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Stem-Loop RNA Hairpins in Giant
Viruses: Invading rRNA-Like Repeats
and a Template Free RNA

Hervé Seligmann * and Didier Raoult

Unité de Recherche sur les Maladies Infectieuses et Tropiea Emergentes, UMR MEPHI, Aix-Marseille Université, IRD,
Assistance Publique-Hopitaux de Marseille, Institut Hosflo-Universitaire Méditerranée-Infection, Marseille r&nce

We examine the hypothesis thatle novo template-free RNAs still form spontaneously, as
they did at the origins of life, invade modern genomes, conifoute new genetic material.
Previously, analyses of RNA secondary structures suggestihat some RNAs resembling
ancestral (t)RNAs formed recentlyde novo, other parasitic sequences cluster with
rRNAs. Here positive control analyses of additional RNA seadary structures con rm
ancestral and de novo statuses of RNA grouped according to secondary structure.
Viroids with branched stems resemblale novo RNAs, rod-shaped viroids resemble rRNA
secondary structures, independently of GC contents. 8UTR leading regions of West
Nile and Dengue avivirid viruses resemblele novo and rRNA structures, respectively.
An RNA homologous with Megavirus, Dengue and West Nile genoes, copperhead
shake microsatellites and levant cotton repeats, not templted by Mimivirus' genome,
persists throughout Mimivirus' infection. Its secondary sucture clusters with candidate
de novo RNAs. The saltatory phyletic distribution and secondary sficture of Mimivirus'
peculiar RNA suggest occasional template-free polymerizen of this sequence, rather
than noncanonical transcriptions (swinger polymerizatig posttranscriptional editing).

Keywords: systematic nucleotide exchange, swinger DNA poly merization, invertase, 3 %to-59 polymerization,

transcription, Acanthamoeba castellanii

INTRODUCTION

Diverse numbers of simple organic compounds spontaneouslyosgdfrized at life's origins.
This system crystallized around the ribonucleic-proteistsyn forming the main organizational
building blocks of known organismsSgostak, 2009; Ruiz-Mirazo et al., 20hen presumably
the tRNA-rRNA information-storage/translation apparatus deyed (Fox, 2010; Root-Bernstein
and Root-Bernstein, 2015, 201through segment accretiorD{ Giulio, 1992, 1994, 1995, 1999,
2008, 2009, 2012, 2013; Widmann et al., 2005; BranciamdrBia@iulio, 2011, 2012; Seligmann,
2014; Petrov et al., 20)L3resumably, self-replicating systems evolved, prodygamngsitized by
molecules lacking self-replication capacitiBsiisho et al., 20)ZThe system potentially stabilized
by evolving molecular cooperation between molecules wiicating capacitiesKenny, 201p
and others lacking this capacity but contributing otherwisghe system's persistendei(gs and
Lehman, 201p This process would have produced the modern translatigiication system(s).
Other molecules (short parasitic repeats, frequently fogretem-loop hairpins, viroids, viruses,
etc.) presumably subsisted mainly as parasites and occHgi@oatributing new, sometimes
functional parts. Persistence of the cooperative system @splitegrating new molecules with
new functions, while channeling most resources to criticemponents such as ribosomes.
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Seligmann and Raoult Template-Free Viral RNA?

Nowadays, ribosomes compete with parasitic elements thatigin, tRNA and some ribozymes. Its “sister’ cluster B2
hijack the cell's integrated cooperative systerdie( and includes diverse, probably more derived/recent molecuiles, (
Scully, 201) Viruses frequently mimic cellular processesthe only known protein-encoding viroidAbouHaidar et al.,
(Hiscox, 200Y, including the cell's replication/transcription 2014. Clusters D1 and D2 are characterized by rRNA subunits,
compartments Chaikeeratisak et al., 2017™Hence when life associated with parasitic RNAs: D1 includes all six 23S rRNA
began, ribosomal RNAs had virus-like properties. This arme racsubunits and retroviruses; and D2 groups all 16S rRNA subunits
might explain why>95% of the cell's transcriptome consists ofand most families of RPEs, rickettsial palindromic elements,
ribosomal RNA Peano et al., 20)3Here we hypothesize that which infest speci callyRickettsiagenomes Amiri et al., 2002;
new RNAs still spontaneously emerge and integrate moleculasillespie et al., 20)2Secondary structure similarities between
cooperative systems of organisms. parasitic and ribosomal RNAs underscore virus-like rRNA

We use several analyses, including comparisons among RNoperties Figure 1), presumably due to the assumed arms race
secondary structures, to detect and test fdl@ novoRNA  between rRNAs and parasitic RNAs.

emergence. Cluster D2 includes half of the secondary structures formed
by tRNA sequences. Hence B1-D2 would represent organic life's
Structural Homology main tRNA-rRNA axis of molecular evolution, where simple

Classical sequence homology between linear sequencesatgestral tRNA-like RNAs complexi ed into rRNA-like RNAs
ine cient at reconstructing ancient evolution because seqces (Bloch et al., 1983, 1984, 198®his interpretation is in line with
evolve relatively fast. Structures, rather than sequenaes detections of candidate tRNA genes within mitochondrial 16S
conserved for longer periods. For example, analyses considerirRNA of chaetognath mitogenomes that otherwise would lack
structural homology among proteins suggest a common cellulaRNAs Barthélémy and Seligmann, 2016
ancestry for modern cells and viruseblasir and Caetano- Here we analyze additional types of RNAs and explore
Anollés, 201 Similarly, analyses using simple properties otheir similarities with clusters B1-2/D1-2. Additional reids,
secondary structures formed by diverse RNAs detect two maiare analyzed to explore the possibility that some viroids date
clusters (Al and A2, small vs. complex RNAs), each subdividetom the precellular world Bussiere et al., 1995; Diener, 1p96
into two main groups (A1:B1-B2; A2:D1-D2), schematized inand others emergede novorecently Koonin and Dolja, 2013;
Figure 1 Seligmann and Raoult, 20) otentially solving the conundrum
Cluster B1 is the functionally most diverse group andabout primordial/recentde novoviroid origins (Diener, 201k
includes several presumably ancestral RNAs, such as repticatibwo RNA types function as controls to con rm the statuses of

Ancestral Recent primitive RNAs Retroviruses Bacterial palindromic repeats
tRNAs etc Viroids 23S rRNA 16S rRNA
Simul 12 0 2 10
De novo 0 1 0 0
MITE 0 0 12 (3 CDs) 17 (7CDs)
Mito 0 58/2383 0 16S/188/2351/23S2
Mimi 0 5S/168/23S2/23S3 0 188/23S1
0 Mimivirus (swinger) RNA+surrounding 0 Dengue 5 UTR

EI IE RNAs in

Seligmann &
Raoult 2016
B1 B2
D1 D2
Out loops<-pIn loops
Low loop GC<-}High loops GC High stem GC<-} Low stem GC
AStem/loop G rRNA<-FRPE
25& | > §5 AStem/loop GC
21€< - |--—>8
A2
Outloops<———Al 77777777777777777777777777777777777777777777 —in loops
SMall RN A € - e e e —>rRNAs

FIGURE 1 | Hierarchical cluster of secondary structures formed by darse RNA molecules, adapted fromSeligmann and Raoult (2016)
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putative ancestradle novoclusters B1 and B2. The remaining TABLE 1 | Secondary structure properties of sequences analyzed here
RNAs originate from giant viruses and test putative evolusign
links between giant viruses and rRNAs.

N Loop elLoop Stem GC Loop GC  Cluster

Circl 22 3636 6250  36.36 2727 Bl
MATERIALS AND METHODS Circ2 22 2727 8333 2727 27271 Bl

. Circ3 22 59.09 3846  59.09 2727 D2
Second_ary Structure Pre_d'CtlonS’ Circ4 22 5455 4167 5455 2727 D2
Properties, and Comparisons Circ5 22 6364 3571  63.64 2727 D2
Secondary structure predictions follow previous analysegics 22 5455 3571  63.64 27.07 D2
(Seligmann and Raoult, 20)L6Four variables are estimated cj.c7 22 7273 2500 5455 13.64 D2
from the optimal secondary structure predicted by Mfold gj.cg 22 5455 3125  72.73 2727 D1
(Zuker, 200%: 1. overall nucleotide percentage not involved ingj,.g 22 4546 4167 5455 2727 D2
self-hybridization (loops); 2. percentage of nucleotideslased ;1o 22 1818 3000  45.46 1364 D2
loops at stem extremity among all nucleotides in loops (eXkrn .11 22 1818 7500  18.18 1364 Bl
loops); and 3. GC contents in loops, and 4. in stems. RNA size {s,.;, 22 6364 7500  18.18 1364  B1
not included among these variables. Circ13 29 5455 3571  63.64 2727 D2

Table 1presents these variables for sequences analyzed hete., ,

- _ ' 22 27.27 2500  54.55 13.64 D2
They are compared with corresp_ondmg data from a previoug,; ;s 22 1818 50.00 2727 13.64 B1
coIIe<_:t|on of RNA s_equencesS(ellgmann and R_aoglt, 2016 16 22 1818 75.00 18.18 13.64 B1
therelnTabIe land Flgure?) that de.ned clusf[ers |rF|gur.e.J'. Circ17 22 5455 7500 18.18 13.64 B1
Compansons use Pea_rspni cor_relgtlon coe c_||en_t rasagnty . .o 92 6364 2500 5455 13.64 D2
estlmatﬁ, jgttggoségtlstg:a y|3|gn| cantI simi ar:ty atD h0.9](5 A Circ19 22 1818 2143 63.64 13.64 b1
(one taile .05). Correlation analyses plot each of the_ 92 2727 7500 1818 13.64 81
four variables 1-4 of Y for one of the new RNAs analyzed heriirc21 92 2727 5000 97 27 13.64 B1
as a function of correspondl_ng variables 1-4 of X for egch of o, 92 2797 50.00 7 27 13.64 81
previously analyzed RNASEligmann and Raoult, 201therein )
. . . o Circ23 22 2727 8333  27.27 27.27 B1
Table 1). Correlation coe cients estimate similaritiestiveen X )
. . 3 Circ24 22 2727 8333  27.27 27.27 B1
and Y according to variables 1-4 (exampléeFigure 2). Results D6 novo 51 1667 40.00 56.00 £0.00 5o
of statistical analyses presented here are validated alsbeby
o : : MITE16* 48 7083 2353 7857 38.24 D1
Benjamini-Hochberg correction method for false discovetes
. . S MITE20* 66 4848 2813  58.82 28.13 D1
which accounts for multiple testsBénjamini and Hochberg,
. L MITE4* 27 8519 17.39  50.00 43.48 D2
1995 methodology detailed for unrelated analyseSaligmann MITELs 0 8500 5490 50,00 25,26 o
and Warthi, 201). This test, unlike the classical Bonferroni i o0 66'6 32' o 0'00 32' o )
approach that minimizes false positive detection rates andesis M'TElf o7 325 0. = P
numerous positive resultsPerneger, 1998ptimizes between MITES 57 6842 538  100.00 s0.77 D2
false negative and false positive detection raiédl ¢t al., 200y MITE2 43 6744 17.24 6429 34.48 D2
The method is not a ected by lack of independence betweeff!"82° 62 5484 3824 64.29 2059 D2
observations, and accounts for multiple testing. Thesetadil ~ M'TE° 66 5455 3611 8077 2r.rg DL
analyses con rm classical statistics and therefore arelatgiled M'TE” 57 6842 3077 50.00 8333 D2
in Results. MITE12 68 6471 2273  87.50 31.82 D1
MITE29 62 70.97 3409  94.44 27.27 D1
Mimivirus' RNA MITE28 71 61.97 20.45 84.62 31.82 D1
Mimivirus'  transcriptome  (public data available at MITE24 64 59.38 2368 50.00 28.95 D2
http://sra.dnanexus.com/studies/SRP001690/experiments; MITE19 67 71.64 2292 80.00 35.42 D1
Legendre et al., 20).Gre analyzed using CLCgenomicswh7 MITEL7 65 73.85 29.17 87.50 37.50 D1
Reads are mapped on Mimivirus' reference genome NC_01464@TE10 72 5278 47.37 82.35 36.84 D1
according to the following criteria: at least half of thedeaaps MITE26 62 67.74 2619  70.00 26.19 D2
to the reference genome, with at least 80% identity. MITE13 63 6825 76.74 95.00 27.91 D2
MITE22 62 6452 3250  75.00 35.00 D1
RESULTS MITE5 45 6000 37.04  68.75 33.33 D2
] ] ] MITE11 41 5610 2609 8889 21.74 D1
Simulation-Generated Palindromes MITE23 62 7097 3400  83.33 3409 D1
Previous analyses produced the classication scheme @fitex 61 60.66 37.84 58.33 37.84 D2
Secondary structures formed by RNAs Frigure 1 Secondary MITE15 61 67.21 31.71 75.00 29.27 D2
structures formed by selected RNAs are analyzed to test thigres 36 6111 36.36 57.14 4091 D2
scheme. We classi ed the secondary structures of 24 seqaenc
producedin silico by Demongeot and Moreira (2007)These (Continued)
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TABLE 1 | Continued
N  Loop elLoop StemGC Loop GC  Cluster
P P P R?=0.9391 eloop
MITE3 57 63.16 22.22 54.55 33.33 D2
MITE18 62 61.29 4211 75.00 26.32 D2 5 60
MITE27 62 6452 25.00 60.00 32.50 D2 g o)
Mito 5S 44 36.36 37.50 14.29 0.00 B2 :_g -0
Mito 16S 46 5217 25.00 4.46 29.17 D2 g R?=0.2023
Mito 18S 59 66.10 28.21 45.00 20.51 D2 g -
3
Mito 23S1 375 46.93 16.48 14.82 20.46 D2 0 o
@ stem GC
Mito 23S2 276 43.12 19.33 29.30 23.53 D2
Mito 23S3 209 37.32 24.36 23.19 19.23 B2 o
Mimi 5S 41 7561 2581 10.00 16.13 B2
loop GC @
Mimi 16S 39 4576 33.33 16.17 14.82 B2 20
Mimi 18S 59 5254 12.90 17.86 12.90 D2 20 40 60
L Variables for Circl

Mimi 23S1 380 48.95 19.36 11.60 19.36 D2
Mimi 2352 349 39.26 23.36 2191 25.55 B2 FIGURE 2 | Multivariate comparisons between estimates of secondary
Mimi 23S3 207 34.78 22.22 18.06 12.50 B2 structure variables for theoretical sequence Circl (fromiable 1, x-axis) with
WNV 25 105 20.00 19.05 54.02 33.33 D1 corresponding variables for the cloverleaf ( lled symbols;ontinous line) and
DENV 95 105 27.62 2414 50.00 27.50 b1 OL-like (empty symbols, interrupted line) structures fored by the human

’ ’ ’ ’ mitochondrial tRNA Asn. Pearson correlation coef cients D 0.969, P D 0.0;
JEVP5 111 2313 13.79 51.22 27.59 D1 andr D 0.450, P < 0.05, respectively (values in the gure indicate the square
YFv &5 107 23.37 20.00 57.32 36.00 D1 of r). Such comparisons are calculated for each pair of secatary structures
50UTR Dengue 123 49.59 34.43 26.02 45.90 D2 that are compared, RNAs are classi ed into secondary structee clusters
Surrounding 92 5217 4375  30.68 3125 B2 (Figure 1) according to highest r.

Variables are: N- sequence length (not used for classifying RNAN further analyses);
Loop-percentage of nucleotides not involved in self-hybridizatioreLoop-percentage of

nucleotides among those in loops, in closed loops at stem extremity; peentage of comparisons between the 24 simulation-generated RNAs and the
GC in stems, and loops. “Cluster” indicates the cluster inFigure 1 with the highest . . .
similarity in secondary structure properties. “Circ” indicates sequees generated by SIX RNA,S in B1. _Of these. comparisons, 19 (13'2%) have Pearson
simulations attempting to mimic circular RNA genesisiemongeot and Moreira, 200%; correlation coe cients r withP < 0.05. Among the 24 17D 408
“De novo” is a template-free synthesized sequenceBéguin et al., 2019; MITE1-29 are  comparisons with D2, 10 (2.45%) haRe 0.05. There are 24
Pandoravirus'miniature inverted-repeat transposable elements from udmariner family 13D 312 comparisons with D1 only two (0 64%) hae 0.05
(Sun et al., 2015, * indicates MITE inserted in a protein coding gene; Mito and Mimi . h C lati ' DO h
are amoeban rRNA sequences aligning with Mimivirus sequences igments described No comparison between t e.24 simu agon—generated RNAs Wlt
in Table 3);" 5%UTR" leader sequence of Dengue and West Nile virussle et al., 2000;: D2 hasP < 0.05. Hence our interpretation of B1 as representing
“Swinger alone” is the part of the UTR leader detected in Mimivirus' transcriptome, not Secondary structures formed by ancestral RNAs agrees wath th
templated by its genome; “surrounding” integrates the former swingerexjuence with its independent approach developed Dﬁmon eot and Moreira
untransformed surrounding Mimivirus sequences. (ZOOF;) PP P 9
The fact that secondary structures formed by the 24

RNAs were generated by simulations designed to reconstrustmulation-generated, presumably ancestral-like RNAs of
likely short primordial genes. Simulations were constrdine  Demongeot and Moreira (2007 referentially cluster with B1
produce circular RNAs with codons coding for all 20 amino acidsson rms the ancestral status of these theoretical RNAs and
and a stop codon, and to form a stem-loop hairpin. The resgltin of cluster B1. The observation that translation/geneticdeo
theoretical RNAs have consensual tRNA sequence propertipsoperties converge with tRNA sequence propertiesrhongeot
(Demongeot and Moreira, 200.7 and Moreira, 200y is also congruent with analyses of tRNAs

Optimal secondary structures of these 24 theoretical RNAglong the principles of the natural circular codelithel, 2012,
(Circl1-24, Tablel) are compared with optimal secondary 2013; El Sou and Michel, 2014, 20i% set of 20 codons
structures formed by RNAs used previouslge(igmann and overrepresented in coding vs. other frames of protein coding
Raoult, 201gtherein Table 1) as shown for Circ1,figure 2 The  genes Arquées and Michel, 1996 which enable coding frame
secondary structure of Circl resembles the cloverleaftstreof  retrieval @hmed et al., 2007, 2010; Michel and Seligmann, 014
tRNA Asn, and much less the OL-like structure formed by thatResults also t a model of evolution of secondary structures i
tRNA sequence. Mitochondrial tRNAs form secondary structuresequence signals such as coddasHoumami and Seligmann,
that resemble mitochondrial light strand replication origi(OL), 2017.
presumably function as OLs in OL absendee§jardins and _
Morais, 1990; Seligmann and Labra, 2014 Template-Free Synthesized Sequence

Half of the 24 theoretical RNAs designed by simulationsSimulation-generated sequences such as those in the
cluster with B1. Ten cluster with D2 (as shown Figure 2), previous section are suboptimal to conrm the ancesulal/
and the remaining two with D1. There are 24 6 D 144 novo status of clusters B1/B2. We analyze the predicted
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optimal secondary structure formed by a short sequenc®BLE 2| Secondary structure variables and classi cation of 10 virdis forming
that is synthesized template-free by a combination of thregd-shaped secondary structures.
archaeal enzymes, including DNA polymerase Po2guin

Viroid N Loop eLoop Stem GC Loop GC Cluster

et al., 201p This sequence is by de nitionde novd' Its
secondary structure properties most resemble those of atwvdang 284 2887 9.76 64.36 36.37 D1
exceptional, protein-encoding viroid in cluster B2 (one edil tpmp 360 33.06  10.08 36.37 42.02 D2
P D 0.034). This result is statistically signi cant also aftertas\p 360 2833 1177 60.02 34.31 D1
considering multiple testing, using the Benjamini-Hochiper asge 359  29.81 7.48 63.49 42.06 D1
correction for false discovery rates that accounts for thertsy 247 3239  17.50 40.12 31.25 D2
number of tests doneBenjamini and Hochberg, 1995This  cq\s 366 28.96 6.60 55.39 4151 D2
strengthens the status of cluster B2 as recent spontaneouslyoyd 315 3143  31.32 71.76 37.37 D1
generated RNAs. ADFVE 310 3452 1122 61.58 3737 D1

. L cevd 371 3046 7.97 66.67 46.90 D1
Ancient and de novo Viroids Hsvd 302 3146 8.42 66.67 33.68 D1

Evidence for recentvs. precellular origins of viroids angeacal.
Po[entia”y, results of previous classi cations of Viroﬁtgndary S.ec.ond.ary structures are according to corre;ponding references 1-6. Albd-s_ha_p_ed
structures might be biased by including in analyses viroiith w ;L:g;g:’t'gsgi‘:‘es”de”“y of GC contents, group with 235 (D1) and 165 (D2) rRNAs, indiing
hlgh GC contents and forming Complex_ b_ranChing_ Sec_ondaryCitrus viroid iV Puchta et al., 1991); PTomato planta macho viroid, tomato apical
structures. Analyses here include ten viroids formlng Tibah- stunt viroid Kiefer et al., 1983; “Avocado sunblotch viroid, Potato spindle tuper viroid,
Secondary structures Wlth GC contents ranging from 35 to Gl(y&hrysaglhemum stuntvirf)id:ﬁy_mons,. 1981);.“Pear blister cfan.kerviroid}(Ier_naere.z etal.,
All cluster with D1 and D2 (seven and three viroids, respestyiy iiizt)\’,irggpgnde'ingengf;)v'm'd' Chiument et al,, 2019; “Citrus exocortis virold, Hop
Table 2. No comparison with B1 and B2 hds< 0.05. Among '

130 and 170 comparisons of these 10 rod-shaped viroids with ) o )
ABLE 3 | Sequences aligned betweenAcanthamoeba castellan$ mitochondrial

. T
secondary structures belonging to D1 and D2, 47 and 8 (3612 NA genes andAcanthamoeba polyphagaMimivirus’ genome.
4.7%, respectively), hafe< 0.05.

Hence rod-shaped viroids belong to the ancestral tRNAfRNA E value Mito 5 230 Mimivirus 5 930
rRNA axis of molecular evolution. Viroids with more complex
branching patters clustered with B2 according to previousS 0.001 58-101 768283-768243
analyses $eligmann and Raoult, 20L6This suggests that &S 0.069 104-162 23259-23317
viroid ‘survival' requires evolutionary secondary storet 165 0.009 1103-1148 759756-759718
simpli cation, perhaps because endonucleases target segond&>>* 0.0007 =377 500064-500442
branching Eujishima et al., 20)1Results are compatible with 2352 0.002 962-1291 175514-175166
mixed evidence for ancient precellular origins and reashovo 0.0003 1970-2181 89598-89391
emergence of viroids.
Pandoravirus' Miniature Inverted-Repeat scenario, similarities with D1 (characterized by retrogies and
Transposable Elements, Mite 23S rRNA subunits) would result from chance or secondary

Genomes of giant viruses include many inverted repeats fogmi Convergences. However, this interpretation does not actfmin
stem-loop hairpins regulating transcriptiorB¢re et al., 2009; additional lateral transfers: many genes of giant virusegrate
Claverie and Abergel, 20f)9reminiscent of mitochondrial from Igteral transfers, malnl_y from bacteria sharing tk_iwbltat
posttranscriptional tRNA punctuationjala et al., 1991 These N their amoeban hostNoliner et al., 2010; Georgiades and
include miniature inverted-repeat transposable elementgl4l  Raoult, 201y
(Fattash et al., 20).3The MITE family submarine in the giant
virus Pandoravirus salinupresumably invaded that genome Ribosomal RNA-Like Mimivirus Sequences
relatively recently$un et al., 2015 We used blastnAltschul et al., 1997to explore putative links
We classi ed optimal secondary structures formed by theséetween ribosomal RNAs and giant virus genomes. For that
29 MITE submarine sequences with clustersFigure L No  purpose we extracted rRNA sequences frémanthamoeba
submarine MITE clusters within B1 or B2, but 12 clustercastellanis complete mitochondrial genome (NC_001637) and
within D1 [11 among 377 comparisons (2.9%) wkh< 0.05] aligned these witlhcanthamoeba polyphalyamivirus' complete
and 17 cluster within D2 [30 among 493 comparisons (6.1%yenome (NC_014649). The amoeba's mitogenome includes four
with P < 0.05]. The 10 submarine MITE sequences integratedRNA genes—5S, 16S, and 18S rRNAs—and a 23S-like sequence
in Pandoravirus' protein coding genes cluster slightly morgBurger et al., 1995 Blastn alignment criteria were set at the
frequently with D2 than D1, as compared to the remainingshortest word size (7), the weakest match/mismatch scores
submarine MITEs (dierence not statistically signicant). (1/ 1) and gap costs (existence 0; extension 2). For each rRNA
Hence most Pandoravirus submarine MITEs cluster with D2ve chose the alignment with the lowest (best) e value among
(characterized by bacterial RPEs and 16S rRNA subunitdhe alignments detected by blastn between these mitochaindr
resembling RNAs from the main tRNA-rRNA axis. Under this rRNA genes and Mimivirus' genomddble 3.
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For 23S-like rRNA, three alignments are considered becauge Template-Free RNA in Mimivirus'

they represent similarities with di erent Mimivirus sequersce Transcriptome Persists during Infection
and the alignments have low e values. Secondary structur§&mivirus' transcriptome [data from I(egendre et al., 20),0
formed by four of the six rRNA sequences aligning withgyajlable at:  http://sra.dnanexus.com/studies/SRP001690/
Mimivirus sequences cluster best with D2 and two sequenceSperiments] includes numerous short RNAs that are not
cluster best with B2Kigure 1). Hence these rRNA sequenceshomologous to Mimivirus' genome. Here we focus on a 42-
most resemble the cluster that includes bacterial 16S rRNAycleotide-long  sequence ¥6AGACACGCAACAGGGG
subunits. ATAGGCAAGGCACACAGGGGATAGG3 because this

These rRNA sequences aligned with sequences from th@quence also occurs according to Blastn in diverse taxa:
Mimivirus genome. These Mimivirus sequences also fornMegavirUS, Dengue and West Nile genomes, Copperhead snake
secondary structures which cluster di erently Figure 1than  mjcrosatellites and levant cotton repeats. This Mimivirus RNA
their putative amoeban mitochondrial rRNA homologs. Optimal matches the giant virus Megavirus terral (KF527229, positions
secondary structures formed by four of the six correspondin@03759_903800) and some (not all) genomes of Dengue and
Mimivirus DNA sequences cluster best with B2 and thewest Nile viruses (both are Flaviviridae). In these Flaidde,
remaining two with D2. Very few of the r coe cients used for tpe sequence is inserted in (or close to) tHeWR leading
these classi cations have< 0.05. Hence these results must beregion. The e value of alignments between Mimivirus' RNA
considered as tentative. and the avivirid 5° UTR sequences is 2 10 1. This RNA is

Di erences in clustering by secondary structures formedjetected by Blastn (word size 7; Match/Mismatch scoresld,
by mitochondrial rRNA sequences vs. Mimivirus' genome forgap costs, existence 1, extension 1) in Mimivirus' transorip
aligning sequence pairs suggest that alignments are fréiguenthroughout amoeban infection: 15, 0, 90, 180, 360a,b, 540, and

due to convergences between rRNAs and viral sequences.730 min after infection. This RNA does not map on any region
possible interpretation of these clustering resultatle ) is  of Mimivirus' genome.

that viruses tend to creatde novaRNA-like sequences, though
some of the alignments might suggest regular homology due . .. .. ,
to common ancestry. Lateral transfers between the host angotential Origins of Mimivirus
Mimivirus is also a reasonable explanation. Independently ofemplate-Free RNA
lateral transfers, this putative mitochondrial rRNA-Mimivis  This RNA not templated by Mimivirus' genome might originate
homology is in line with common ancestry between Megaviraleom accidental contamination. However, three arguments
and a cellular ancestor of mitochondria, as suggested lsuggest less conventional hypotheses. Firstly, this RNA is
homologies between polymerases of these organigmsifken repeatedly detected throughout the virus' infection cycknde
et al.,, 1992; Rohe et al.,, 1992; Kapitonov and Jurka, 2006;di erent sequencing events. Secondly, the exact same RNA
Yutin et al., 2013; Krupovic and Koonin, 2016; Kooninis detected each time in terms of sequence and length. Thirdly
and Krupovic, 201y and above noted similar regulations of this exact sequence occurs in the genome of another giams,vir
posttranscriptional processing (vertebrate mitochondiigala Megavirus terral. These arguments suggest that the ocagren
et al., 1981; Claverie and Abergel, 20M@mivirus, Byrne et al.,  of this RNA in Mimivirus' transcriptome is not circumstantial.
2009. Hence secondary structure analyses apparently strengthen This RNA could originate from (a)de novocreation, as
the hypothesis that mitochondria share a common ancestdn witsuggested for some short stem-loop hairpin RNA®I{gmann
Megavirales. and Raoult, 2006and analyses in previous sections, (b) pools of
vertically transmitted RNAs originating from horizontaktnsfers
(Stedman, 20)Forming quasi species groupsi(arreal, 2015,
Flavivirid Virus Leading Regions 2018, or (c) noncanonical transcriptions of genomic DNA,
Analysis of conserved secondary structures formed bgr@l such as RDDs [RNA-DNA dierences, which result from
50 RNA structures in four avivirid viruses [Dengue (DENV), posttranscriptional nucleotide substitutiond.i(et al., 201)
West Nile (WNV), Japanese encephalitis (JEV) and tick-borner indels (insertions/deletionsChen and Bundschuh, 20)]2
encephalitis (YFV) virusesBrinton and Basu, 20%5therein  In addition, this RNA might result from a peculiar type of
Figure 1B, secondary structure variables herdable 1] show transcription, which produces transcripts matching genomes
that these structures cluster with D1 (characterized byrB38A  only if one assumes that transcription systematically engba
subunits). Hence these Flavivirus sequences crucial tacegfgn  nucleotides over the whole length of the transcript, which is
form structures that resemble 23S rRNA, as observed for mostlled swinger transcription. There are 23 possible nudeoti
rod-shaped viroids (section Ancient ande novo Viroids). exchange rules, 9 are symmetric exchanges of type>X and
Most Pandoravirus MITE sequences resemble D2, characterizéd are asymmetric exchanges of the type X= Z-> X. These 23
by 16S rRNA (section Pandoravirus' Miniature Inverted-transformations are each separately appiiesilicoto Mimivirus'
Repeat Transposable Elements, Mite) and some Mimivirugenome to produce 23 swinger-transformed versions of that
sequences resembling mitochondrial rRNAs cluster within DZyenome which are used for further analyses. Current infaroma
(section Ribosomal RNA-Like Mimivirus Sequences). Overalbn systematic nucleotide exchanges is reviewedsdygmann
results indicate the hypothesized link between viral RNAs an@017) with further references therein (see atseligmann, 2013;
rRNAs. Michel and Seligmann, 2014
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Swinger Transcript or Template Free RNA by both techniques are comparable. Abundances estimated fro
Polymerization? 454 sequencing correlate positively with those produced by
Our preliminary explorations of the kinetic data of the SOLID (Spearman rank nonparametric correlationds0.323,
transcriptome of the giant virus Mimivirus§aoult et al., 2004; one tailedP D 0.066). Similarly, mean lengths of swinger reads
Legendre et al., 2010, 2Q1detected putative swinger RNAs correlate positively for data produced by 454 and SOLID (rs
among RNAs that do not match the regular genome sequenc®, 0-394, one tailec® D 0.082). CombiningP-values from
after excluding regular RNAs by mapping on the regular genomiE1€Se two tests using Fishers method for combining P values
(Figures 3-5). Table 4 compares abundances and mean length$FiSher. 195)) which sums 2 In(Pi) where i ranges from

of detected putative swinger RNAs among transcriptomic datg © K tests (herek D 2) yields a chisquare statistic with
produced by 454 and SOLID massive sequencing techniqués K degrees of freedoms with a combin®dD 0.034. Hence
(SOLID data unpublished, available in our laboratory). Resul results from both sequencing methods are overall congruent

110000

A>G>C
A>C>G?:Ij_.\ ............... l....
........ C>T>G  IASGST ..,
...... A>C>T__\..-3--------A?,G>C>T

o,

T AT
990000 o e, ACT>G

220000

\‘ -
A>C>
ASG>CST 7 et

ASC>G>T=

880000

770000

440000

A>C>G

660000

550000

FIGURE 3 | Kinetics of the swinger transcriptome (asymmetric nucleade exchanges) ofMimivirus Concentric circles indicate different periods in the cyel of
Mimivirus Bars indicate swinger RNAs detected for a given genomic regn, the swinger transformation rule is indicated next to # bar. Swinger RNAs in boxes 1 and
2 are the exact inverse complements of each other, and corrgsond to the 50UTR leading region of Dengue and West Nile viruses.

Box1

Mimivirus DNA 243480 caattagtttcgtcatcag---AAGGGAGGTTA----ACAAGGGGATAGGCAAGGCAGGGAGTAGT - ---gataatcagaaaattcaccgtac
Swinger C>T/U>G RNAs AAGCAGTGGTATCAACGCAGCAGGGGATAGGCAAGGCACACAGGGGATAGG

Box2

Mimivirus DNA 768534 ctgcgtcttttgtcc—---CTCTATTGGCGACGTCCCTATCCCCTGCTGCCCCGCTCGCCCTTGCTT- -~ —cttettceccetectg
Swinger A>C>G RNAs CCTATCCCCTGTGTGCCTTGCCTATCCCCTGCTGCGTTGATACC-ACTGCTTTAGG

FIGURE 4 | Alignment between sequence inBoxes 1 and 2 (Figure 3) and homologous sequences:Mimivirusreference genome sequence.Underlined are the
detected swinger RNA sequences. Small caps indicate neighdring sequences that are not transformed by nucleotide excange.
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FIGURE 5 | Secondary structure formed by the swinger G T/U>G RNA (in box) and its untransformed neighboring regions.

swinger RNAs are not artifacts resulting from massive seqggn positions are each other's inverse complement. This is also
technologies. the case for the corresponding swinger RNA reads. These

Within 454 data, two swinger RNAs (boxes Figure4, reads correspond to the aforementioned template-free RNA and
primary and secondary structures iigures 4 5) were detected are homologous with Megavirus terral (KF527229: positions
throughout most of the viral cycle, corresponding to genomic903764-903800). This candidate swinger RNA aligns only with
sequences at positions 243499-24353% (IC> G-> C swinger swinger transformed versions of Mimivirus' genomic sequenc
rule, box 1 in Figure3 and 768549-768596 (AC->G- but its similarity with the swinger transformed genome isal
>A swinger rule, box 2 inFigure4). These two genomic low.
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TABLE 4 | Swinger transformations of the genome of Mimivirus, and swger molecule [proteins: cotranslational foldingH¢ltkamp et al.,
transcripts. 2015; Seligmann and Warthi, 201/RNAs: cotranscriptional
folding, Gong et al., 2017 Indeed, most RNAs fold during
their syntheses, the new fold appearing after a new stretch of
Swinger N Mean N Mean  nucleotides is added to the elongating RN&cfiroeder et al.,
2002). Each new fold is partially constrained by the previous one,

454 Solid

2::2 ‘Z 2?1':2 ;z:i 225’; which re_nders prediction algorithms more complexh@o et al.,
2010; Frieda and Block, 2012
Ac=T 0 7234 95.99 The approach used here does not require any special
C<>6 173 196.74 7314 35.92 computational skills. It could be adapted to dynamical corgext
Ce->T 12 199.58 5800 3629 and to include information on groups of closely related,
G<->T ! 56.00 5553 3563 suboptimal secondary structures, when these are only $fight
A<->C-Ge->T 0 2634 3660 more unstable than the optimal structure. Previous analyses
A<->G-C<->T 1 68.00 2672 3637 (Seligmann and Raoult, 20)l6ncluded such special cases,
A<->T-C<->G 0 1805 8714 for mitochondrial tRNAs in their classical cloverleaf fold,dan
A->C->G->A 9 6211 6238 3573 in their replication origin (OL)-like fold. Analyzes separagin
A->C->T->A 1 64.00 4963 3664 dierent folds with similar stabilities for structures fored
A->G->C->A 2 70.50 5013 3668  py the same sequence, such as cloverleaf vs. OL-like tRNA
A->G->T>A 1 79.00 6127 3570 structures, yield sometimes di erent results in classi cats such
A->T->C->A 0 6325 3597 as that inFigure 1 (seeSeligmann and Raoult, 201herein
A>T->G>A 0 4826 3672 Figure 2).
C->G->T>C 0 4856 36.68 In addition, molecules with very similar estimates for all
C->T>G->C 9 52.67 5962 3570  variables may form very di erent structures, or similar sttures
A>C->G->T>A 4 84.50 6007 36.28  of very dierent sizes (the variables do not include sequence
A->C->T>G->A 1 77.00 8421 3583  length). Hence the simple approach used here could be applied
A->G->C->T->A 2 74.50 7675 3545  to study closely related clouds of secondary structureséarby
A->G->T->C->A 0 8444 3585 a given RNA. It could also be adapted to discriminate further
A>T->C->G->A 0 5289 3571  between similar secondary structures by including addgio
A->T->G->C->A 0 5429 36.41  variables, such as GC contents in internal vs. external |caus

col L2 Number and length (nucleotides) of swinger . angular rotation between stem branches.
olumns are: 1-2. Number and mean length (nucleotides) of swingerN\s matching — -
the Mimivirus' genome swinger version over half of its length with>80% identity, 454 Overall our results indicate that the Versatlllty of RNA

sequencing, all times since infection pooledi(egendre et al., 2011); 3-4. Number and  Structures enable for functional novelties. Their physicocioal

mean length (nucleotides) of swinger RNAs matching the Mimivirugenome swinger  properties are also compatible with this role in primitive profeli
;ﬁ;sclggnovewhalf of its length with>80% identity, SOLID sequencing, at 16 h post organic conditions.

Putatively, some genomic sequences Niimivirus could  CONCLUSIONS
originate from horizontal transfers from other virusesggesting
a potential implication in the horizontal transfer of the Spikn  |nterpretations of a previous classi cation of RNA secondary
virophage that infestsMimivirus (La Scola et al., 2008 structures formed by a variety of RNAS¢ligmann and Raoult,
This is in line with the chimeric origin of mosMimivirus 201§ were tested by classifying specic RNAs of special
genes (originating from eukaryotic hosts and bacterial cointerest. For example, circular RNAs generated by simulation
parasites of the eukaryotic hostoreira and Brochier-Armanet, presumably mimicking ancestral RNAs cluster mainly, as

2008; Jeudy et al., 20]2and conrms horizontal transfer expected, with cluster B1, a presumed group of ancestral RNAs
of other viral sequencesY(tin et al., 201f via swinger (Figure 1).

transformations. Cluster B2 was previously interpreted as represerdimgovo
emerged RNAs because it grouped short simple RNAs from
GENERAL COMMENTS very di erent functional types (tRNAs, ribozymes, viroidsc gt

Secondary structures formed by a sequence synthesizedatempl
Analyses that integrate molecular structure informationfree (hencale novd cluster with B2.
are surprisingly successful at resolving various biological Rodshaped viroids from a wide range of GC contents belong
problems, notably of ancient evolution (for example theindependently of GC contents to D1 and D2, two clusters
presumed monophyletic cellular origin of virusedasir and characterized by rRNAs and parasitic sequences. Viroidsifrm
Caetano-Anollés, 20)5 However, techniques enabling this secondary structures characterized by more complex bragchi
remain relatively inaccessible, notably for RNAs. Thisatinn  patterns belong to cluster B2 (putatig® novoRNAs). Hence
is particularly true if analyzes are supposed to integrateesults suggest that some viroids are recent, rodshapedavaes
nonequilibrium dynamics of folding during the synthesistok  presumably ancient RNAs.
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Presumed parasitic  palindromic  sequences fromspeci ¢ sequences, as observed in Archaezy(in et al., 2035
Pandoravirus (MITE submarine family) resemble clusterindeed, this RNA, embedded in the surrounding regul8afd
D2. D2 is characterized by16S rRNA subunits and Rickettsi@’sequencesTable 1andFigure 5), forms a secondary structure
palindromic elements that parasitiZ@ickettsiagenomes. This that clusters with B2. This would suggelst novoemergence of
ts previous grouping of secondary structures formed bythis unusual RNA.
parasitic sequences with 23S and 16S rRNAs (clusters D1 Analyses assuming di erent scenarios based on noncanonical
and D2). transcriptions do not reach clear-cut conclusions on the iorigf
Mimivirus sequences that align with amoeaban mitochondriathat RNA that does not map to the Mimivirus genome. Though
rRNA genes also strengthen suspected evolutionary linksontamination cannot be totally excluded, other hypothesess
between rRNA and viral sequences. Mitochondrial rRNAplausible. Indeed, this RNA maps imperfectly on Mimivirus'
sequences aligning with Mimivirus sequences cluster as tsgec swinger-transformed genome  (Mimivirus'  transcriptome
with D2, characterized by bacterial 16S rRNA. Interestinglyincludes numerous swinger RNAs, results from each 454 and
secondary structures formed by Mimivirus sequences witlSOLID massive sequencing methods are congruent). Overall,
which the mitochondrial rRNAs align, cluster mainly with B2, results hint that parasitic RNAs form rRNA-like secondary
suggesting recemte novaorigins for viral sequences resembling structures, and template free polymerizations apparentlyobnri
rRNAs. These results are based on relatively weak similadiid  genomes with new RNA/DNA sequences.
hence can only be considered as preliminary. Neverthelesg, t

suggest that viruses produce rRNA-like sequences, in line WitAUTHOR CONTRIBUTIONS

the prediction that the study of giant viruses will ‘changerent
conceptions of life, diversity and evolutioilfrahao et al., 20)4
The secondary structure formed by thé BTR leading
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