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Accretion history of large ribosomal subunits deduced from theoretical minimal RNA rings is congruent with histories derived from phylogenetic and structural methods
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Accretions of tRNAs presumably formed the large complex ribosomal RNA structures. Similarities of tRNA secondary structures with rRNA secondary structures increase with the integration order of their cognate amino acid in the genetic code, indicating tRNA evolution towards rRNA-like structures. Here analyses rank secondary structure subelements of three large ribosomal RNAs (Prokaryota: Archaea: Thermus thermophilus; Bacteria: Escherichia coli; Eukaryota: Saccharomyces cerevisiae) in relation to their similarities with secondary structures formed by presumed proto-tRNAs, represented by 25 theoretical minimal RNA rings. These ranks are compared to those derived from two independent methods (ranks provide a relative evolutionary age to the rRNA substructure), (a) cladistic phylogenetic analyses and (b) 3D-crystallography where core subelements are presumed ancient and peripheral ones recent. Comparisons of rRNA secondary structure subelements with RNA ring secondary structures show congruence between ranks deduced by this method and both (a) and (b) (more with (a) than (b)), especially for RNA rings with predicted ancient cognate amino acid. Reconstruction of accretion histories of large rRNAs will gain from adequately integrating information from independent methods. Theoretical minimal RNA rings, sequences deterministically designed in silico according to specific coding constraints, might produce adequate scales for prebiotic and early life molecular evolution.

INTRODUCTION

The order of inclusion of biogenic amino acids in the genetic code, meaning the order by which codon-amino acid assignments occurred, has not yet been fully resolved. Numerous hypotheses based on different, frequently independent assumptions, produce similar inclusion ranks [START_REF] Trifonov | Consensus temporal order of amino acids and evolution of the triplet code[END_REF][START_REF] Guimarães | Self-referential encoding on modules of anticodon pairs-roots of the biological flow system[END_REF][START_REF] Rogers | Evolution of the genetic code based on conservative changes of codons, amino acids, and aminoacyl tRNA synthetases[END_REF]Demongeot and Seligmann 2020a).

These inclusion ranks are useful scales for prebiotic and early life biomolecular evolution. For example, mean positions of amino acid species in modern proteins recapitulate their genetic code inclusion ranks, with recent inclusions coded on average closer to the start, and ancient inclusions to the stop codon [START_REF] Seligmann | Protein sequences recapitulate genetic code evolution[END_REF]Demongeot and Seligmann 2019a).

Further analyses classified tRNA cloverleaf structures according to a tRNA-rRNA scale (Seligmann andRaoult 2016, 2018), expecting that tRNAs with secondary structure properties relatively similar to rRNAs are relatively recent, and those more similar to tRNAlike secondary structures more ancient. Indeed, this tRNA-rRNA secondary structure score increases with genetic code inclusion orders of corresponding cognate amino acids (correlations weakest for Eukaryota, Demongeot and Seligmann 2019b). Hence, the secondary structure similarity score based on simple secondary structure properties (% nucleotides involved in stems, % nucleotides in loops topping stems among all nucleotides not involved in stems, % stem GC and % loop GC) estimates secondary structure evolution. The polarity of the tRNA-rRNA score is mainly related to relatively high percentages of nucleotides not involved in secondary structure formation and forming bulges within stems. These are probable targets for degradation and other regulatory mechanisms involving proteins, indicating a relatively complex and organized, probably derived metabolism. Such bulges were presumably avoided in prebiotic conditions because they hasten physicochemical degradation.

Independent references for RNA evolution

A sample of known RNA secondary structures defines the tRNA-rRNA evolutionary axis score, causing sampling biases with some level of circularity: biological data are used to infer on biological phenomena. Hence, the evolutionary direction of secondary structures was tested explicitly in an independent sequence sample, namely the theoretical minimal RNA rings. These are short in silico designed sequences based on the following constraints. Simulations searched for sequences 1. coding for a start and a stop codon, and once for each of the 20 biogenic amino acids over the shortest possible length, and 2. forming a stem-loop hairpin delaying degradation [START_REF] Demongeot | Sur la possibilité de considérer le code génétique comme un code à enchaînement[END_REF][START_REF] Demongeot | Sur la possibilité de considérer le code génétique comme un code à enchaînement[END_REF]Besson 1983, 1996).

At most 25 circular RNAs of 22 nucleotides match these design constraints. Partially overlapping codons code for the amino acids and the stop codon, requiring three consecutive translations of the same sequence, each shifted by a single nucleotide as compared to the former translation round. The start and the stop codons are next to each other, closing RNA rings. The main design constraint of RNA rings is for non-redundant coding [START_REF] Dila | Circular code motifs in the ribosome: a missing link in the evolution of translation?[END_REF]. This biases codon usages for codons belonging to the universal circular code (Demongeot and Seligmann 2020b), which are codons overrepresented in the coding frame of modern genes [START_REF] Arquès | A complementary circular code in the protein coding genes[END_REF] and in rRNA regions in contact during translation with the mRNA and the tRNA (El Soufi and Michel 20, 20;[START_REF] Dila | Circular code motifs in the ribosome: a missing link in the evolution of translation?[END_REF][START_REF] Michel | Identification of a circular code periodicity in the bacterial ribosome: origin of codon periodicity in genes? RNA Biology in press[END_REF].

Despite their design along coding constraints, RNA rings align with ancestral tRNAs (Eigen and Winkler-Oswatitsch 1981a,b). This putative homology defines an anticodon for each RNA ring. Hence, each RNA ring has a predicted corresponding cognate amino acid [START_REF] Demongeot | A possible circular RNA at the origin of life[END_REF].

Secondary structures formed by RNA rings also fit the tRNA-rRNA score axis: those forming more rRNA-similar secondary structures have more recent predicted cognate amino acids (Demongeot and Seligmann 2019c). This is in addition to several coding properties of ancient genes that coevolve with the integration order of their cognate amino acid in the genetic code (Demongeot and Seligmann 2019d-g). Hence, the rational design of RNA rings (mainly defined by the genetic code) intrinsically embeds the evolution of these various properties. Links between RNA ring design and evolutionary trajectories of genes are not yet understood.

The use of modern synthetic constructs such as RNA rings for historical inferences about ancient molecules is not trivial. Correlations between RNA ring secondary structure similarities with tRNA and rRNA secondary structures and evolutionary integration ranks of cognate amino acids in the genetic code (Demongeot and Seligmann 2019c) suggest that secondary structure similarities with RNA rings might evaluate a historical process. This analysis is devoid of putative homology claims and hence is an alignment-and homology-free method for historical reconstruction. Similarities should be considered as evidence of a relationship, but in absence of phylogenetic analyses, devoid of historical/evolutionary context. This caveat is to some extent palliated by phylogenetic analyses of homology-based alignments of RNA rings. This produces RNA ring clusters compatible with the genetic code evolutionary hypothesis based on the tRNA acceptor stem primordial code (Demongeot and Seligmann 2020a,c). Notably, the best evolutionary model for this phylogenetic reconstruction uses substitution matrices deduced from neutral pseudogene evolution that presumably correspond to physicochemical constraints on nucleotide mutations [START_REF] Seligmann | Error propagation across levels of organization: from chemical stability of ribosomal RNA to developmental stability[END_REF](Seligmann , 2013a)). Hence, secondary structure similarities with RNA rings are not formally interpretable as historic, but considering that they cannot be interpreted in a historical context is incorrect.

Evolution of ribosomal RNAs

Serial accretions of tRNAs and tRNA-like RNAs [START_REF] Bloch | tRNA-rRNA sequence homologies: evidence for a common evolutionary origin?[END_REF][START_REF] Bloch | tRNA-rRNA sequence homologies: a model for the origin of a common ancestral molecule, and prospects for its reconstruction[END_REF][START_REF] Bloch | RNA-rRNA sequence homologies: evidence for an ancient modular format shared by tRNAs and rRNAs[END_REF][START_REF] Bloch | tRNA-rRNA sequence matches from inter-and intraspecies comparisons suggest common origins for the two RNAs[END_REF]Caetano-Anollés 2000;[START_REF] Caetano-Anollés | The natural history of transfer RNA and its interactions with the ribosome[END_REF]Root-Bernstein andRoot-Bernstein 2012, 2014;[START_REF] Barthélémy | Cryptic tRNAs in chaetognath mitochondrial genomes[END_REF]Caetano-Anollés and Caetano-Anollés 2016a;[START_REF] Farias | Origin of the 16S ribosomal molecule from ancestor tRNAs[END_REF] presumably formed rRNAs, potentially starting with the dimeric rRNA core around the peptide synthesis site [START_REF] Agmon | The dimeric proto-ribosome: structural details and possible implications on the origin of life[END_REF][START_REF] Agmon | Could a proto-ribosome emerge spontaneously in the prebiotic world?[END_REF][START_REF] Farias | Origin and evolution of the peptidyl transferase center from proto-tRNAs[END_REF]. This core reminds tRNA dimers formed by interactions between complementary anticodons [START_REF] Rodin | Transfer RNAs with complementary anticodons: Could they reflect early evolution of discriminative genetic code adaptors?[END_REF]. This is also in line with the self-referential hypothesis on origins of protein translation [START_REF] Guimarães | A self-referential model for the formation of the genetic code[END_REF][START_REF] Guimarães | Metabolic basis for the self-referential genetic code[END_REF][START_REF] Guimarães | Essentials in the life process indicated by the self-referential genetic code[END_REF][START_REF] Guimarães | The self-referential genetic code is biologic and includes the error minimization property[END_REF][START_REF] Guimarães | Self-referential encoding on modules of anticodon pairs-roots of the biological flow system[END_REF]. Modern vertebrate mitochondrial ribosomes include regular mitochondrial tRNAs [START_REF] Brown | Structure of the large ribosomal subunit from human mitochondria[END_REF][START_REF] Amunts | Ribosome. The structure of the human mitochondrial ribosome[END_REF]. These apparently constitutively replace the 5S rRNA [START_REF] Ott | Organization and Regulation of Mitochondrial Protein Synthesis[END_REF] and could be the key to fast mitoribosomal evolution [START_REF] Petrov | Structural Patching Fosters Divergence of Mitochondrial Ribosomes[END_REF]. The integrated tRNAs are specifically with cognate Val, and perhaps with cognate Phe [START_REF] Rorbach | Human mitochondrial ribosomes can switch their structural RNA composition[END_REF][START_REF] Chrzanowska-Lightowlers | Human mitochondrial ribosomes can switch structural tRNAs -but when and why?[END_REF]. Apparently, mitogenome reduction reversed to an earlier tRNAinsertion stage, which corresponds to the situation before a tRNA or tRNA-like 5S rRNA sequence integrated by accretion the ribosome.

tRNA accretion

Different historical scenarios for tRNA evolution have been proposed. All suggest accretions of smaller sequences (Di [START_REF] Giulio | Was it an ancient gene codifying for a hairpin RNA that, by means of direct duplication, gave rise to the primitive tRNA molecule?[END_REF][START_REF] Giulio | The non-monophyletic origin of the tRNA molecule[END_REF][START_REF] Seligmann | Chemical interactions between amino acid and RNA: multiplicity of the levels of specificity explains origin of the genetic code[END_REF][START_REF] Widmann | tRNA creation by hairpin duplication[END_REF][START_REF] Giulio | The origin of the tRNA molecule: implications for the origin of protein synthesis[END_REF], 2006a,b, 2008a,b,c, 2009a,b, Branciamore and Di Giulio 2011;[START_REF] Fujishima | A novel three-unit tRNA splicing endonuclease found in ultrasmall Archaea possesses broad substrate specificity[END_REF]Di Giulio 2012a,b, 2013, 2014[START_REF] Rogers | Evolution of the genetic code based on conservative changes of codons, amino acids, and aminoacyl tRNA synthetases[END_REF]Seligmann 2013b[START_REF] Seligmann | a Putative anticodons in mitochondrial tRNA sidearm loops: Pocketknife tRNAs?[END_REF]Root-Bernstein et al 2016;Faure andBarthélémy 2018, 2019). Similarly, the 5S rRNA might originate from accretion after duplication [START_REF] Branciamore | The origin of the 5s ribosomal RNA molecule could have been caused by a single inverse duplication: strong evidence from its sequences[END_REF].

It seems that tRNAs originally were stem-loop hairpins signaling replication initiation [START_REF] Weiner | tRNA-like structures tag the 3' ends of genomic RNA molecules for replication: implications for the origin of protein synthesis[END_REF][START_REF] Maizels | Phylogeny from function: evidence from the molecular fossil record that tRNA originated in replication, not translation[END_REF][START_REF] Seligmann | Mitochondrial replication origin stability and propensity of adjacent tRNA genes to form putative replication origins increase developmental stability in lizards[END_REF][START_REF] Seligmann | The relation between hairpin formation by mitochondrial WANCY tRNAs and the occurrence of the light strand replication origin in Lepidosauria[END_REF][START_REF] Seligmann | Hybridization between mitochondrial heavy strand tDNA and expressed light strand tRNA modulates the function of heavy strand tDNA as light strand replication origin[END_REF]Seligmann , 2010a[START_REF] Seligmann | Mutation patterns due to converging mitochondrial replication and transcription increase lifespan, and cause growth rate-longevity tradeoffs[END_REF][START_REF] Seligmann | Swinger RNA self-hybridization and mitochondrial non-canonical swinger transcription, transcription systematically exchanging nucleotides[END_REF]Demongeot and Seligmann 2019a). Striking similarities exist between tRNA triplet nucleotide biases and codons in protein coding genes [START_REF] Michel | Circular code motifs in transfer and 16S ribosomal RNAs: a possible translation code in genes[END_REF][START_REF] Michel | Circular code motifs in transfer RNAs[END_REF]. This fits with armless tRNAs structurally resembling light strand replication origins (OL) in nematode mitochondria [START_REF] Jühling | Armless mitochondrial tRNAs in Enoplea (Nematoda)[END_REF][START_REF] Jühling | Small but large enough: structural properties of armless mitochondrial tRNAs from the nematode Romanomermis culicivorax[END_REF][START_REF] Wende | Biological evidence for the world's smallest tRNAs[END_REF] and evidences for homology between mitochondrial tRNAs adjacent to the OL and the OL [START_REF] Seligmann | Swinger RNA self-hybridization and mitochondrial non-canonical swinger transcription, transcription systematically exchanging nucleotides[END_REF].

rRNA accretion history: cladistics

Accretion histories of ribosomal RNAs were recovered by two independent methods. These use rRNA secondary structure components as evolving units. One method uses homology and character polarization (Caetano-Anollés et al 2018), and infers by parsimony accretion history from cladistic comparisons of numerous sequences [START_REF] Harish | Ribosomal history reveals origins of modern protein synthesis[END_REF]. Parsimony is a useful, but limited tool [START_REF] Stewart | The powers and pitfalls of parsimony[END_REF]. Cladistics was also used to recover evolutions of molecular functions [START_REF] Kim | A tree of cellular life inferred from a genomic census of molecular functions[END_REF][START_REF] Nasir | A phylogenomic census of molecular functions identifies modern thermophilic archaea as the most ancient form of cellular life[END_REF] and accretion of protein subcomponents (Caetano-Anollés et al 2014;[START_REF] Nasir | Phylogenetic tracings of proteome size support the gradual accretion of protein structural domains and the early origin of viruses from primordial cells[END_REF]. This approach based on parsimonious analyses of homological data was tested by different empirical experiments that overall show better than random recovery of actual evolution [START_REF] Hillis | Experimental phylogeneticsgeneration of a known phylogeny[END_REF][START_REF] Hillis | Application and accuracy of molecular phylogenies[END_REF]Leitner et al 1996;[START_REF] Cunningham | Best-fit maximum-likelihood models for phylogenetic inference: empirical tests with known phylogenies[END_REF][START_REF] Polly | Paleontology and the comparative method: ancestral node reconstructions versus observed node values[END_REF][START_REF] Webster | Testing the accuracy of methods for reconstructing ancestral states of continuous characters[END_REF][START_REF] Krishnan | Ancestral sequence reconstruction in primate mitochondrial DNA: Compositional bias and effect on functional inference[END_REF][START_REF] Spencer | Phylogenetics of artificial manuscripts[END_REF][START_REF] Raaum | Catarrhine primate divergence dates estimated from complete mitochondrial genomes: concordance with fossil and nuclear DNA evidence[END_REF][START_REF] Finarelli | Ancestral state reconstruction of body size in the Caniformia (Carnivora, Mammalia): the effects of incorporating data from the fossil record[END_REF]Seligmann 2010b).

This phylogenetic method produces an actual, classical formal evolutionary hypothesis for rRNA accretion.

rRNA accretion history: structure

Another structure-based method uses the fact that ribosomes grow from a core towards their periphery, the most ancient structural subcomponents are at their physical center, more recent ones are more peripheral [START_REF] Hsiao | Peeling the onion: ribosomes are ancient molecular fossils[END_REF][START_REF] Petrov | History of the ribosome and the origin of translation[END_REF][START_REF] Petrov | History of the ribosome and the origin of translation[END_REF]. Ribosomal three-dimensional structures encompass lots of information. For example, biases in contacts between amino acids and rRNA nucleotide triplets reflect genetic code codon-amino acid assignment evolution [START_REF] Johnson | Imprints of the genetic code in the ribosome[END_REF]. We are unaware of independent empirical tests for this method.

Comparisons between different locations recover historical patterns in different disciplines. The premises of the structural method relate to other disciplines. Different types of structures have ontogenies that recapitulate their evolution: cosmological distribution and density of matter (Saadeh et al 2016); ecological communities [START_REF] Seligmann | Resource partition history and evolutionary specialization of subunits in complex systems[END_REF]; embryology [START_REF] Lovtrup | On von Baerian and Haeckelian recapitulation[END_REF][START_REF] Kalinka | The evolution of early animal embryos: conservation or divergence[END_REF]; genetic code evolution [START_REF] Seligmann | Protein sequences recapitulate genetic code evolution[END_REF]; and chemical prebiotic evolution [START_REF] Lifson | Chemical selection, diversity, teleonomy and the second law of thermodynamics. Reflections on Eigen's theory of self-organization of matter[END_REF]. Spatial vegetational variation reflects forest succession [START_REF] Horn | Forest succession[END_REF]. However, note that colonization of forest periphery and clearings by plants differs from colonizing land lacking any forest and humus. In other words, primary and secondary ecological successions are different processes [START_REF] Wardle | Primary succession in Westland National park and its vicinity, New Zealand[END_REF][START_REF] Reyes | Arbuscular mycorrhizal fungi along secondary forest succession at the eastern periphery of Amazonia: Seasonal variability and impacts of soil fertility[END_REF]. The structural model assumes that ribosomes grow equally in all directions from core to periphery [START_REF] Caetano-Anollés | Ancestral insertions and expansions of rRNA do not support an origin of the ribosome in its peptidyl transferase center[END_REF]Caetano-Anollés andCaetano-Anollés 2015, 2017). The name "onion peeling" model inadequately reflects structure rather than process [START_REF] Seligmann | Evolution and ecology of developmental processes and of the resulting morphology: directional asymmetry in hindlimbs of Agamidae and Lacertidae (Reptilia: Lacertilia)[END_REF]: peripheral rings of actual onions are most ancient. This onion model is devoid of historical context and hence is independent of the phylogenetic approach. Phylogenetic analyses comparing high resolution structural data from different taxa in the context of the onion model could confirm it.

Comparing accretion histories: cladistic vs structure

The phylogenetic and the structural approaches probably complete each other: the former should recover ancient, the latter recent history. Figure 1 plots accretion ranks according to the phylogenetic method as a function of corresponding accretion ranks according to the structural method for the large ribosomal subunit RNA secondary structure subcomponents. Congruence between accretion ranks from the two independent methods is low: 52 among 97 secondary structure elements (53.6%, not significantly more than 50% according to a one tailed sign test) have absolute differences between accretion ranks divided by maximal ranks that are lower than 25%. This percentage does not differ from 50% for any of the large ribosomal subunit RNA subdomains. Notably, the percentage of ranks that are similar between the two methods is highest for the large ribosomal subunit RNA domain that is most recent according to structural method, and lowest for the most ancient domains (r = -0.8861, one tailed P = 0.0138). This suggests that both methods converge best for recent rRNA regions.

Secondary structure classification

Figure 1 shows some congruence between structural and phylogenetic methods for slightly more than 50% of the secondary structure subelements, across all six large ribosomal subunit RNA structural domains. Hence, the accretion rank remains unknown for about half of the large ribosomal subunit RNA subelements. This could be improved by a third independent method estimating RNA history.

The method described in a previous section, clustering RNA secondary structures assumes that relatively tRNA-like secondary structure subelements are primitive, and those relatively rRNA-like are more derived. This character polarity parallels polarity assumptions by the phylogenetic and the structural methods, deduced from cladistic parsimony principles [START_REF] Sun | The origin of modern 5S rRNA: a case of relating models of structural history to phylogenetic data[END_REF] in the former, from structure (more peripheral means more recent, including information on stacking interactions among subdomains [START_REF] Bokov | A hierarchical model for evolution of 23S ribosomal RNA[END_REF][START_REF] Petrov | History of the ribosome and the origin of translation[END_REF]), in the latter.

Working hypothesis and predictions

Here analyses use the proto-tRNA-like RNA rings as references for ancestral RNAs. Similarities between RNA ring secondary structures and those of structural subelements of large ribosomal subunit RNAs lead to expect high similarities with RNA ring secondary structures for ancient structural subelements, and low similarities for recent large ribosomal subunit RNA structural subelements, when compared with accretion ranks produced by each of the phylogenetic and the structural methods. The hypothesis predicts: 1. negative correlations between secondary structure similarities with RNA rings for accretion ranks if the different methods produce congruent accretion ranks; 2. the most negative correlations should occur for comparisons with ancient RNA rings (those RNA rings with predicted ancient cognate amino acids), and 3. correlations should gradually increase (become more positive) for recent RNA rings (with recently integrated cognate amino acids).

MATERIALS AND METHODS

RNA ring design

RNA rings are designed along three constraints: A) They code once for each of the 22 coding signals and therefore include a start and a stop codon, and one codon for each of the 20 biogenic amino acids. This maximizes the coded information. B) This is constrained to occur over the shortest possible sequence. The solution to this minmax problem (max-constraint A, min-constraint B) is an RNA ring of 22 nucleotides where partially overlapping codons, when translated along their three frames, code for the 22 genetic code coding signals. C) RNA rings should self-hybridize, forming stem-loop hairpins that presumably protect against fast degradation, especially in cellfree hadean earth conditions.

RNA ring secondary structures

1. There are 25 RNA rings that match these constraints, each 22 nucleotide long. For the purpose of the present analyses assuming tRNA-rRNA similarities, RNA rings are spliced according to their alignment maximizing similarity with ancestral tRNAs, as shown previously (table 1 in Demongeot and Seligmann 2019c,d,e,g and table 2 in Demongeot and Seligmann 2019f). Along that tRNA-homology-based hypothesis, splicing position 1 in RNA rings corresponds to the sequence spliced to maximize similarity between the RNA ring and ancestral tRNAs. Splicing position 2 occurs between nucleotide 1 and nucleotide 2 in that sequence, splicing position i occurs between nucleotides i-1 and i along that hypothesis, where i ranges from 1 to 22.

2. Different optimal secondary structures exist for RNA rings spliced at different splicing positions. There are 25x22 = 550 secondary structures for 25 RNA rings form.

3. We extracted four secondary structure variables for each 550 secondary structures. These four variables are shown for the 22 alternative splicings of a specific RNA ring, the RNA ring 9 (Table 1).

4. There are about 111 structural subelements of large rRNA subunits of the 3 examined organisms (example in Figure 2). The four secondary structure variables are extracted for each of these structural subelements for each organism. This is similar to what was done for the 550 RNA ring structures at step 3. These variables are presented for the secondary structure subelements of all three organisms in Table 2.

5. The secondary structures of RNA rings are compared to the secondary structures of rRNA structural subelements by analyses as presented in Figure 3. These analyses plot the values obtained for each of the 4 secondary structure variables of a rRNA structural subelement as a function of the corresponding values obtained for a given RNA ring secondary structure. A Pearson correlation coefficient r, called rS, estimates similarities between rRNA and RNA ring secondary structures. Figure 3 presents comparisons between 23S rRNA subelement h91 of Thermus thermophilus and two RNA ring 9 secondary structures, one obtained by splicing that ring at position 2, and one at position 4.

For each of the 550 RNA ring secondary structures, there are as many rS as there are rRNA secondary structure subelements, about 111.

6. According to our hypothesis, the (about) 111 rSs comparing a given RNA ring secondary structure to all rRNA structural subelements are potential estimates of the accretion order of the rRNA secondary structures.

7. These rSs are compared to the accretion order of the rRNA secondary structure subelements, as these were determined by other methods and published by other authors (separately for each cladistic and structural accretion ranks). This comparison is done by calculating the Pearson correlation coefficient between the rS and the accretion orders, producing two Hs, one for the phylogenetic method, HPhyl, and one for the structural method, HStru. Note that rS are z-transformed before calculating rH using the formula z = -ln((1+r)/(1-r)). The z transformation linearizes the scale of r, which is not linear. 8. Hence, each of the 550 RNA ring secondary structures produces one Hphyl and one HStru per organism. For each organism, there are 550 HPhyls and 550 HStrus. The minimal and maximal HPhyl and HStru for each organism are in Table 3. Table 3 includes percentages of negative rHclads and rHstrus (the working hypothesis expects negative rHs), and numbers of negative and positive rHclads and rHstrus that have two tailed P < 0.05. 9. For any given RNA ring secondary structure, there are 3 HPhyls and 3 HStrus, because analyses were done for 3 organisms. There are in total 3x550=1650 HPhyls and 1650 HStrus. Further analyses describe general patterns within these data, according to RNA rings, and according to splicing positions. 10. For each RNA ring, there are 22 secondary structures which produce 22 HPhyls and 22 HStrus per organism, hence 3x22=66 HPhyls and 66 HStrus across all 3 organisms. An alternative way to explain this is: for each of the 25 RNA rings, there are 1650/22=66 HPhyls and 66 HStrus across all 3 organisms. Percentages of negative HPhyls and HStrus for each RNA ring (calculated among the 66 HPhyls and among the 66 HStrus, pooling all organisms) are used in the y axis of Figure 4. 11. There are 25 RNA rings. Hence, for a given splicing position, there are 25 HPhyls and 25 HStrus. Pooling these data across 3 organisms, for any given splicing position, there are 3x25=75 HPhyls and 75 HStrus across all 3 organisms. Percentages of negative HPhyls and HStrus for each splicing position, calculated from these 75 HPhyls and 75 HStrus, consist the y axis in Figure 5.

Analyses in Table 3, Figures 4 and5 each take into consideration all 1650 HPhyls and 1650 HStrus. Hence, these are not biased representations of the data. They show separately effects of each 'treatment factor' (organism, RNA ring, splicing position) on each HPhyl and HStru.

Example of analysis of a specific secondary structure subelement

We extracted from secondary structures four properties (see example for structural subelement H92 from the archaeon Thermus thermophilus 23S rRNA, Figure 2): 1. the percentage of nucleotides in stems formed by complementary self-hybridization among nucleotides, %stem among all nucleotides in the sequence; 2. the percentage of nucleotides, among those in loops, that are in loops topping stems (external loops), as opposed to unpaired nucleotides forming bulges within stems (internal loops), %eloops; and the 3. stem and 4. loop GC contents, in percentages. Figure 2 shows a pentamer common to H92 and ring 9. We stress that such similarities at the linear sequence level are not used here for historical reconstruction, but rather overall similarities between secondary structure properties, as explained below.

We estimated similarities between two secondary structure pairs by using Pearson correlation coefficients r between these four variables as obtained for each secondary structure (Figure 3). In the example, correlations are calculated between values from Figure 2 and those of secondary structures formed by two alternative splicings of RNA ring 9. Table 1 presents the four secondary structure variables of RNA ring 9 for all 22 alternative splicings of this RNA ring. Figure 3 has four datapoints for each secondary structure, one datapoint per secondary structure variable, and that for each comparison. For each datapoint, the X-axis is defined by the value obtained for the RNA ring 9 secondary structure, and the Y-axis by the value obtained for the corresponding variable for the 23S secondary structure subelement shown in Figure 2. Pearson correlation coefficients r estimate similarities between secondary structures. The more r is positive, the greater secondary structure similarity.

Secondary structures of theoretical minimal RNA rings

Design constraints of RNA rings define 25 theoretical minimal RNA rings, all 22 nucleotides long. Each RNA ring can be spliced at 22 alternative splicing positions, producing different secondary structures (Table 1 and Figure 3 for RNA ring 9, which has cognate amino acid selenocysteine, according to the anticodon predicted by similarity with ancestral tRNAs). Therefore, analyses use 25x22 = 550 RNA ring secondary structures as potential references to be compared with secondary structure subelements of large ribosomal subunit RNAs.

We extracted the same secondary structure variables as in Table 1 and Figures 2 and3 for all the 550 RNA ring secondary structures. These are compared, as in Figure 3, with secondary structure variables of each secondary structure subelement of an Archaeon, Thermus thermophilus, a Bacterium, Escherichia coli, and the 18S rRNA of an Eukaryote, the yeast Saccharomyces cerevisiae (Table 2). The secondary structures were downloaded from the site http://apollo.chemistry.gatech.edu/RibosomeGallery/.

RESULTS

Accretion ranks from the secondary structure method and other methods are congruent

The most negative and most positive correlations between secondary structure similarities and accretion ranks according to phylogenetic and structural methods, for each of the three organisms, are in Table 3. Similarities used are between secondary structure variables in Table 2 and corresponding variables for the secondary structures formed by each of the 22x25=550 alternative splicings of the 25 theoretical minimal RNA rings. The working hypothesis' major prediction expects negative correlations. Hence, note that in the three organisms, the most negative correlations are stronger (greater absolute values) than the corresponding most positive correlations, for all six comparisons in Table 3. Percentages of negative correlations are also always greater than 50%. Hence, from this point of view, results confirm the working hypothesis that secondary structure similarities between RNA rings and rRNA subunits estimate rRNA accretion history, as similarities are congruent (indicated by negative correlations) with accretion ranks proposed by other methods. Also noteworthy: most positive correlations are in 5 among 6 cases with RNA ring 9, whose predicted anticodon matches selenocysteine, one of the latest amino acids integrated in the genetic code [START_REF] Böck | Selenocysteine: the 21 st amino acid[END_REF]. This is in line with the prediction that the most positive correlations should use as reference RNA rings with relatively recent cognates. This means that these RNA rings are not initial RNAs starting rRNA accretion, but resemble the latest accreted RNAs.

Greater congruence for RNA rings with more ancient cognates Figure 4 plots numbers of negative r's between accretion ranks according to the phylogenetic method and secondary structure similarities between large ribosomal subunit RNA subelements and RNA ring secondary structures, pooling the three organisms and the 22 alternative splicings of RNA rings. Patterns are in line with two predictions by the working hypothesis: 1. Most correlations are negative for most RNA rings (phylogenetic method, 59.8%; structural method, 66.7% among 22x25x3=1650 correlations); 2. Percentages of negative correlations decrease with the RNA ring cognate amino acid genetic code integration order, in line with above comments for RNA ring with selenocysteine as predicted cognate; 3. The latter negative correlation with genetic code integration order is the strongest specifically for a tRNA-derived genetic code integration order, based on diversity of isoacceptor tRNAs that assumes that ancient amino acids have diverse tRNAs [START_REF] Chaley | Relationships among isoacceptor tRNAs seem to support the co-evolution theory of the origin of the genetic code[END_REF]. The observation that the best association is for an evolutionary scale derived from tRNAs is in line with the hypothesis that RNA rings are proto-tRNAs.

RNA ring splicing maximizing similarity with tRNA produces greatest congruence

Figure 5 presents numbers of negative r's between accretion ranks and secondary structure similarities between large ribosomal subunit RNA subelements and RNA ring secondary structures, pooling all organisms and RNA rings, as a function of RNA ring splicing position. Results show that correlations are most frequently negative, meaning fitting the working hypothesis, when RNA rings are spliced at or close to position "1". This is the position defined by the highest homology between the RNA ring and an ancestral tRNA [START_REF] Demongeot | A possible circular RNA at the origin of life[END_REF]. This observation is also in line with the working hypothesis that RNA rings are proto-tRNAs, and that accretion of proto-tRNAs, tRNAs and tRNA-like RNAs formed rRNAs. The working hypothesis fits least the results when one assumes that splicing occurred at or after the 3' extremity of the RNA ring's anticodon.

DISCUSSION

Results fit the working hypothesis that tRNA accretions formed rRNAs. They show that RNA rings are likely proto-tRNAs, and that these are good reference points for primitive RNAs in general, and tRNAs in particular. Results confirm that RNA ring cognates are good estimates for RNA ring evolutionary ranks. This is particularly true for evolutionary ranks derived from independent tRNA properties, which are a small minority among all >40 hypotheses on amino acid inclusion ranks in the genetic code. This observation is a further independent confirmation that RNA rings have proto-tRNA properties. Results show that similarities between secondary structures bear information on the evolutionary direction of RNA secondary structures, from tRNA to rRNA-like, also among rRNA structural subelements. Analyses show slightly better congruence of accretion orders derived from the secondary structure method used here with the phylogenetic method than with the structural method, at least in two among three investigated organisms (the opposite tendency occurs in the archaeon). However, it seems that the 3D structural method is more trustable for recent than ancient rRNA domains, suggesting it reflects relatively recent evolution. This is in line with our suggestions that this spatial variation approach parallels 'ecological' and/or 'developmental' scales, while cladistic methods are better adapted for recovering very ancient processes. Accretion orders from each phylogenetic and structural methods are congruent with the secondary structure method applied to RNA rings. The latter, especially presumed ancient RNA rings, seem adequate reference points for ancient evolutionary processes, and produce results compatible with the phylogenetic and the 3D structural methods. The 3D structural method is probably more prone to errors due to evolutionary convergences than the phylogenetic method. Convergences are a main difficulty in reconstructing evolution.
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Table 1. Secondary structure variables extracted as shown in Figure 2, for 22 secondary structures formed by RNA ring 9, with predicted anticodon corresponding to selenocysteine, according to 22 splicing positions. Splicing according to position 1 corresponds to splicing producing the highest homology with an ancestral tRNA [START_REF] Demongeot | A possible circular RNA at the origin of life[END_REF], successive splicings of the RNA ring are shifted by a single nucleotide. Secondary structure data are as used previously (Demongeot and Seligmann 2019c). <25. Considering all secondary structure elements, the methods converge for about 10.6% of the variation (r = 0.325, one tailed P = 0.00058). Considering only filled symbols, the methods converge (80.3% of the variation is common, r = 0.896, one tailed P = 0.0000).

%stem
Hence large rank differences between the methods exist for 45 among 97, 46.4% of the secondary structure elements. according to the phylogenetic (circles) and structural (triangles) methods and similarities between the large ribosomal subunit RNA and RNA ring secondary structures, r's pooled across organisms and secondary structures formed by the 22 alternative splicings of each RNA ring, as a function of the genetic code integration order of the RNA ring's predicted cognate amino acid according to tRNA isoacceptor diversity [START_REF] Chaley | Relationships among isoacceptor tRNAs seem to support the co-evolution theory of the origin of the genetic code[END_REF]. The working hypothesis expects negative r's in particular for ancient amino acids. The continuous horizontal line indicates 33, the expected number if positive and negative correlations are randomly distributed, the area horizontal interrupted lines indicate no significant differences from half (33) according to two tailed sign tests, above and below these lines P < 0.05 according to two tailed sign tests. Letters near datapoints indicate the predicted cognate amino acid of ring (G AL and G AB are for RNA rings 13 25, both with cognate G). (phylogenetic method, triangles; structural method, circles) and similarities between the large ribosomal subunit RNA and RNA ring secondary structures, r's pooled across organisms and RNA rings, as a function of splicing positions of RNA rings. Splicing positions with most negative correlations are close to position "1" and "22", which corresponds to splicing that produce the best homologies between RNA rings and ancestral tRNAs (Demongeot and Seligmann 2019c). The lowest numbers of negative correlations are for position 13, 14 and 15, which are the last anticodon position and two positions at its 3' end. At most positions, there are more than 37.5 (75/2) negative correlations, the number expected if distributions of negative and positive correlations were random. 

Figure 3 .Figure 4 .

 34 Figure3. Similarities between secondary structure properties of structural subelement H91 of Thermus thermophilus 23S rRNA secondary structure and secondary structures formed by RNA ring 9 AGAUGGUAUUCACUGAAUGCCA, with predicted cognate amino acid selenocysteine (underlined), estimated by Pearson's correlation coefficient r (Figure3indicates the r 2 's). Datapoints represent each one of the four extracted secondary structure variables, values for the Y-axis are from Figure2. Similarity with RNA ring 9 secondary structures, splicings with RNA rings 2 (GAUGGUAUUCACUGAAUGCCAA) and 4 (UGGUAUUCACUGAAUGCCAAGA), are: r = 0.975 and r = 0.131, respectively. The former is statistically significant at P < 0.05 (and indicates stronger than random similarity), the latter indicates no similarity.

Figure 5 .

 5 Figure 5. Number of negative Pearson correlation coefficient r among 75 tests (25 RNA rings in three organisms) per splicing position between accretion ranks(phylogenetic method, triangles; structural method, circles) and similarities between the large ribosomal subunit RNA and RNA ring secondary structures, r's pooled across organisms and RNA rings, as a function of splicing positions of RNA rings. Splicing positions with most negative correlations are close to position "1" and "22", which corresponds to splicing that produce the best homologies between RNA rings and ancestral tRNAs(Demongeot and Seligmann 2019c). The lowest numbers of negative correlations are for position 13, 14 and 15, which are the last anticodon position and two positions at its 3' end. At most positions, there are more than 37.5 (75/2) negative correlations, the number expected if distributions of negative and positive correlations were random.

  

Table 2 .

 2 Secondary structure variables extracted from secondary structures of 23S rRNA of the archaean Thermus thermophilus, the bacteria Escherichia coli and the 26S rRNA of yeast, Saccharomyces cerevisiae.

			%eloop	%GCstem %GCloop
	1	72.7	50.0	43.8	33.3
	2	63.6	37.5	50.0	25.0
	3	18.2	27.8	100.0	27.8
	4	18.2	27.8	100.0	27.8
	5	27.3	31.3	83.3	25.0
	6	36.4	35.7	62.5	28.6
	7	45.5	41.7	50.0	33.3
	8	54.5	50.0	41.7	40.0
	9	63.6	62.5	50.0	25.0
	10	72.7	83.3	43.8	33.3
	11	72.7	83.3	43.8	33.3
	12	63.6	62.5	43.8	25.0
	13	54.5	50.0	41.7	40.0
	14	45.5	41.7	50.0	33.3
	15	36.4	35.7	62.5	28.6
	16	27.3	31.3	83.3	25.0
	17	36.4	57.1	50.0	35.7
	18	54.5	30.0	41.7	40.0
	19	63.6	37.5	50.0	25.0
	20	72.7	50.0	43.8	33.3
	21	72.7	50.0	43.8	33.3
	22	72.7	50.0	43.8	33.3

Table 3 .

 3 Pearson correlations coefficients r (x100) between accretion ranks according to phylogenetic (HPhyl) and structural (HStru) models with secondary structure similarities with RNA rings for 23S rRNAs of three organisms. Min and max indicate the most negative and the most positive correlation coefficients. "Co" indicates the cognate amino acid corresponding to the anticodon of the RNA ring(s) producing these correlations. Cognate G always corresponds to RNA ring 25 (AB). The working hypothesis expects negative correlations, %neg indicates % of negative correlations among 550 tests performed. Numbers of negative (Neg<0.05) and positive (Pos<0.05) correlations with P < 0.05 (two tailed test) are indicated. N is the number of structural subcomponents used in correlation tests. Ranks of accretion of large ribosomal subunit RNA structural elements, 3D structural model (periphery most recent, Petrov et al 2015, from their figure2) as a function of ranks of accretion, phylogenetic method (Harish and Caetano-Anollés 2012, from their figure2and corresponding supplementary figure). Ranks are divided by maximum ranks for that method (structural, 97; phylogeny, 95) and multiplied by 100. Filled symbols: structural subelements with the absolute difference between accretion ranks (divided by maximal ranks)

		HPhyl		Neg			Pos		HStru		Neg		Pos
	Taxon	N	%neg	<0.05 Min	Co	<0.05 Max Co	N	%neg	<0.05 Min	Co	<0.05 Max Co
	Archaea											
	Thermus thermophilus	93	62.2	189	-34.0 N,R	38	32.3 Sec 94	67.5	226	-38.1 L	22	34.7 Sec
	Bacteria											
	Escherichia coli	92	59.3	166	-35.6 L	1	31.9 Sec 95	76.7	23	-24.2 AKQSW 0	17.5 Sec
	Eukaryota											
	Saccharomyces cervisiae	92	58.0	167	-33.9 L	7	32.1 Sec 93	56.0	35	-25.3 G	35	25.1 G
	Mean											
	All three species	98	58.2	190	-35.2 T, Pyl	41	34.2 Sec 97	58.4	175	-31.8 Q	52	28.5 Sec