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Modifications of CLUSTALQ)

In the file KTUPLE_PAIR.C of CLUSTAL(), lines 104-109 initialize the k-tuple pairwise
alignment parameters [1]: length of k-tuples (k = ktup), a score for gaps between k-tuple
matches (g = wind_gap), number of k-tuple matches to call a diagonal significant (signif),
and window size (w = window). For an illustration of the parameters see Figure S1.

104 const ktuple_param_t default_dna_param = {

105 .ktup = 3,

106 .wind_gap = 7,
107 .signif = 4,
108 .window = 20,

109 };

The shown values are those used in Wilbur and Lipman (1983) [1]; values given in [2] and
[3] are g =4 and k = 4.

In the file KTUPLE_PAIR.C of CLUSTALQ), we added in the function KTUPLEPAIRDIST
at line 777 the following code:

777 printf ("Alignment: i=%d | j=%d \n", i, j);
778 int ii;

779 for(ii = 0; ii <= maxsf; ii++) {

780 printf ("i=%3d; j=%3d;index=%3d; score=%3d\n" ,

781 accum[1][ii],accum|[2][ii],accum[3][ii],accum[O0][ii]);
782}

783 printf ("Top_Alignment: i=%d | j=%d \n", i, j);

784 i1 = maxsf;

785 while (ii>0) {

786 printf ("i=\3d;j=\3d;index=\3d; score=\3d\n",

787 accum[1][ii],accum[2][ii],accum[3][ii],accum[O0][ii]);
788 ii = accum|[3][ii];

789}

That is, after the function KTUPLEPAIRDIST has calculated the k-tuple coordinates and
scores and saved them into the array “accum”, the additional code prints this information
to STDOUT. The modified CLUSTAL() source had to be configured and compiled with
the option --without-openmp to suppress multithreading, as that would lead to results in
unwanted order. The alignment example shown in [1] could be reproduced (not shown)
with parameters as used in [1] and an appropriate PERL script, which converts the k-tuple
coordinates into an alignment.
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Table S1. Classification of viroids, viroid names and abbreviations. The manuscript handles only members of family Pospiviroidae.

Family Genus Name Abbreviation
Pospiviroidae ~ Pospiviroid Potato spindle tuber PSTVd
Chrysanthemum stunt CSvd
Citrus exocortis CEvVd
Columnea latent CLVd
Iresine Irvd
Mexican papita MPVdP
Pepper chat fruit PCFVd
Portulaca latent PoLVvd?
Tomato apical stunt TASVd
Tomato chlorotic dwarf TCDVd
Hostuviroid ~ Hop stunt HSVd
Dahlia latent DLVd
Cocadviroid ~ Coconut cadang-cadang CCCvd
Citrus bark cracking CBCVvd
Coconut tinangaja Ctivd
Hop latent HLvVd
Apscaviroid ~ Apple scar skin ASSVd
Apple chlorotic fruit spot ACFSVd?
Apple dimple fruit ADFVd
Apple fruit crinkle AFCVd?
Australian grapevine AGVd
Citrus bent leaf CBLVd
Citrus dwarfing CDhvd
Citrus viroid V Ccvd-v
Citrus viroid VI CVd-VI
Citrus viroid VII CVd-VII?
Dendrobium Dvd?
Grapevine latent GLvd?
Grapevine yellow speckle 1 GYSVd-1
Grapevine yellow speckle 2 GYSVd-2
Grapevine yellow speckle 3 GYSVd-3?
Lychee viroid-like RNA Lvd?
Pear blister canker PBCVd
Persimmon pva?
Persimmon 2 PVd-2?
Plum I PIvVd-1#
Coleviroid Coleus blumei-1 CbVvd-1
Coleus blumei-2 CbVvd-2
Coleus blumei-3 CbVd-3
Coleus blumei-4 CbVd-4
Coleus blumei-5 CbVd-52
Coleus blumei-6 CbVd-62
Coleus blumei-7 Cbvd-72
Avsunviroidae  Avsunviroid ~ Avocado sunblotch ASBVd
Pelamoviroid  Peach latent PLMVd
Chrysanthemum chlorotic mottle CCMVd
Elaviroid Eggplant latent ELVd

“Not approved by ICTV [4,5].
bIncludes Tomato planta macho viroid (TPMVd).
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~ Figure S1. Illustration of parameters in the Wilbur—
o Lipman algorithm [1]. The black diagonal line marks
S the significant diagonal between the two sequences.
> The red dotted lines mark a distance of window size w
&3 around this diagonal in which matches are regis-
tered. The k-tuple matches (blue lines) are consecutive
wm dow size w matches of a given length k between both sequences.
/
Sequence 1
(@ (b)
Ref seq. 1 ATTCCGGGGAACTCT Ref. seq. 1 ATTCCGGGGAACTCT
Seed alignment { Ref. seq. 2 ATGCCGGGG|. . CACT Seed alignment ¢ Ref. seq. 2 [ATGCCGGGG. . CACT]
Ref. seq. 3 ACCCCGGAGAGCGGT Ref. seq. 3 ACCCCGGAGAGCGGT
Candidate sequence ACACCGGAG--CACT Candidate sequence ACACCGGAG- -CACT
Score 1212345675 6789 Score 123434 5678
operaton MMRMMMMMMJ MMMM Operation MMMMRM  MMMM
()
Candidate Candidate
Seq3| — Seq 3
| I
Seq 1 Seq 1
0 5 10 15
Alignment

Figure S2. Examples for alignment between a candidate sequence and a seed alignment using JALIL Dots denote gaps in the seed
alignment; dashes denote gaps introduced by JALI. A match (M) between two characters increases the score by m = 1, a replacement (R)
reduces the score by r = -1, gap open and gap extension reduce the score by i = -2 and e = -1, respectively. The blue outlines mark the
reference sequence(s) or a part of it, to which JALI aligned the candidate sequence.

(a) A jump (J) is unfavorable with cost j = 2. Thus, JALI predicts an optimal score of 9 by aligning the first 9 nucleotides of the
candidate sequence to reference sequence 3 of the seed alignment and than jumps to reference sequence 2 for the remaining part.

(b) A jump is unfavorable with cost j = 3. Thus, an optimal alignment is based only on reference sequence 2 without any jumps.

(c) Graphical representation of the alignment in (a). The candidate sequence is aligned first to reference sequence 3 and then to reference
sequence 2. Note the identical color of label “Candidate” and the candidate’s line.
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Figure S3. JALI output with CSVd as the candidate sequence and all other viroids presented in Keese and Symons (1985) as the seed
alignment. Visualized output of JALI for CSVd (AC V01107) as candidate sequence and an alignment consisting of CCCVd (CCC),
CEVd (CEV), HSVd (X00009=, MPVd (TPM), PSTVd (PTVA) and TASVd (TASCG) produced by MAFFT X-INS-I [6]. Domains are
marked by black lines: TL = terminal left, P = pathogenicity, C = central, V = variable and TR = terminal right. Horizontal blue lines
show where the candidate sequence is partially aligned to the corresponding sequence in the alignment; that is, the height of the blue
line gives the sequence to which it is optimally aligned. Vertical blue lines show were JALI jumped between two sequences. Scoring
parameters for JALI are given below the plots: gap open i, gap extension ¢, jump j. In (b)—(d), the CSVd sequence optimally aligns
to upper and lower TL domain of the CEVd sequence, to upper P domain of MPVd, and to C, V, and lower P domain of the TASVd

sequence.



PSTVd (PTVA) vs. MPVd (TPM)

PSTVd (PTVA)
MPVd (TPM)

PSTVd (PTVA)
MPVd (TPM)

TCR HPI..UCCR..HPI RY RY RY

T c | TR
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 8 8 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190
. .CGGAACUAAACUCGUGGUUCCUGUGGUUCACACCUGACCUCCUGAGCAGAAAAGAAAAAAGAAGGCGGCUCGGAGGAGCCCUUCAGGGAUCCECGEGGAAACCUGGAGCCAACUGGCAAAAAAGGACCCUGGCGAGUGCCCAGCGGCCEACAGEAGUAAUUCCCGCCCAAACAGGEUUUUCACCCUUC
CGGGAUCUUUUCCUUGUGGUUCCUGUGGUACACACCUGACCUCCUGACCAGAAAAGAAAAAAGAAUUGCGGCCAAAGGAGCGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGAACUGGCG . . . AAGGAGUCGCGGCUGGGGAGUCUCCCAGACAGGAGUAAUCCCCGCUGAAACAGGGUUUUCACCCUUC

PSTVd (PTVA) vs. CEVd (CEV)
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CEVd (CEV)
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L | c | TR
TCR HPI..UCCR..HPI RY RY RY
RY RY HPII HPII
R | c . ] ™
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CUUUCUUCGGGUGUCCUUCCUCGCGCCCGCAGGACCACCCCUCGCCCCCU. ... UUGCGCUGUCGCUUCGGCUACUACCCGGUGGAAACAACUGAAGCUCCCGAGAACCGCUUUUUCUCUAUCUUACUUGCUUCGGGGCGAGGGUGUUUAGCCCUUGGAACCGCAGUUGGUUCCU. .. . 359
CUUUCUUCGGGUUUCCUUCCUCUGCGGUCGACA. . ... CCCUCGCCCGCUUCUCUUGCGCUGUCGCUUCGGAGACUACCCGGUGGAAACAACUGAAGCUCCCAAGCGCCGCUUUUUCUCUAUCUUGCUGGCUCCGGGGCGAGGGUGGAAAACCCU.GGAACCCUUCGAAAAGGGUCCCU 360
R | c | L
RY RY HPIT HPII
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L . | c | TR
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CGGAACUAAACUCGUGGUUCCUGUGGUUCACACCUGACCUCCUGAGCAGAAAAGAAAAAAGAAGGCGGCUCGGAGGAGCG. .CUUCAGGGAUCCCCGGGGAAACCUGGAGCGAACUGGCAAAAAAGGACGGUGGGGAGUGCCCAGCGGCCGACAGGAGUAAUUCCCGCC. . . v v v e v iee e s

CGGGAUCUUUCUUGAGGUUCCUGUGGUGCUCACCUGACCCUGCAGGCAGGAAAAGAAAAAAGAGGCGGCGGGGGAAGAAGUCCUUCAGGGAUCCCCGGGGAAACCUGGAGGAAGUCGAGGUC. . . ... ... GGGGGG. ... ....... GACAGCUGCUUCGGUCGCCGCGGAUCACUGGCGUCCAGCG
L | ¢ | R
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R | ¢ ] L
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. .GAAACAGGGUUUUCAC.CCUUCCUUUCUUCGGGUGUCCUUCCUCGCGCCCGCAGGACCACCCCUCGCCCCCUUUGCGCUGUCGCUUCGGC. ... . UACUACCCGGUGGAAACAACUGAAGCUCCCGAG. ..AACCGCUUUUUCUCUAUCUUACUUGCUUCG.GGGCGAGGGUGUUUAGCCCUUGGAAC
GAGAAACAGGAGCUCGUCUCCUUCCUUUCGCUGCUGGCUCCACAUCCGAUCGUCGCUGAAGCGCCUCGCCCCCUCGCCCGGA. .GCUUCUCUCUGGAUACUACCCGGUGGAAACAACUGAAGCUUCAACCCCAAACCGCUUUUCUUAUAUCUUCACUGCUCUCCGGGCGAGGGUGAA.AGCCCUCGGAAC
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Figure S4. Pairwise alignments of PSTVd to the other sequences used by Keese and Symons (1985) with NUCALN. Figure is continued on pages S7-S8.
The viroid species name is followed by the GenBank Locus of the respective sequence. Alignments were calculated using NUCALN with k-tuple length k = 4, gap parameter g = 4,
and window size w = 25 (cf. Figure S1); these are the parameter combinations mentioned in McInnes and Symons [3]. Aligned regions are marked by yellow background.
Alignments were drawn by TpXERafle [7].
Boundaries of terminal left (TL), pathogenicity (P), central (C), variable (V) and terminal right (TR) domain are marked by bars directly above and below the two sequences
at positions as given in [8]. Terminal conserved region (TCR, Figure 520), terminal conserved hairpin (TCH, Figure S21), hairpin I (HPI) plus upper central conserved region
(UCCR, Figure 22(a)), hairpin II (HPII, Figure 525), and purine-pyrimidine (RY, Figure 526) motifs are marked by bars at top and bottom of each sequence.
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PSTVd (PTVA) vs. TASVd (TASCG)

TCR HPI..UCCR..HPI RY RY RY
™ - | c | TR
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 8 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200
PSTVd (PTVA) CGGAACUAAACUCGUGGUUCCUGUGGUUCACACCUGACCUCCUGAGCAGAA. . .AAGAAAAAAGAAGGCGGCUCGGAGGAGCG. .. .CUUCAGGGAUCCCCGGGGAAACCUGGAGCGAACUGGCAAAAAAGGACGGUGGGGAGUGCCCAGCGGCC. . ... ... GACAGGAGUAAUUCCCGCCGAAACAGGGUUUUCACCC
TASVd (TASCG) CGGGAUCUUUCGUGAGGUUCCUGUGGUGCUCACCUGACCCU. . . .GCAGGCAUCAAGAAAAAAGAUAGGAGCGGGAAGGAAGAAGUCCUUCAGGGAUCCCCGGGGAAACCUGGAGGAAGUCGAGGUC. . ........ GGGGGCUUCGGAUCAUUCCUGGUUGAGACAGGAGUAAUCCCAGCUGAAACAGGGUUUUCACCC
L | ¢ | TR
TCR HPI..UCCR..HPT RY RY RY
RY RY HPII HPII
R | c - | L
205 210 215 220 225 230 235 240 245 250 255 260 265 270 275 280 285 200 205 300 305 310 315 320 325 330 335 340 345 350 355 360 365 370 375 380 385
PSTVd (PTVA) UUCCUUUCUUCGGGUGUCCUUCCUCGCGCCCGCAGGACCAC. .CCCUCGCCCCCUUUGCGCUGUCGCUUCGGCU. . . . . ACUACCCGGUGGAAACAACUGAAGCUCCCGAGAACCG. . .CUUUUUCUCUAUCUUACUUGCUUCG.GGGCGAGGGUGUUUAGCCCUUGGAACCGCAGUUGGUUCCU 359
TASVd (TASCG)  UUCCUUUCUUCUGGUUUCCUUCCUCUCGCCGGAAGGUCUUCGGCCCUCGCCCEGA . ... .. . . .. GCUUCUCUCUGGAGACUACCCGGUGGAAACAACUGAAGCUUCCACUUCCACGCUCUUUUUCUCUAUCUUUGUUGCUCUCCGGGCGAGGGUGAA . AGCCCGUGGAACCCUGAAUGGUCCCU 360
s | c | ™
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PSTVd (PTVA) vs. CSVd (V01107)
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L . | c e TR
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 8 8 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200
PSTVd (PTVA)  CGGAACUAAACUCGUGGUUCCUGUGGUUCACACCUGACCUCCUGAGCAGAAAAGAAAAAAGAAGGCGGCUCGGAGGAGCGCUUCAGGGATCCCCGGGGARACCUGGAGCGAACUGGCAAAAAAGGACGGUGGGGAGUG. . . . CCCAGCGGCC. . . GACAGGAGUAAUUCCCGCCGAAACAGGGUUUUCACCCUUCCUUUC

Ccsvd (V01107) .CGGGACUUACUUGUGGUUCCUGUGGUGCACUCCUGACCCUGCUGCUAUAGCAAAGAAAAAGAAAUGAGGCGAAGAAGUCCUUCAGGGAUCCCCGGGGAAACCUGGAGGAAGUCCGACGAGAUCGCGGUUGGGGCUUAGGACCCCACUCCUGCGAGACAGGAGUAAUCCU. ... . AAACAGGGUUUUCACCCUUCCUUUA
™ | c | TR
TCR HPI..UCCR..HPI RY RY RY
RY HPII HPII
R | c | L
205 210 215 220 225 230 235 240 245 250 255 260 265 270 275 280 285 290 295 300 305 310 315 320 325 330 335 340 345 350 355 360 365 370
PSTVvd (PT\IA) UUCGGGUGUCCUUCCUCGCGCCCGCAGGACCAC. .CCCUCGCCCCCUUUGCGCUGUCGCUUC. . ..GGCUACUACCCGGUGGAAACAACUGAAGCUCCCGAGAACCGCUUUUUCUCUAUCUUACUUGCUUCGGGGCGAGGGUGUUUAGCCCUUGGAACCGCAGUUG.GUUCCU. 359
CcSsvd (V01107) GUU..... UCCUUCCUCUCCUGGAGAGGUCUUCUGCCCUAGCCCGGUCUUCGAA. . .GCUUCCUUUGGCUACUACCCGGUGGAAACAACUGAAGCUUCAACGCCU. . .UUUUUUCCAACCUUCUUUAGCACCGGGCCAGGGAG.UUAGCCCUUGGAACCUUAGUAUUGUUCCCU 356
T | ¢ - | L
RY HPII HPII

Figure S4: Continued from previous page
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PSTVd (PTVA) vs. CCCVd (CCCO)

TCH HPI..UCCR..HPI
T - | c | TR
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 8 8 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200
PSTVd (PTVA)  CGGAACUAAACUCGUGGUUCCUGUGGUUCACACCUGACCUCCUGAGCAGAAAAGAAAAAAGAAGGCGGCUCGGAGGAGCGCUUCAGGGAUCCCCGGGGARACCUGGAGCGAA . CUGGCAAAAAAGGACGGUGGGGAGUGCCCAGCGGCCGACAGGAGUAAUUCCCGCCGAAACAGGGUUTUCACECUUCCUUUCTUCEGE

CCCvd (CCC) AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA CUGGGGAAAUCUACAGGGCACCCCAAAAACCACUGCAGGAGAGGC.CGCUUGAGGGAUCCCCGGGGAAACGUCAAGCGAAUCUGGGAAGGGAGCGUACCUGGGUCGAUCGUGCGCGUUGGAGGAGACU. ... ..ttt ns CCUUCGUAGCUUCGA .
L .| c | R
TCR HPI..UCCR..HPI RY RY RY
TCH

R ] ¢ P

205 210 215 220 225 230 235 240 245 250 255 260 265 270 275 280 285 290 295 300 305 310 315 320 325 330 335 340 345 350 355 360 365
PSTVd (PT\IA) UGUCCUUCCUCGCGCCCGCAGGACCACCCCUCGCCCCCUUUGCGCUGUCGCUUCGGCUACUACCCGGUGGAAACAACUGAAGCUCCCGAGAACCGCUUUUUCUCUAUCUUACUUGCUUCGGGGCGAG. . .GGUGUU. .. ... UAGCCCUUGGAACCGCAGUUGGUUCCU 359
cccvd (CCC) ............ CGCCCGGC. .. ........ CGCCCCUCCUCGAC. . .CGCUUGGGAGACUACCCGGUGGAUACAACUCACGCGGC . . v v v viv e eenen s UCUUACCUGUUGUUAGUAAAAAAAGGUGUCCCUUUGUAGCCCCU. .. v v v vvin e e einnn s 246

R | c | L

RY HPIT HPII

PSTVd (PTVA) vs. HSVd (X00009)

TCR HPI..UCCR..HPI RY RY
L . | c . | R
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 8 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200
PSTVd (PTVA) CGGAACUAAACUCGUGGUUCCUGUGGUUCACACCUGACCUCCUGAGCAGAAAAGAAAAAAGAAGGCGGCUCGGAGGAGCGCUUCAGGGAUCCCCGGGGAAACCU. .. ... GGAGCGAACUGGCAAAAAAGGACG. .. ... vvvnn s GUGGGGAGUGCCCAGCGGCCGACAGGAGUAAUUCCCGC. . . . . CGAAACA
HSVd (X00009)  ...ooovvvnnnnn.. CUGGGGAAUUCUCGAGUUGCCGCAUCAGGCAAGCAAAGAAAAAACAAGGC. . . . . . . AGGAAGGUACUU. .. ... ACCUGAGAAAGGAGCCCCGGGGCAACUCUUCUCAGAAUCCAGCGAGAGGCGUGGAGAGAGGGCCGCGGUGCUCUGGAGUAGAGGCUCUGCCUUCGAAACA
™ | ¢ | i |
TCH
RY RY RY HPIT HPIT
R | c | ™
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PSTVd (PTVA) GGGUUUUCACCCUUCCUUUCUUCGGGUGUC. . ..... cuucCu...... CGCGCCCGCAGGAC.CACCCCUCGCCCCCUUUGCGCUGUCGCUUCGGCUACUACCCGGUGGAAACAA.CUGAAGCUCCCGAGAACCGCUUUUUCUCUAUCUUACUUGCUUCGGGGCGAGGGUGUUUAGCCCUUGGAACCGCAGUUGGUUCC
HSvd (XUOUOQ) CCAUCGAUCGUCCCUUCUUCUUUACCUUCUUCUGGCUCUUCCGAUGAGACGCGACCGGUGGCAUCACCUCUCGG . . . oo v v v v e UUCGUCCCAACCUGCUUUUUGUCUAUCUGAGCCUCUG. . ... CCGCGGAUCCUCU. .. ... CUUGAGCCCCU . . ottt et e e ittt e e e
[T e c | ™
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Figure S4: Continued from previous page
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Figure S5. Dotplots between the sequences used by Keese and Symons (1985).

Figure is continued on next page.
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Figure S5. Continued from previous page.

Axis labels are the viroid species name (PSTVd, GenBank locus PTVA; MPVd, TPM; CEVd, CEV; TASVd, TASCG; CSVd,
V01107, CCCVd, CCC; HSVd, X00009). Alignments were calculated using NUCALN with k-tuple length k = 4, gap
parameter g = 4, and window size w = 25 (cf. Figure S1); these are the parameter combinations mentioned in McInnes and
Symons [3]. Corresponding matches are marked by thin diagonal lines; the significant combination of matches is marked
by thick diagonal lines. Boundaries of terminal left (TL), pathogenicity (P), central (C), variable (V) and terminal right (TR)
domain are marked by dotted lines at positions as given in [9]. Terminal conserved region (TCR, Figure 520), terminal
conserved hairpin (TCH, Figure 521), hairpin I (HPI, Figure 22(a)), hairpin II (HPII, Figure S25), and purine-pyrimidine
(RY, Figure 526) motifs are indicated by blue bars.

Alignments of HSVd, PSTVd (f), CEVd (b), and TASVd (c) are mentioned in [9] to be used in determination of the P
domain borders.

CSVd and TASVd (g) are mentioned in [9] to be used in determination of the C domain borders together with comparisons
of CEVd/TASVd (h), PSTVd/MPVd/CCCVd ((a) and (e)).
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Figure S6. Dotplots between consensus sequences of the species used by Keese and Symons (1985). Axis labels are the viroid species

name. For consensus sequences see main text; for further details see Figure S5.



Table S2. Pairwise sequence identity of the sequences used by Keese and Symons (1985) after alignment with NUCALN (k = 4 and g = 4). HSVd was omitted because of the
missing boundaries of its V and TR domains in [9]. The column “overall” shows pairwise sequence identity (PSI; in percent) values for full-length sequences; all other columns
show PSI values for domains as given by [9]. Note that the matrix is not symmetric because the domains of the individual species do not coincide.

CCCvd CEVd CSvd
TL P C A\ TR overall TL P C A% TR overall TL P C \% TR overall

CCCvd - - - - - - 352  60.1 70.9 59.1 69.2 55.7 65.9 53.4 679 495 583 49.2
CEVd 38.5 69.3 63.7 346 69.2 55.7 - - - - - - 78.9 76.0 62.1 45.0 65.7 65.8
csvd 686 568 524 74.2 58.3 49.2 79.8 74.0 71.0 58.6 65.7 67.8 - - - - - -

MPVd 36.0 68.3 652 438 476 56.1 75.6 779 85.8 609  46.8 65.8 66.5 62.4 83.3 86.1 96.2 69.2
PSTVd 321 517 768 476 63.0 57.7 70.4 74.0 58.0 69.8 56.2 62.1 66.7 721 69.0 67.7  88.9 64.4
TASVd 417 650 547 575 75.0 53.3 94.5 85.9 80.4 57.2 52.8 77.8 72.2 71.0 78.4 76.9 96.2 74.3

MPVd PSTVd TASVd
TL P C A% TR overall TL P C A\ TR overall TL P C A\ TR overall

CcCccvd 12.5 60.6  52.0 520 476 56.1 402 518 81.0 423 63.0 58.1 39.8 69.2 54.7  50.6 75.0 524
CEVd 75.0 78.9 66.5 55.0  46.8 66.1 70.1 70.7  58.6 552  56.2 61.8 94.4 85.9 78.0 63.9 52.8 77.8
csvd 67.5 72.2 72.7 909 96.2 69.2 682  66.5 67.4 68.4 88.9 64.1 73.9 69.3 81.5 76.9 96.2 74.3
MPVd - - - - - - 68.5 83.1 71.2 63.6 92.2 76.6 72.8 76.6 79.8 744  96.8 72.5
PSTVd 68.0 83.0 74.8 64.6 92.2 76.6 - - - - - - 70.1 717  68.3 703 919 69.6
TASVd 72.6 77.3 71.6 71.5 96.8 72.5 70.3 72.2 70.6 59.4 91.9 69.1 - - - - - -
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Table S3. Pairwise sequence identity of the sequences used by Keese and Symons (1985) after alignment with NUCALN with parameters k = 3 and g = 3. Each first and second
columns show the values from an alignment using NUCALN; the first column shows pairwise sequence identity (PSL in percent) for domains of sequence 1, the second column
shows PSI for domains of sequence 2. Each third column shows the values given in Table 2 of [9] as “Sequence homology between domains of different viroids”: “Sequence

homology was determined by the best alignment, allowing for additions and deletions, but constrained by the requirement of a match consisting of a minimum of three

P hi . . h
consecutive residues. Percent sequence homology = number of matching residues in both sequences x 100.” [9]. NA, not available from Table 2 of [9].

total number of residues compared

Sequence homology, %

Domains
Viroid
1roids TL P C v TR Overall
1 2 1/2 2/1 [9] 1/2 2/1 [9] 1/2 2/1 [9] 1/2 2/1 [9] 1/2 2/1 [9] 1/2 2/1 [9]

CCCvd CEvVd 411 288 N/A 558 586 N/A 657 648 N/A 440 440 N/A 397 400 N/A 470 496 N/A
Csvd 383 435 N/A 509 465 N/A 550 629 N/A 363 289 N/A 382 356 N/A 450 470 N/A
MPVd 392 186 N/A 618 620 N/A 675 702 N/A 479 410 N/A 358 354 N/A 505 495 N/A
PSTvd 351 250 25 51.6 56.3 14 64.8 65.1 70 343 348 37 353 374 27 479 479 38
TASVd 398 341 N/A 568 552 N/A 483 622 N/A 391 468 N/A 383 364 N/A 462 492 N/A
CEVd CCCvd 288 411 N/A 586 558 N/A 648 657 N/A 440 440 N/A 400 397 N/A 496 470 N/A
csvd 802 812 N/A 721 710 N/A 690 700 N/A 417 517 N/A 484 587 38 68.1 68.7 59
MPVd 770 775 N/A 762 746 N/A 572 655 N/A 474 534 N/A 481 483 37 66.8 668 60
PSTVd 693 696 62 756 761 62 63.1 634 65 49.1 456 31 48.1 451 38 655 644 55
TASVd 934 935 N/A 853 853 N/A 845 867 N/A 544 577 N/A 561 586 46 793 802 73
Csvd CCCvd 435 383 N/A 465 509 N/A 629 550 N/A 289 363 N/A 356 382 N/A 470 450 N/A
CEVd 812 802 77 71.0 721 42 700 69.0 82 51.7 417 28 58.7 484 38 68.7 68.1 59
MPVd 727 696 N/A 698 721 N/A 727 734 N/A 749 745 N/A 877 877 N/A 737 737 N/A
PSTvd 780 754 69 66.3 677 49 596 634 71 66.2 657 31 825 814 81 69.6 70.1 61
TASVd 787 769 N/A 668 687 N/A 844 817 N/A 716 702 N/A 877 877 N/A 768 768 N/A
MPVd CCCvd 186 392 N/A 620 618 N/A 702 675 N/A 410 479 N/A 354 358 N/A 495 505 N/A
CEVd 775 770 80 746 762 70 65.5 572 69 534 474 29 483 481 37 66.8 668 60
CSsvd 69.6 727 N/A 721 698 N/A 734 727 N/A 745 749 N/A 877 877 N/A 737 737 N/A
PSTVd 720 725 67 826 830 73 814 812 94 885 837 42 952 946 95 823 823 76
TASVd 789 786 N/A 691 719 N/A 707 647 N/A 746 751 N/A 968 968 N/A 758 767 N/A
PSTvd CCCvd 250 351 N/A 563 516 N/A 651 648 N/A 348 343 N/A 374 353 27 479 479 38
CEVd 69.6 693 N/A 761 756 N/A 634 631 N/A 456 491 N/A 451 481 38 644 655 55
Csvd 754 780 N/A 677 663 N/A 634 596 N/A 657 662 N/A 814 825 N/A 701 696 N/A
MPVd 725 720 N/A 830 826 N/A 812 814 N/A 837 885 N/A 946 952 N/A 823 823 N/A
TASVd 671 671 N/A 691 729 N/A 705 731 N/A 714 603 N/A 906 919 90 704 715 64
TASVd CCCvVd 341 398 N/A 552 568 N/A 622 483 N/A 468 391 N/A 364 383 N/A 492 462 N/A
CEVd 935 934 91 853 853 54 86.7 845 99 57.7 544 99 586 56.1 46 802 793 73
csvd 769 787 N/A 687 668 N/A 817 844 N/A 702 716 N/A 877 877 N/A 768 768 N/A
MPVd 786 789 N/A 719 691 N/A 647 707 N/A 751 746 N/A 968 968 N/A 767 758 N/A
PSTvVd 671 671 67 729 691 59 731 705 65 603 714 30 919 90.6 90 715 704 64
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P/C c/v V/TR

Domains
2
Logo 1
CEvd CGGGAUCU. .UUCUUGAGGUUCCUGUGG .UGC.UCACCUGACCCUGCAG GAAGUCCUUCAGGGAUCCCCGGGGAAACCUGGAGGAAGUC GA.
CLvd CGGAACUA. .AACUCGUGGUUCCUGUGG.UUC.ACACCUGACCCUGCAG AGAGCGGUCUCAGGAGCCCCGGGGCAACUCAGACCGAGCG.GG .
Csvd CGGGACU. . .UACUUGUGGUUCCUGUGG .UGC.ACUCCUGACCCUGCUG| AGAAGUCCUUCAGGGAUCCCCGGGGAAACCUGGAGGAAGUCCGACGA
Irvd UG. UGGUUCCAAUGGUUGC.ACCCCUGACCUGCAAUG.CA. . AAAAGAAAAAAGAU.GGGGCG..G.CG.GC...AACAACGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGAACUCGGCAAGGAGGCCUGGCGGUAGGUG. .CGCGGAGUCG. .ACCGCG. .UAAA
MPVd CGGGAUCUUUUCCUUGUGGUUCCUGUGG UUC.ACACCUGACCUCCAGCC. G...AGGAGCGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGAACU.GGCAAA] A
PCFVd CCGGAUUC. .UUCUAAGGGUGCCUGUGG .UGCCUCCCCCGAAGCCC G. . AUCUCCUGUUCAGGGAUCCCCGGGGAAACCUGGACAGACCG .GGCGGA!

PSTVd CGGAACUA. .AACUCGUGGUUCCUGUGG.UUC.ACACCUGACCUCC!

PolLVvd UG. ... UGGUUCCUAUGGUUGC.ACCCCUGACCUGCUAC]
TASVd CGGGAACU .UUCUUGAGGUUCCUGUGG.UGC.UCACCUGACCCUGCAGG .
TCDVd CGGAACUA. . AACUCGUGGUUCCUGUGG.UUC.ACACCUGACCUCCUGUG .
Motifs TCR

Domains iR

Logo

CEVd .GCG. GAGAAACAGGAGCUCGUCUCCUUCCUUUCGC B
CLvd GACAGGAGUA. . AG.CUGAAACAGGGUUU.UCACCCUUCCUUUCUU. .
Ccsvd GACAGGAGUA. . AucCCU. AAACAGGGUUU.UCACCCUUCCUUU.

Irvd GACCGGAGAA. . CUCCUCGCGGCGGAAGAAACAGGAGCUCGUCUCCUUCCUUUCUG
MPVd GACAGGAGUA. . CG.CUGAAACAGGGUUU.UCACCCUUCCUUUCUU

PCFvd GACAGGAGUA. .
PSTVd GACAGGAGUA. .
PoLvd GACCUGAGAA. .
TASVd GACAGGAGUA. .
TCDvd AACAGGAGUA. . . .

CG.CAGAAACAGGGUUU.UCACCCUUCCUUUCUU. .

Motifs RY RY RY
P/TL
v
Domains P b3

365 370 375 380 385 390 395 400 405 410 415 420 425

UCUCCGGGCGAG GGUGA .AAGCCCUCGGAA.CCCUAGAUUGGG. .
GUCUCCGGGCGAG.GGUGUUUAGCCCUUGGAA.CCGCAGU. . UGG
.CACCGGGCUAG.GGAGU.AAGCCCGUGGAA .CCUUAGUUUUGU. .

CCCGCCCUUUUUCUUCUA.UCUUC. .U...GC.UGCGCGGCGAG.GGUGG. . . GCUU CUAAAG
GCGCAGEGGCGAG . GEUGGAAAGCCCU . GGAACCCGCUGGAUGGG
CCGACGC.GGCCGGG. . AGUGAAGCU. .ACCC. .GGGA.CCCGAGA. .G
C.UUCGGGGCGAG .GGUGUUUAGCCCUUGGAA .CCGCAGU. .
CUGGAGCGGCGAG .GGUGG. . . GC!
CUCUCCGGGCGAG.GGUGA .AAGCCCGUGGAA.CCCUGGA.
CUACCGGGGCGAG.GGUGUUUAGCCCUUGGAA.CCGCAGU.

Motifs HPIT

. .AGGAGCGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGAACU.GGCAAA
.CACAACGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGACCUCGGCAGG

.AGGAGCGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGAACU GGCAA]
HPI..UCCR..HPI

TR/V v/C c/p
v v v
I c -]

GCC CGGAGC U UGUCUCUGGCUACUACCCGGUGGAUACAACUGA AGCUUCA
CCCGGAGUCUUGAC. . CAGCGC. . . . AGGUUCUGAC.GCGA.CCGGUGGCAUCACCGAGUUCGCUC.
ccc .UAGCCCGGU.UUCGAAGC ....UUCCUUUGGCUACUACCCGGUGGAAACAACUGA . . AGCUUCA;

.CACCCUCGCCC.GCUU.CCGCGC.UGGUCGCUCUGGCUACUACCCGGUGGAUACAACUGU .
Gcce. 'UGCGC.UG.UCGCUUCGGAUACUACCCGGUGGAAACAACUGA .
GCGCACU.GCUGUCCGGCUACUACCCGGUGGAUACAACUGA

.AUCGGGCAGG. .
L CUUCCUU. . . . .cc-cccciu UCGCUUCGGCAACUACCCGGUGGAAACAACUGA . |
RY HPII LCCR
440

:AGGAGUCCCU 364
.UGG. .UUCCU 360

Figure S7. MAFFT alignment between consensus sequences of Pospiviroid members. Sequences were aligned using MAFFT X-INS-1 with options -maxiterate 1000 and -retree

100. For consensus sequences see main text. For annotation of CLVd see [10].

Top: domain borders consistent between all Pospiviroid members, positioned as described in section 3.2.

Bars at top: domains according to [9].
The line labeled “Logo” shows a sequence logo of the ten sequences [7,11].

Bottom line: TCH (Figure S21), TCR (Figure 20(a)), HPI (Figure S22), RY (Figure 526), and HPII (Figure S25) motifs are marked.

For the corresponding dotplot see Figure S9.
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Domains TL

2
Logo 1 J

GGAACUAAACU. .CGUGGUUCCUGUGGUUCACACCU. . .GCUUCAG. .

PSTVd (PTVA) C. -GGAUCCCCGGGGAAACCU .

MPVd (TPM) C.GGGAUCUUUUCCUUGUGGUUCCUGUGGUACACACCU. . .GCUUCAG...GGAUCCCCGGGGAAACCU.

CEVd (CEV) C.GGGAUCUUUCU. .UGAGGUUCCUGUGGUGCUCACCU. . .CCUUCAG. ..GGAUCCCCGGGGAAACCU.GGAGGAAGUCGA. . .
TASVd (TASCG) C.GGGAUCUUUCG. .UGAGGUUCCUGUGGUGCUCACCU. . CCUUCAG. . .GGAUCCCCGGGGAAACCU.GGAGGAAGUCGA. .. .G.
Csvd (V01107) C.GGGA.CUUACU. .UGUGGUUCCUGUGGUGCACUCCU. . .CCUUCAG. . .GGAUCCCCGGGGAAACCU.GGAGGAAGUCCGAC.GA .
CCCvd (CCcQ) CUGGGG.AAAUCU. .ACAGGG............CACCCCAAAAACCA.CUGCA......GGA......G.AG.GCCG........cvuuunn. CUUGAG. ..GGAUCCCCGGGGAAACGU.CAAGCGAAUCUG. . .

HSVd (X00009) CUGGGG . AAUUCU. .CG.AGUUGC .CGCAU.....
Motifs TCH TCR HPT

Domains TR

PSTVd (PTVA) A...CAGGAGUAAUUCCCGCCGAAACAGGGUUUU.CACCCUUCCUUUC. .UUCGG.

CUUACCUGAGAAAGGAGCCCCGGGGCAACUCUUCUCAGAAUCCA. . .

GCCCC .. .GCGCUGUCGCUUCGGCUAC
UU. . .GCGCUGUCGCUUCGGAGACUACCCGGUGGAAACAACUGAAGCUCCC]

MPVd (TPM) A...CAGGAGUAAUCCCCGCUGAAACAGGGUUUU.CACCCUUCCUUUC. .UUCGG.

CEVd (CEV) AUCAC . .CCAGCGGAGAAACAGGAGC CUUCCUUUCGCUGCUG . CCCU. .CGCCC..GGAGCU.UCUCUCUGGAUACUACCCGGUGGAAACAACUGAAGCUUCA

TASVd (TASCG) A...CAGGAGUAAUCCCAGCUGAAACAGGGUUUU.CACCCUUCCUUUC. .UUCUG. CCCU. .CGCCC. .GGAGCU.UCUCUCUGGAGACUACCCGGUGGAAACAACUGAAGCUUCC

CSvd (V01107) . .CAGGAGUAAUCCU. . ... AAACAGGGUUUU.CACCCUUCCUUU. . .....

CCCvd (CCC) .UCGUG. . ... CGCGUUGGAGGAGA . . LCGA..... CCGCUUGGGAGACUACCCGGUGGAUACAACUCACGC .+« vvvevs et
HSvd (X00009)  ..... CGGUG. . ... CUCUGGAGUAGAGGCU. ...CUGCCUU.......... JUUCU. .GGCUCU.UCCGAUGAGACGCGA .CCGGUGGCAUCACCUCUCGGUUCGUCC.

Motifs Ry Ry Y Y HPIT LCCR

Domains [ TL

Logo

GAGGGUGUUUAGCCCUUGGAACC. . . .GCAGU. .U. .GCUUCCU 359
. .GAGGGUGGAAAACCCU.GGAACCCUUCGAAAA . .G. .GGUCCCU 360
. .GAGGGUGAA . AGCCCUCGGAACC. . . . CUAGAUUG. . GGUCCCU 371
. .GAGGGUGAA . AGCCCGUGGAACC C.UGA..A.UGGUCCCU 360
. .CAGGGAGUU. AGCCCUUGGAACC. . . .UUAGU. . AUUGUUCCCU 356
CCCvd (CCC) UUG. .U. .AGCCCCU 246
HSVd (X00009) GAUCCU. . .CUCUU. .G. .AGCCCCU 297

Motifs HPII TCH

PSTVd (PTVA)
MPVd (TPM)
CEVd (CEV)
TASVd (TASCG)
CSvd (V01107)

149
148
151
150
155
105
127

309
307
319
310
305
210
265

Figure S8. MAFFT alignment between sequences used in Keese and Symons (1987). Sequences were aligned using MAFFT X-INS-I with options -maxiterate 1000 and -retree

100.

Left: The GENBANK LOCUS of the respective viroid is given in brackets after the viroid name.

Line at top: domains according to [9].

The line labeled “Logo” shows a sequence logo of the seven sequences [7,11].

Bottom line: TCH (Figure S21), TCR (Figure 20(a)), HPI (Figure 522), RY (Figure 526), and HPII (Figure S25) motifs are marked.

The TCH is only present in cocadviroids, like CCCVd, and hostuviroids, like HSVd. The TCR is only present in Pospiviroid members. The RY motif is present only once in CEVd,

IrVd, and PoLVd , but twice in the other Pospiviroid members.
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Table S4. Average pairwise sequence identity of consensus sequences of Pospiviroid species after alignment with MAFFT X-INS-1. For

the alignment see Figure S7.
(a) Pairwise sequence identity (PSI; in percent) values of full-length sequences. The APSI value of the alignment is 64.0%.
(b) Average pairwise sequence identity (APSI; in percent) values of domains [9]. For each row the domain borders of the given species

are used. Note that column values are not identical because the domains of the individual species do not coincide.

(a)

Viroid CCCVd HSvVd CSVd TASVd CEVd MPVd
PSTVd 61.0 50.5 68.1 71.2 68.7 824
MPVd 59.3 49.2 72.0 74.7 68.9
CEVd 61.4 56.9 72.9 78.0
TASVd 62.6 53.5 80.5
Ccsvd 52.4 45.8
HSvd 54.1
(b)
Viroid TL P C v TR
PSTVd 623 665 768 49.0 552
MPVd 63.0 647 759 498 55.6
CEVd 62.6 65.6 739 486 55.0
TASVd 623 662 740 493 56.0
Csvd 628 65.0 76.0 498 50.5
HSvd 644 63.0 742 49.7 50.0
CCCvd 674 625 717 496 741
Mean 635 648 746 494 56.6
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Figure S9. Overlay of dotplots from NUCALN alignments for all Pospiviroid members. For sequences see Figure S7. For further details
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Domains

Logo

ACFSVd

PVd-2
PIvd-1

Motifs

Domains

Logo

Domains

Logo

ACFSvd
ADFVd

Cvd-VI
Cvd-vii
Dvd
GLvd
GYSvd-1
GYSVvd-2
GYSvd-3

PVd-2
PIvd-1

Motifs

Assvd TL

GGGUUCUUCA ACU.
LACU.

UCCUGUGGUUCCUGUGGUGACACCUCCGAAGGCC G CU. .
CCGUGUGGUUCCUGUGG.GGCACCCCC. . . ..
ACUAGUGGUUCCUGUGGUUUCACACCGAA . GGCC G
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Figure S10. MAFFT alignment between consensus sequences of Apscaviroid members. Sequences were aligned using MAFFT X-INS-I with options -maxiterate 1000 and
-retree 100 [6]. For sequence names see (Table S1). For consensus sequences see main text.
The line labeled “Domains” shows domains of ASSVd [12].

The line labeled “Logo” shows a sequence logo of the 20 consensus sequences [7,11].
Bottom line: For details on TCR (Figure 20(b)), HPI and UCCR (Figure S23), LCCR (Figure S24) see respective figures.
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Figure S11. Consensus sequences and secondary structures of Apscaviroid members. Domain borders of ASSVd, GYSVd-1, GYSVd-2
[12], and AGVd [13] are marked by black lines.
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ASSVd cons .GG..UAAACACCGUGCGGUUCCUGUGGUUCGCCCCG. ..CCAACG. .CAGAU. GGAACU.CACCUGUCGUCGUCGACGAAGGCCG .. GUGAGAAAGGAGCUG_GGCGC .CCUCGCAC.CAGUUCCGCU. GUGGGUUCGCCUACAAGAACGUACGGUGU 184
PBCVd cons CGG. GUCCCUUUCCUGAGGUUCCUGUGGUGCUCCCCUGACCUG CGUUCCAAAAAG.CAAAAAAAGUGAG.AGGCCCUAGGGGCUUCUCGGCUCGUCGUCGACGAAGGGUCUAGAAG. .. ... CC. .UGGGCGCU. .GGCGGAGCGCGC. .GGCUGUGAGUAAUCGCUCC. .UCUG. . .GAGAAGAAAACC. .AGCGU 175
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ASSVd cons  UGAGGCCC CUGCCACCUACUCUCGCGCCGCUAGUCGAGCGGACUCCGE . GUGGAGCCCCCUGUUCUC  UCACECUCUUUULLLUCILUUULGACGCAGCGG. . . CGGGUGG . GU. UCCCAGGGUAAAACACAAUAGGUGU . . UUCCC 330
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Motifs ASSVd LCCR
Stasy et al. (1995) extended LCCR

Figure S12. Alignment of CDVd, ASSVd, and PBCVd..
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Figure S13. Similarity among Pospiviroid members. JALI output for seed alignment of all Pospiviroid members. The seed alignment of

consensus sequences was produced with MAFFT X-INS-1.

TCDVd
TASVd

PSTVd

MPVd
CcSvd

CEVd



522 of 535

VIrolas

PBCVd
GYSVd-2
GYSVd-1

Ccvd-V

CBLVd
ASSvd

ADFVd

TL P C Vv TR Vv C TL
TCR UCCR LCCR
HPla HPJa
BRI Sl o T I O
........... —u—w-—?— Il-l'_l-_l
50 100 150 200 250 300 350 400

mafft-xinsi alignment

Figure S14. Similarity among Apscaviroid members. JALI output for seed alignment of all Apscaviroid members. The seed alignment of

consensus sequences was produced with MAFFT X-INS-1.
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CbVvd-4 UGCUUUGAGACUUCUUCUCCGUAGGACUCUUCGGCUCUUCGC.GGGUACCCAGCAACCUGCU. .CCCACGC.GGCGAUUGCAAAGGAUCCGGUCCGGU. . ... ... .... UCGAACCUCUUUU .CU...AAACCCUA...GU. UCA ......... GCUUAAAC.GAGCU. 295
CbVvd-5 UAC...GUGGA...ACGGCCGUCGCUCG. .UGGA...UCGGC.CGUCUUCCGGGUUCCUGCU..CCCACGC.GGCGAUUGCAAAGGAGCUGGUUCGCG. .UCCUGU........ UAUUCU. .UC .UACUCUA. . .GU ......... ACUUAAAG.AGGUU. 274
CbVd-6 UUC. ..GUGGA...ACGGCCGUCGCUCG. .UGGA. ..UCGGC.CGUCUUCCGGGUUCCUGCU..CCCACGC.AGCGAUUGCAAAGGAUCCGGUUCGCUC. UCCUUUUCUNUUUUACCUGCUUCAGACCGACGCGCCCGGGGAGUGAAUCACCUGGGACCGCGAAAAGCGAUCCU 342
CbVvd-7 UUC...GUGGA...ACGGC........... UCCG...CGUGUACG........... CCUGGUGACCC. .GCGAGCGAUUGCAAAGGUCCUGGUUCGCG. .UCCUGU. . ... ... CC.UAUUCU...UC....UACUCUA. @ cooocooo ACUUAAAG.AGGUU. 234
Motifs LCCR A
3:4-2
A
4:3-1
A
5:6—7

Figure S15. MAFFT alignment between the consensus sequences of Coleviroid members. Sequences were aligned using MAFFT X-INS-I with options -maxiterate 1000 and
-retree 100 [6]. For consensus sequences see main text. Coleviroid members share structural elements, which are shown by identically colored background; that is;

CBVd-1 consists of element A (red background) and element C (green background),

CBVd-2 consists of element B (yellow background) and element C (green background),

CBVd-3 consists of element B (yellow background) and element D (blue background),

CBVd-4 consists of element A (red background) and element D (blue background),

CBVd-5 consists of element F (khaki background) and element E (yellowgreen background),

CBVd-6 consists of element B (yellow background) and element E (yellowgreen background), and

CBVd-7 consists of element F (khaki background) and element C (green background).

Sequence elements on white background are either mutations, gaps, or sequence elements that are not restricted to one of the elements A-F.

The annotations in the three top and bottom lines denote the predicted recombination points by JALI (see Figure S16). Each annotation “#1: #2—-#3)” denotes the coleus blumei
viroid number (CBVd#1) and the two coleus blumei viroid numbers (CBVd#3—-~CBVd#4), between which JALI predicts the recombination points.
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(a) JALI output for seed alignment of all Coleviroid members. The seed alignment of consensus sequences was produced with MAFFT

X-INS-1 (Figure S15).

(b)-(d) VMATCH output for comparison of CbVd-1 with CbVd-2 (b), CbVd-2 with CbVd-3 (c), and CbVd-1 with CbVd-4 (d) with
parameters -1 40, -e 4, and -leastscore 40.
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Figure S17. MAFFT alignment bewteen members of genera Cocad-, Pospi-, and Hostuviroid. CCCVd, CBCVd, CTiVd, and HLVd belong are members of genus Cocadviroid, PSTVd
and CEVd of Pospiviroid, and HSVd of Hostuviroid (Table S1). Sequences were aligned using MAFFT X-INS-I with options -maxiterate 1000 and -retree 100. For consensus
sequences see main text.

PSTVd and CEVd have a TCR (Figure 20(a)); cocadviroids and HSVd have a TCH (Figure 521). PSTVd, as most pospiviroids, has two RY motifs, while CEVd and CBCVd, in
this respect an exceptional cocadviroid, have one RY motif.

€S Jo 6Ts



Domains PSTVd PSTVA TL N 1 B PSTVA C CoooEsmav PSTVA TR

Domains HSVd HSVA TL - HWar HSVd C .~ HSWav. HSVd TR
185 190 200

o s csmn, o s {6t o (L Ll Gl

C < X TS = < 2
DLvd CAGGUCU. . UCUAAGGG . UUCCUGUGGUGCCUCCCUCCAAG .GAG..UGC. ..GGAGGUUGU.CUCG. 159
HSVd cons CUGG. - s« . . . .GGAAUUCUCG . AGUU . GCCGCAUAA . GGCA| C.UUACCUGAGAAAGGAGCCCCGGGGCAACUCUUCUCA. . . . .. ....GAA..UCC. .AG.CG .CGCGGUGCU. CUGG. 138
CLVd cons CGGAACUAAACUCGUGG. .UUCCUGUGGUU. CACACCUGACCCUGCAGC (CAAGAGCGGUCUCAGGAGCCCCGGGGCAACUCAGACCGAGCG.GG. . .GUC -AGGAGUAAUCCCAGC 169
PCFVd cons CCGGAUUCUUCUAAGGG. .UGCCUGUGGUGCCUCCCCCGAAG . (CAUCUCCUGUUCAGGGAUCCCCGGGGAAACCUGGACAGACCG.GGCG . GA .AGGAGUAAUCCCCGC 163
PSTVd cons oo . AGGAGUAAUUCCCGC 165
PolVd cons U ....GUGG. UUCCUAUGGUUGCACCCCUGACCUGCUAC CACAACGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGACCUCGGCAGG GACCUGAGAACAGG 165
Motifs HSVd _ ~ Hostu HPI¥UCCR Ry Ry
Motifs PSTVd Pospi TCR Pospi HPI+UCCR Pospi Ry
Domains PSTVd PSTVd TR

Domains HSVd HSVd TR

Logo

DLvVd . UCUUGAGAGCUCC GCUCCUUGUA GCUUUGAG 322
HSVd cons AG CUCUG . GAAACACCAUCGAU..... C. C sooo CGCG ..... GAUCC 5o .UC 285
CLVd cons UGAAACAGGGUUUUC.ACCCUUCCUU.UCUUCUGGUUUCCU. GUCUCCGGGCGAG . GGUGUUUAGC 344
PCFVd cons AGAAACAGGGUUUUC. ACCCUUCCUU.UCUUCGGGUUUCCU. C....CGGG..AGUGAAGCU. .AC 330
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Figure S18. MAFFT alignment of DLVd, HSVd, and selected members of Pospiviroid.

Top: domains in PSTVd and HSVd.

Bottom: conserved motifs in PSTVd (green) and HSVd (blue). For the RY motifs in HSVd see [14,15].

Conserved motifs of DLVd [16] are shown on reddish background: TCR as in members of Pospiviroid; no TCH in contrast to HSVd; one RY motif (positions 160-162 and 265-270
in the alignment) similar to HSVd; HPII (positions 269-278 and 374-389 in the alignment) as in members of Pospiviroid.
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Figure S19. Similarity among DLVd, HSVd, and selected members of Pospiviroid.

(a) JALI output for seed alignment of DLVd and consensus sequences of HSVd and selected members of Pospiviroid. DLVd and HSVd
belong to genus Hostuviroid (Table S1).

Top: positions of domain borders and conserved motifs in PSTVd (blue) and HSVd (yellow). For the seed alignment see Figure S18.
(b)-(f) VMATCH output for comparison of DLVd to consensus sequences of HSVd and selected members of Pospiviroid with parameters
-1 50, -e 20, and -leastscore 50. Sequence matches with E < 1le — 3 are colored blue.

The high similarity of DLVd to PCFVd (f) spans the full TL domain; JALI only detects this similarity for the upper TL domain, because
the match extends over the 3'-5” end. Otherwise VMATCH detects a high similarity of DLVd with HSVd in range of lower C domain (b)
and with CLVd in the upper C domain (c).
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Table S5. Consistent domain borders of Pospiviroid members. For each Pospiviroid member the positions of domain borders in the

consensus sequence and two versions of a sequence stretch overlapping the respective domain border are shown. The first version

is valid for the respective consensus sequence, the second version is a regular expression that matches the domain border in > 90%

of resective sequences. The only used regular expression term is ‘X{#1,#2}’, that matches a repeat of nucleotide X #1 to #2 times. For
IUPAC nomenclature see Table Sé6.

Species TL<P P—C CoV VTR
46147 73174 1201121 1471148
ACCUCCUGAG | CARAAAAGA GGCGGCUCGG | AGGAGCGCU AACUGGCAAA | AAGGACGGU CCYAGCGGCC | GACAGGAGU
PSTVd ACYTCYBDHN | HAT{0, 1}RNVM{0, 1}WRRA DRCGGYNCGS | DSSRGSKCY AACYRGCAAHM{0,2}RRGSC{0,1}V{0,1}CRG SCYT{0, 1}NNYRGYC | RACHKSMGT
3121313 2831284 2371238 2091210
UAUCUUACUU | GCUUCGGGG ACUGAAGCUC | CCGAGAACCGC CUCGCCCCCU | UUGCGCUGU GUCCUUCCUC | GCGCCCGCA
NNWYTHNY{O, 1}HNHKNH{0, 1}DHC{0, 1}YRGGG ACTGRAGYTC | CCGAGRDCCGC CUsGecc{0,1}CCY | YBGCGCDGY KTCYTTCCYY | GCGSCSGSR
46147 74175 1181119 1461147
ACCCUGCAGG | CAGGAAAAG GGCGGCGGGG | AAGAAGUCCU AGGAAGUCGA | GGUCGGGGG gcuucGGUCG | CCGCGGAUCA
CEVd VMYCYKYRNS | CVKNHNRDD RNRBVN{O, 1}RGSV | RRRRDRYBST aggaRGYYGV | KKTYKGKG{O, 1}KK gcyucRBNSR | CMGYGSAYCD
3241325 2921293 2471248 2181219
UAUCUUCACU | GCUCUCCGG ACUGAAGCUU | CAACCCCAAA CCCCCUCGCC | CGGAGCuuc CCACAUCCGA | UCGUCGcug
NRYYTNHDMK | GBYCYCCGG ACBGRDGSYT | YDRMCYMD CCCCTSGCY | SGRWGCTtc YCACATCYGR | WBGTCRBug
46147 79180 1221123 15111562
ACCCUGCAGC | CAUGCAAAG GGAAGAGCGC | AAGAGCGGU ACCGAGCGGG | GUCUUGACC GCCCUGUUCA | GACAGGAGU
CcLvd ACCYYGCRRS | CAUGSRA{1,2}R GRRAGMKCGB | A{2, 3}GAGCGGU ACCGAGCGGG | GWBN{1,3}KGRYS SSVYBBYYCA | GRYRGGWGU
3201321 2871288 2431244 2131214
AUUCUAGCUU | GGUCUCCGG GAGUUCGCUC | AAGCCUCAA GAGUCUUGAC | CAGCGCAGG UUCCUUCCUC | UGCUUCAGCG
Wu{0,1}WCYK{0, 1}DH{0, 1}VSUY | GSWYUCSRG RWGN{0,2}UYRCUC | RV{0, 1}WVCSWSWW GARYCUN{0, 3}HVDC | CRGCGCRGG UUCCUUCCUC | HGBN{1,3}VG{0,1}C{0,1}K
45146 70171 1181119 15211563
ACCCUGCUGC | UUUGAAAGA AAUGAGGCGA | AGAAGUCCU GUCCGACGAG | AUCGCGGCU ACUCCUGCGA | GACAGGAGU
csvd ACCCWGCYGS | TNWRVAAGA AHWNDNBYBW | RBANKHYCY GTMHRRCNRG | AWCGYGGHU ACYYYYGCGR | GAYDRGVST
3071308 2831284 2361237 2041205
UAUCUUCUUU | AGCACCGGG UGAAGCUUCA | ACGCCUUUU AGCCCGGUCU | UCGAAGCUU UUCCUUCCUC | UCCUGGAGA
AYCTTCHYW | RGSRCCRGG YGRRGCYTCA | RCRCCHHHT ARCYCRGYYY | TCGRAGBYU BYCCTTYCYB | TCCYGGRGV
35136 62163 1101111 1481149
ACCUGCAAUG | CAAAAAGAA GGGCGGCGGC | AACAACGCU ACUCGGCAAG | GAGGCCUGG ACCGCGUAAA | GACCGGAGA
rvd ACCUGCAAWG | CA{4,5}GAA GGGCGGCGGC | WACAACGCU ACUCGGCAAG | GAGGCYUGG ACCGCGUAAA | GACCGGAGA
3341335 3021303 2551256 2241225
UCUAUCUUCU | GCUGCGCGG ACUGUAGCUU | GAAGCCCGC UCGCCCGCUU | CCGCGCUGG CUCACUCGGC | AGCGGCGUC
UMWWUYUUCU | GCUGCGCGG ACUGUAGCUU | GWAGCYYGC YCGCCCGCUU | CCGCGCUGG CUCAYYYGGC | AGCGGCGYC
48149 76177 1231124 1491150
ACCUCCAGCC | CAGGAAAGA GGCGGCUCGG | AGGAGCGCU AACUGGCAAA | GGAGUCGCG AGUCUCCUCA | GACAGGAGU
MPVd ACCUCCWGMY | CAGRAAAGA GGCGGCUCGG | AGGAGCGCU AACUGGCRAA | GGAGWSGA{0,1}CG AGUCUYCU{0, 1}CA | GACAGGAGU
3111312 2831284 2371238 2111212
CUAUCUUGCU | GGCGCAGGG ACUGAAGCUC | CCGAGAACC GCCCGCCUCU | CUGCGCUGU UUCCUUCCUC | UGUGGUCGA
CUAUCUUGCU | GRCKCMGGG ACUGAAGCUC | CCRAGMRCC GCCCGCYU{1,2}CU | CU{1,2}GCGCUGU UUCCUUCCUC | UGY{0, 1}YRGUCGA
44145 72173 1191120 1451146
CCGAAGCCCG | CUUAGGGAA GGAAGCAAGC | AUCUCCUGU ACCGGGCGGA | GAAGCGCAC ACCGUCUUCU | GACAGGAGU
PCFVd CCGWWGCCCG | CYUAGGGAA GGAAGCAAGC | AWCUCCUGU AYCGGGCGGA | KRAGYKCA{0, 1}C DCCGUCUUMU | GDCRGGAGU
3071308 2791280 2321233 2071208
UACUUCUACC | GACGCGGCC ACUGACAGAG | GUGCUUUUU GUCGGCCUUC | UCGCGCACU UUCCUUCCUC | AGUCGACCG
DRCUUCUACC | GACGYGGYC ACUGACAGAG | GUGCUUUUU GUCGGCCUUC | UCGCGCACU UUCCYUCCUC | ARUCGACCG
35136 63164 1111112 15111562
Polvd ACCUGCUACC | UGCAAAAGA GGCAGGCGAG | CACAACGCU CCUCGGCAGG | AAGGCUUGG GCGCCGUAAC | GACCUGAGA
3151316 2851286 2351236 2071208
CUACUUCUUC | GCUGGAGCG ACUGACGCUU | GUACUCCGC CCCUCGCCGG | UCUUCUGCG CUCAUCGGGC | AGGUGCCGC
46147 73174 1191120 1491150
ACCCUGCAGG | CAUCAAGAA GGCGCGGAGG | AGAAGAAGU AGGAAGUCGA | GGUCGGGGG UCCUUCGUGA | GACAGGAGUA
TASVd RCCCUGCAGG | CAUSAAGAA GGMGCSRRRR | VGAAGAAGU AGGAAGUCGA | GGWCGGGG UCCYKBKUGA | GACAGGWGUA
3161317 2841285 2391240 2111212
UAUCUUUGUU | GCUCUCCGG ACUGAAGCUU | CAACCCUCU GGCCCUCGCC | CGGAGCUUC UUCCUUCCUC | UCGCCUGGAG
YWUCUUYSUU | GCUCUCCGG ACUGAAGCUU | CVWY{3,4}MH GGCCCUCGCC | CGRRGCUUC KUCCWUCCUC | UCGCCU{0, 1}GGAR
46147 74175 1211122 1481149
ACCUCCUGUG | CAGAAAAGA GGCGGCUCGG | AGGAGCGCU AACUGGCAAA | AGGCGGCAG UGGAAGGCGA | AACAGGAGU
TCDVd ACCUCCUGWG | CAGAAAAGA GGCGGCUCGR | AGGAGCGCU AACUGGCAAA | AGGCGGCAG UGGAAGGCGA | AACAGGAGK

3131314
CUAUCUUGCU | GCUACCGGG
CUAUCUUGCU | GCUWCCGGG

2851286
ACUGAAGCUC | CCGAGAACC
ACUGAAGCUC | CCKAGAACC

2391240
CCUCGCCCCC | UUGCGCUGU
CCUCGCCCCC | UUGCGCUGU

2131214
UUCCUUCCUU | UGCGCGCCA
UUCCUUCCUU | UGCGCGCCA
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Table S6. Nomenclature for incompletely specified bases [17].

IUPAC nucleotide code Base Mnemonic
R Gor A puRine

Y CorT pYrimidine
M AorC aMino group
K GorT Keto group
S GorC Strong

W AorT Weak

B CorGorT not A

D AorGorT not C

H AorCorT not G

\% AorCorG not T

N AorCorGorT aNy
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Figure S20. Sequence logo of “Terminal Conserved Region” (TCR).

(a) The logo is based on 912 sequences of Pospiviroid and CbVd-1, -2, and -6; additional four sequences contain insertions.

(b) The logo is based on 810 Apscaviroid sequences; additional two sequences contain an insertion.

The logo [11] was produced by the web service at https:/ /rth.dk/resources/slogo/. The height of each character is proportional to its
frequency.

The pattern “YBNRNKRBBCNNRYRNN" (for nucleotide ambiguity code see [17]) finds 912 TCR sequences in the 916 Pospi- and
Coleviroid sequences (99.6%), as well as 786 TCR sequences in the 810 Apscaviroid sequences (97.0%). but finds additional false-positive
hits in Apscaviroid sequences. The pattern has a matching probability of 1/1214; that is, a hit with this pattern is only significant in
viroid sequences.

2.0

0.0——— T T T T T T T T T T T |
12345678 910111213
Figure S21. Sequence logo of “Terminal Conserved Hairpin” (TCH). The pattern ‘CCCCUCUGGGGAA' finds 460 TCH sequences in
the 484 sequences of genera CCCVd, CTiVd, CBCVd, HLVd, and HSVd (95.0%). The pattern has a matching probability of 1/6.7 x 107.
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Figure S22. Part of central domain including hairpin I (HPI) based on an alignment of 899 Pospiviroid sequences.

Alignments were predicted by MAFFT X-INS-I with options -maxiterate 1000 [6]. The logos [11] were produced by the web service
at https:/ /rth.dk/resources/slogo/; the height of each character is proportional to its frequency; the height of character M denotes the
mutual information content of corresponding base-paired positions as depicted in bracket-dot notation at the bottom of the logo.
The consensus secondary structures were produced using CONSTRUCT [18] and R2R [19]. For a legend to the color scheme used by
R2R see Figure 1.

(a) The two regions HPI" and HPI” are located in the upper C domain (left) and form hairpin I (HPI) in metastable structures or at high
temperature [20].

(b) The C domain includes the two regions HPI” and HPI” of HPI [20], the “conserved central core” (CCC) [9], and loop E [21,22].
For loop E, the non-Watson—Crick basepairs are annotated with Leontis-Westhoff nomenclature [23,24]: trans Hoogsteen/sugar edge
(0->), trans Watson—Crick /Hoogsteen (O-0), cis Hoogsteen/sugar edge (#»), trans Hoogsteen/Hoogsteen ({1-), and cis Watson—
Crick/Watson-Crick bifurcated (-@-).
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Figure S23. Part of central domain including hairpin I (HPI) based on an alignment of 612 Apscaviroid sequences. The logo [11] was
produced by the web service at https://rth.dk/resources/slogo/; the height of each character is proportional to its frequency; the
height of character M denotes the mutual information content of corresponding base-paired positions as depicted in bracket-dot

notation at the bottom of the logo.
The consensus secondary structure was produced using CONSTRUCT [18] and R2R [19]. For a legend to the color scheme used by R2R

see Figure 1.
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Figure S24. LCCR of Apscaviroid members. The logo [11], based on an alignment of 780 Apscaviroid sequences, was produced by the
web service at https:/ /rth.dk/resources/slogo/; the height of each character is proportional to its frequency.
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Figure S25. Hairpin II (HPII) of Pospiviroid sequences. The corresponding sequence regions of all pospiviroids were aligned by hand.

Top left: logo [11].

Top right: consensus sequence and consensus structure drawn by R2R [19]. The length of the hairpin loop is 65-91 nt. For the color

code see Figure 1.

Bottom: consensus secondary structure in bracket-dot notation and Pospiviroid sequences; the number at the right side depicts the

length of the hairpin helix.

The pattern “SCSUMGSCCB. *SBVSCKASKS” matches 854 of 902 Pospiviroid sequences (94.7%); additional 16 CEVd sequences (1.8%)
receive two hits due to an ambiguity of the pattern’s 5" part; 32 sequences (3.5%) are not matched by the pattern. For nucleotide

ambiguity code see [17]; the “

*” is an abbreviation for any number of nucleotides.
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Figure S26. RY motif of Pospiviroid sequences.

(a) Logo [11].

(b) Consensus sequence and consensus structure drawn by R2R [19]. For the color code see Figure 1.

The pattern “acagg. *?ccuuccu” matches 864 of 902 Pospiviroid sequences (95.8%). For nucleotide ambiguity code see [17]; the “.*?” is
an abbreviation for a minimum number of nucleotides intervening between the defined sequence stretches.
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