

Not found

436

437 Table 1 | Presence of RAG subfamilies in the different species. Sequences were classified
438 through phylogenetic analysis. Short sequence copies were analyzed one by one against the
439 reference data described in Figure 2A and 2B The classification as B family (or A family labeled
440 with “**”) is straightforward as it is based on orthologous relationships between different phyla
441 (differences between echinoderms and hemichordates for example). Inside B family, two groups
442 named B1 and B2 are found in several echinoderms. If an echinoderm sequence is classified as B
443 family, but not as B1 or B2 we call it B-like (RAG1Bd-like is labeled with “*” while RAG2Bb-like
444  and RAG2Bc-like are labeled with “***”). We have two specific cases, C family only found in P.
445 flava (RAGL labeled with “**” and RAG2 labeled with “****”) and X family in Ophiotrix
446 gpiculata. The rest of species which do not belong to A or B family, are not phylogenetically
447 assigned due to the fact that none enough phylogenetic signals are available.

448

449

450

451

452

453 Supplementary figure and table
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human NIAL s ol - -{eende | EETIFSHROS VT FHES]————
mouse MTIAL 'Q"l"F b KPAIFERDE EYRGST -
platypus MESLIGPGF: LODIK==<RNQL, KPATFSEDS TRTLENSL====
chicken MSSLLOPGS SeL LDIEK ONE. KFARFSRDS IMTLRGNG
frog INTSLIQPGF LI LDLE NND REPATFTNDS SESASQ
zebrafish CGSLVQPGEF SELTY VRIE FGE RAISFSNNS HFEAQD
shark NCHLIYAGE Fb WLHELE---GHIFREAVSFSPDS HYSDPS—--~
BoeHAGZL 2 e, IKESOSALGT EFpVY 3. SLMEEVEAM VWGPPLPE-~-
PLIRAGZLE B ¥ RRNSRKRFF“I.[.F FF ESVQEFTTR LHISTP====
EpuRAGZLE]l : <=--gF FEPCSDLELMEYYIRFECRF > At ZPE g o e 3 DENDOVTLA GRMPALGSAR
EtcRAGZLB1 DT FETCLNLRLGESY PEESSCT HPG FTQEGER G GACSSRTDRAG SIb VFEVDDEDVY GRMPSLOS-A
EmiRAGZLEZ FRTCLEMNLGENY PEECEC: LSLE HH: KEERTRCDGA AIT MLPPLHG--A
EchRAGZLBZ : 3 BERNNLEVELGEEY EREC CSARSREGHNEY! 7 KEEATRNEGS TL GTIRPLHG-A
ETrRAGZLEZ : EAA .ET ! I:gl Pl k_} BERSNLESKLGGEYH FRSS: EKE REEAITRUEAS----TL TEGCIRPLYG-A
annotation : 3
SDK Vg SV CEN - NEE) & RSYMPSTHRTTEHN

=
S I8 A CHN - NEE EH & STQRTTER
SN " ACHS-HiE] 5
i I 8 VKT - e
Ed TIRAF L
558 Mg nsRECNRE) L y RsvvnnTPwmvcu
ENT, : le Lo [+ "] REYRPPOGRTTEN

BbeRAGEL ToV TRITH TERTTHAR) e A

PELRAGILE VMBI Tl ED 55 5

SpuRAGZLD1 111 R ET FEUTVEVERG it K

EtrRAGZLEL 1118 | LRUIR 'V HT 5 j—NKVPL’“’T o

EmiRAGZLBZ Lv 1 BTV ETLHRIT -GOTEHGT G- B

FEchRAGITEZ v TRTEVCTENED - LECENQT = K

ELrRAGZTEZ LAT MR TCTIEEC T SCOME-FRTLEHES L R

annotation

C BoBror L -ANLYRIRVOLELG
A ER TR RLGD L =ANLYRIRVOLPLG
.GDEL ~PHLFRLEVILELC
£ THRELCD L -=--NNTRP----PELYELEVDLET,
frog : EC QDEL - --NNERE ENVYEIKVDLELG
zebrafish : [BCC HeBLToo0 5---SDCRP SRLIRLHVELLLG
shark : (B PHEE oA F - s E-—-NNHRF-~~-ARLLSLEVILLG IRPSVRCTH FNRG LA~~~ - W SSG I CAS S CREE VRN E SR -~
BEeRAGZL E-ELVER: i ~ERLSVSLVVCLKI§DTSQYT HHOKSGL-HEPEPSROLY-—-
PELRAGZLE 3 QLEFR 3 YAVKRV ALY~ LQNJ\HLAKU‘-
T EnTLoR THTAVLET
; TETRF-STT R TrvPov
FmiRAGZLBZ E LITER A HREALN _V_Y"‘HI"KF‘ SLASTT
EchRAGILEZ : [ LIGAR D---EGTETFRESLSEITIVSMDROINOFSLSESILEVS! zznpnvzsxaca
EtrRAGILEZ : [BE FEE-LIQAR o TIVIVORQUENFSLSEllSFERSE EMCEGRAEVASS

annctation
human : 23 METPCWTPDIERH F [ECTTER! B T SF
mouse : BGONTIEMS IMETPOWTSDIKE | [DOEIV] T £ TE &P
platypus : BEDNEFE F] [DOATY] B T S
chicken : BEDNEIE H ELTAL o T 3 i
frog : TIL IETPCWTGEIKE FALCH {=3 ME TRN.
zebrafish REFPLWISEISH Fl MGEATA F. Al G
shark ] EESCVE FEEE. -3 INEY
BLeHAGZL 1
PLIRAGILE Y]
EpuRAGZLRE] EgT.E
EtrRAGZLB1 ILNLAS LS
FmiRAGZLE2 LHELCSD LT
EchRAG2ZLE2 =~ gfte)
ETrRAGZLE2Z SELE
annotation
WIT: s ¥ IBPQRVL P GEIL
WIT: s FERY IFERNP B GRVL
WL s ¥ I ERIML L VRIM
Wil 5 L i PREAV i MELT
WK = £ B 3 EERTRE 75 INRL
t WTE B 7 F PECMLF v ELEM
ark 3 WTE BT P F FRERE T TLER

BbeRAGEL
PELRAGILE
SpuRAGZLEL
ETrRAGZLEL
EmiHAGZLBZ
EchRAGZTRZ
ELrRAGITEZ

455 annaotatien
456 Figure Sl | Features of the proteins encoded by the RAG and RAG-like proteins. (A) Protein

KSTGGRERSREN

s-nEnorsveves i cril- - tillc--Te8-—— - ———-
TRN

B

S EEETNR]

457 aignment of RAGILL with vertebrate RAG1. Repeat motifs in amphioxus and the purple sea urchin
458 RAGILL were removed and replaced with an “X” and highlighted in yellow. Three regions of
459 conserved cysteine and histidine residues that might bind zinc are underlined with green bars. The
460 N-terminal zinc binding dimerization domain is underlined with dark-red bars. The subdomains of
461 the RAGLI core region are indicated with colored bars. The conserved acidic catalytic residues are

462 highlighted with red shading (D600, E662, D708 and E962 on mouse RAGL). The PIIRAGILA is
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463 more similar to vertebrate RAG1, and those regions were labeled with “*”. GenBank accessions for
464 mouse RAG1, shark RAGI1, lancelet RAG2L and sea urchin RAGIL are NP_033045,
465 XP_007886047, KJ748699 and NP_001028179, respectively.

466 (B) Protein aignment of RAG2L with vertebrate RAG2. Color shading shows the conservation of
467 physiochemical properties. The N-terminal amino acid sequences correspond to Kelch-like repegts.
468 The central conserved GG motifs of the six Kelch-like repeats are underlined in red. The plant
469 homeodomain (PHD) is also underlined below the alignment. GenBank accessions for mouse
470 RAG2, shark RAG2, lancelet RAG2L and sea urchin RAG2L are NP_033046, XP_007885835,

471 KJ748699 and NP_001028184, respectively.

472
Percent Identity Matrix - created by Clustalz.l
1: tramgib-1 HM 100.00 18.97 21.8% 19.39 19,54 19.60 19.93 18.49 18.40 19.83 21.7%
2: BbeRAGIL 18.97 100.00 39.9¢6 35.03 359.4%9 3783 40.20 37.88 30.47 27.55 27.35
3: PL1RAGILE 21.85 39.896 100.00 35.39 40.37 40.84 41.04 359.00 28.4%9 26.54 27.30
4: SpuRAGILB1 19.39 35.03 35.39 100.00 62.11 4313 46.87 42.06 27534 24.74 24,69
5! EcrRAGILB1 19.54 25140 40,37 62.11 100.00 45,70 47.65 435071 28.79 26.60 26.77
6: AToRAGILEZ 19.60 3783 40,84 43.13 45,70 100.00 56.55 54.70 26.78 26.87 25.86
7: EclRAGILB2Z 19,83 40.20 41,04 46,87 47,65 56.55 100.00 58.77 27.5% 28.35 26,75
8: SpuRAGILB2 18.49 37.88 39.00 42 .06 43.71 54.70 58.77 100.00 26.80 27.03 25,749
9: Pf1RAGILA 18.40 30.47 28.49 23 28.79 26.78 27.55 26.80 100.00 33.26 3301N
10: HsaRAGL 19.83 27.55 26.54 24.74 26.60 26.87 28.35 27.03 33.26 100.00 64 .41
zr73 11: CleRAGL 21.75 27.35 27.30 24.69 26.77 25.86 26.75 25.79 33.15 64.41 100.00
Percent Identity Matrix - created by Clustal2.l
1: HsaRAG2 100.00 L 19, 53 17.10 15.21 16.34 19.74 18.62 16.75 18.54
2: CplRaG2 55.34 100.00 20.54 17..05 20.21 16.75 20.16 19.05 15.90 21.04
3: BbeRAGZL 15.83 20.54 100.00 29.50 28.61 21.05 23.81 27.46 20.53 25.07
4: PL1RAG2LBc 17.10 17.05 29.50 100.00 29.80 28.67 29.26 30.77 27.63 27.82
5: PT1RAG2LB 15.21 20.21 28.61 29.80 100.00 29.50 29.61 34.13 33.33 29.48
6: StrRAGZLE1 16.34 16.75 21.05 28.67 29.50 100.00 64.16 41.29 37.20 37.01
7: EtrRAG2LB1 19.74 20.16 23.91 29.286 29.61 64.16 100.00 44,74 42 .64 39.91
8: PmiRAG2LE2 18.62 19.05 27.486 30.77 2a 13 41.29 44,74 100.00 53.79 40, 33
9: EchRAG2ZLB2 16.75 19.80 20.53 27.63 33.33 37.20 42.64 53.79 100.00 59.08
474 10: PliRAG2LE2 18.54 21.04 25.07 27.82 29.48 37.01 309.01 40, 33 59.09 100.00

475 Figure S2 | Percent ldentity Matrix of RAGL1 (S2A) and RAG2 (S2B). In order to provide a
476 multiple alignment, Clustal-Omega requires a guide tree which defines the order in which
477 sequences/profiles are aligned. A guide tree in turn is constructed, based on a distance matrix.
478 Conventionally, this distance matrix is comprised of all the pairwise distances of the sequences. The

479 distance measure Clustal-Omega uses for pairwise distances of unaligned sequences is the k-tuple
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measure. By default, the distance matrix is used internally to construct the guide tree and is then

discarded. By specifying, the internal distance matrix can be written to file.

Table S1 | RAGL distribution in non-chor date genome and expressed sequence. Distribution in

the cephal ordate phyla: B. belcheri and B. floridae available in *°.
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