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Modifications of CLUSTALΩ

In the file KTUPLE_PAIR.C of CLUSTALΩ, 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 . s i g n i f = 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 CLUSTALΩ, we added in the function KTUPLEPAIRDIST

at line 777 the following code:

777 p r i n t f ( " Alignment : i=%d | j=%d \n" , i , j ) ;
778 int i i ;
779 for ( i i = 0 ; i i <= maxsf ; i i ++) {
780 p r i n t f ( " i=%3d ; j =%3d ; index=%3d ; score=%3d\n" ,
781 accum [ 1 ] [ i i ] , accum [ 2 ] [ i i ] , accum [ 3 ] [ i i ] , accum [ 0 ] [ i i ] ) ;
782 }
783 p r i n t f ( " Top_Alignment : i=%d | j=%d \n" , i , j ) ;
784 i i = maxsf ;
785 while ( i i >0) {
786 p r i n t f ( " i =\3d ; j =\3d ; index=\3d ; score =\3d\n" ,
787 accum [ 1 ] [ i i ] , accum [ 2 ] [ i i ] , accum [ 3 ] [ i i ] , accum [ 0 ] [ i i ] ) ;
788 i i = accum [ 3 ] [ i i ] ;
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 CLUSTALΩ 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 CEVd
Columnea latent CLVd
Iresine IrVd
Mexican papita MPVdb

Pepper chat fruit PCFVd
Portulaca latent PoLVda

Tomato apical stunt TASVd
Tomato chlorotic dwarf TCDVd

Hostuviroid Hop stunt HSVd
Dahlia latent DLVd

Cocadviroid Coconut cadang-cadang CCCVd
Citrus bark cracking CBCVd
Coconut tinangaja CtiVd
Hop latent HLVd

Apscaviroid Apple scar skin ASSVd
Apple chlorotic fruit spot ACFSVda

Apple dimple fruit ADFVd
Apple fruit crinkle AFCVda

Australian grapevine AGVd
Citrus bent leaf CBLVd
Citrus dwarfing CDVd
Citrus viroid V CVd-V
Citrus viroid VI CVd-VI
Citrus viroid VII CVd-VIIa

Dendrobium DVda

Grapevine latent GLVda

Grapevine yellow speckle 1 GYSVd-1
Grapevine yellow speckle 2 GYSVd-2
Grapevine yellow speckle 3 GYSVd-3a

Lychee viroid-like RNA LVda

Pear blister canker PBCVd
Persimmon PVda

Persimmon 2 PVd-2a

Plum I PlVd-Ia

Coleviroid Coleus blumei-1 CbVd-1
Coleus blumei-2 CbVd-2
Coleus blumei-3 CbVd-3
Coleus blumei-4 CbVd-4
Coleus blumei-5 CbVd-5a

Coleus blumei-6 CbVd-6a

Coleus blumei-7 CbVd-7a

Avsunviroidae Avsunviroid Avocado sunblotch ASBVd

Pelamoviroid Peach latent PLMVd
Chrysanthemum chlorotic mottle CCMVd

Elaviroid Eggplant latent ELVd

aNot approved by ICTV [4,5].
bIncludes Tomato planta macho viroid (TPMVd).
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Figure S1. Illustration of parameters in the Wilbur–
Lipman algorithm [1]. The black diagonal line marks
the significant diagonal between the two sequences.
The red dotted lines mark a distance of window size w
around this diagonal in which matches are regis-
tered. The k-tuple matches (blue lines) are consecutive
matches of a given length k between both sequences.
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Figure S2. Examples for alignment between a candidate sequence and a seed alignment using JALI. 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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(a) i = −40, e = −2, j = −45 (b) i = −40, e = −4, j = −80
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(c) i = −60, e = −4, j = −80 (d) i = −70, e = −2, j = −80
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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 e, 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.
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PSTVd (PTVA) vs. MPVd (TPM)
TCR HPI..UCCR..HPI RY RY RY

TL P C V TR
5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80. 85. 90. 95. 100. 105. 110. 115. 120. 125. 130. 135. 140. 145. 150. 155. 160. 165. 170. 175. 180. 185. 190.

PSTVd (PTVA) ..CGGAACUAAACUCGUGGUUCCUGUGGUUCACACCUGACCUCCUGAGCAGAAAAGAAAAAAGAAGGCGGCUCGGAGGAGCGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGAACUGGCAAAAAAGGACGGUGGGGAGUGCCCAGCGGCCGACAGGAGUAAUUCCCGCCGAAACAGGGUUUUCACCCUUC 188
MPVd (TPM) CGGGAUCUUUUCCUUGUGGUUCCUGUGGUACACACCUGACCUCCUGACCAGAAAAGAAAAAAGAAUUGCGGCCAAAGGAGCGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGAACUGGCG...AAGGAGUCGCGGCUGGGGAGUCUCCCAGACAGGAGUAAUCCCCGCUGAAACAGGGUUUUCACCCUUC 187

TL P C V TR

TCR HPI..UCCR..HPI RY RY RY

RY RY HPII HPII

TR V C P TL
195. 200. 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 (PTVA) CUUUCUUCGGGUGUCCUUCCUCGCGCCCGCAGGACCACCCCUCGCCCCCU....UUGCGCUGUCGCUUCGGCUACUACCCGGUGGAAACAACUGAAGCUCCCGAGAACCGCUUUUUCUCUAUCUUACUUGCUUCGGGGCGAGGGUGUUUAGCCCUUGGAACCGCAGUUGGUUCCU.... 359
MPVd (TPM) CUUUCUUCGGGUUUCCUUCCUCUGCGGUCGACA.....CCCUCGCCCGCUUCUCUUGCGCUGUCGCUUCGGAGACUACCCGGUGGAAACAACUGAAGCUCCCAAGCGCCGCUUUUUCUCUAUCUUGCUGGCUCCGGGGCGAGGGUGGAAAACCCU.GGAACCCUUCGAAAAGGGUCCCU 360

TR V C P TL

RY RY HPII HPII

PSTVd (PTVA) vs. CEVd (CEV)
TCR HPI..UCCR..HPI RY

TL P C V TR
5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80. 85. 90. 95. 100. 105. 110. 115. 120. 125. 130. 135. 140. 145. 150. 155. 160. 165. 170. 175. 180. 185. 190.

PSTVd (PTVA) CGGAACUAAACUCGUGGUUCCUGUGGUUCACACCUGACCUCCUGAGCAGAAAAGAAAAAAGAAGGCGGCUCGGAGGAGCG..CUUCAGGGAUCCCCGGGGAAACCUGGAGCGAACUGGCAAAAAAGGACGGUGGGGAGUGCCCAGCGGCCGACAGGAGUAAUUCCCGCC..................... 167
CEVd (CEV) CGGGAUCUUUCUUGAGGUUCCUGUGGUGCUCACCUGACCCUGCAGGCAGGAAAAGAAAAAAGAGGCGGCGGGGGAAGAAGUCCUUCAGGGAUCCCCGGGGAAACCUGGAGGAAGUCGAGGUC..........GGGGGG............GACAGCUGCUUCGGUCGCCGCGGAUCACUGGCGUCCAGCG 168

TL P C V TR

TCR HPI..UCCR..HPI

RY RY RY HPII HPII

TR V C P TL
195. 200. 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. 375. 380.

PSTVd (PTVA) ..GAAACAGGGUUUUCAC.CCUUCCUUUCUUCGGGUGUCCUUCCUCGCGCCCGCAGGACCACCCCUCGCCCCCUUUGCGCUGUCGCUUCGGC.....UACUACCCGGUGGAAACAACUGAAGCUCCCGAG...AACCGCUUUUUCUCUAUCUUACUUGCUUCG.GGGCGAGGGUGUUUAGCCCUUGGAAC 345
CEVd (CEV) GAGAAACAGGAGCUCGUCUCCUUCCUUUCGCUGCUGGCUCCACAUCCGAUCGUCGCUGAAGCGCCUCGCCCCCUCGCCCGGA..GCUUCUCUCUGGAUACUACCCGGUGGAAACAACUGAAGCUUCAACCCCAAACCGCUUUUCUUAUAUCUUCACUGCUCUCCGGGCGAGGGUGAA.AGCCCUCGGAAC 355

TR V C P TL

RY RY HPII HPII

TL
385. 390. 395.

PSTVd (PTVA) CGCAG.UUGGUUCCU. 359
CEVd (CEV) CCUAGAUUGGGUCCCU 371

TL

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 TEXshade [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 S20), terminal conserved hairpin (TCH, Figure S21), hairpin I (HPI) plus upper central conserved region
(UCCR, Figure 22(a)), hairpin II (HPII, Figure S25), and purine-pyrimidine (RY, Figure S26) 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

TL P C V TR
5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80. 85. 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 185
TASVd (TASCG) CGGGAUCUUUCGUGAGGUUCCUGUGGUGCUCACCUGACCCU....GCAGGCAUCAAGAAAAAAGAUAGGAGCGGGAAGGAAGAAGUCCUUCAGGGAUCCCCGGGGAAACCUGGAGGAAGUCGAGGUC..........GGGGGCUUCGGAUCAUUCCUGGUUGAGACAGGAGUAAUCCCAGCUGAAACAGGGUUUUCACCC 186

TL P C V TR

TCR HPI..UCCR..HPI RY RY RY

RY RY HPII HPII

TR V C P TL
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. 375. 380. 385.

PSTVd (PTVA) UUCCUUUCUUCGGGUGUCCUUCCUCGCGCCCGCAGGACCAC..CCCUCGCCCCCUUUGCGCUGUCGCUUCGGCU.....ACUACCCGGUGGAAACAACUGAAGCUCCCGAGAACCG...CUUUUUCUCUAUCUUACUUGCUUCG.GGGCGAGGGUGUUUAGCCCUUGGAACCGCAGUUGGUUCCU 359
TASVd (TASCG) UUCCUUUCUUCUGGUUUCCUUCCUCUCGCCGGAAGGUCUUCGGCCCUCGCCCGGA..........GCUUCUCUCUGGAGACUACCCGGUGGAAACAACUGAAGCUUCCACUUCCACGCUCUUUUUCUCUAUCUUUGUUGCUCUCCGGGCGAGGGUGAA.AGCCCGUGGAACCCUGAAUGGUCCCU 360

TR V C P TL

RY RY HPII HPII

PSTVd (PTVA) vs. CSVd (V01107)
TCR HPI..UCCR..HPI RY RY RY

TL P C V TR
5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80. 85. 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) CGGAACUAAACUCGUGGUUCCUGUGGUUCACACCUGACCUCCUGAGCAGAAAAGAAAAAAGAAGGCGGCUCGGAGGAGCGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGAACUGGCAAAAAAGGACGGUGGGGAGUG....CCCAGCGGCC...GACAGGAGUAAUUCCCGCCGAAACAGGGUUUUCACCCUUCCUUUC 193
CSVd (V01107) .CGGGACUUACUUGUGGUUCCUGUGGUGCACUCCUGACCCUGCUGCUAUAGCAAAGAAAAAGAAAUGAGGCGAAGAAGUCCUUCAGGGAUCCCCGGGGAAACCUGGAGGAAGUCCGACGAGAUCGCGGUUGGGGCUUAGGACCCCACUCCUGCGAGACAGGAGUAAUCCU.....AAACAGGGUUUUCACCCUUCCUUUA 194

TL P C V TR

TCR HPI..UCCR..HPI RY RY RY

RY HPII HPII

TR V C P TL
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.

PSTVd (PTVA) UUCGGGUGUCCUUCCUCGCGCCCGCAGGACCAC..CCCUCGCCCCCUUUGCGCUGUCGCUUC....GGCUACUACCCGGUGGAAACAACUGAAGCUCCCGAGAACCGCUUUUUCUCUAUCUUACUUGCUUCGGGGCGAGGGUGUUUAGCCCUUGGAACCGCAGUUG.GUUCCU. 359
CSVd (V01107) GUU.....UCCUUCCUCUCCUGGAGAGGUCUUCUGCCCUAGCCCGGUCUUCGAA...GCUUCCUUUGGCUACUACCCGGUGGAAACAACUGAAGCUUCAACGCCU...UUUUUUCCAACCUUCUUUAGCACCGGGCCAGGGAG.UUAGCCCUUGGAACCUUAGUAUUGUUCCCU 356

TR V C P TL

RY HPII HPII

Figure S4: Continued from previous page
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PSTVd (PTVA) vs. CCCVd (CCC)
TCH HPI..UCCR..HPI

TL P C V TR
5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80. 85. 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) CGGAACUAAACUCGUGGUUCCUGUGGUUCACACCUGACCUCCUGAGCAGAAAAGAAAAAAGAAGGCGGCUCGGAGGAGCGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGAA.CUGGCAAAAAAGGACGGUGGGGAGUGCCCAGCGGCCGACAGGAGUAAUUCCCGCCGAAACAGGGUUUUCACCCUUCCUUUCUUCGGG 199
CCCVd (CCC) ................................CUGGGGAAAUCUACAGGGCACCCCAAAAACCACUGCAGGAGAGGC.CGCUUGAGGGAUCCCCGGGGAAACGUCAAGCGAAUCUGGGAAGGGAGCGUACCUGGGUCGAUCGUGCGCGUUGGAGGAGACU........................CCUUCGUAGCUUCGA. 142

TL P C V TR

TCR HPI..UCCR..HPI RY RY RY

TCH

TR V C P TL
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 (PTVA) UGUCCUUCCUCGCGCCCGCAGGACCACCCCUCGCCCCCUUUGCGCUGUCGCUUCGGCUACUACCCGGUGGAAACAACUGAAGCUCCCGAGAACCGCUUUUUCUCUAUCUUACUUGCUUCGGGGCGAG...GGUGUU......UAGCCCUUGGAACCGCAGUUGGUUCCU 359
CCCVd (CCC) ............CGCCCGGC...........CGCCCCUCCUCGAC...CGCUUGGGAGACUACCCGGUGGAUACAACUCACGCGGC....................UCUUACCUGUUGUUAGUAAAAAAAGGUGUCCCUUUGUAGCCCCU................... 246

TR V C P TL

RY HPII HPII

PSTVd (PTVA) vs. HSVd (X00009)
TCR HPI..UCCR..HPI RY RY

TL P C V TR
5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80. 85. 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................GUGGGGAGUGCCCAGCGGCCGACAGGAGUAAUUCCCGC.....CGAAACA 173
HSVd (X00009) ................CUGGGGAAUUCUCGAGUUGCCGCAUCAGGCAAGCAAAGAAAAAACAAGGC.......AGGAAGGUACUU...............ACCUGAGAAAGGAGCCCCGGGGCAACUCUUCUCAGAAUCCAGCGAGAGGCGUGGAGAGAGGGCCGCGGUGCUCUGGAGUAGAGGCUCUGCCUUCGAAACA 162
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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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k = 4,g = 4,w = 25Figure 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 S20), terminal
conserved hairpin (TCH, Figure S21), hairpin I (HPI, Figure 22(a)), hairpin II (HPII, Figure S25), and purine-pyrimidine
(RY, Figure S26) 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.
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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 V TR overall TL P C V TR overall TL P C V TR overall

CCCVd – – – – – – 35.2 60.1 70.9 59.1 69.2 55.7 65.9 53.4 67.9 49.5 58.3 49.2
CEVd 38.5 69.3 63.7 34.6 69.2 55.7 – – – – – – 78.9 76.0 62.1 45.0 65.7 65.8
CSVd 68.6 56.8 52.4 74.2 58.3 49.2 79.8 74.0 71.0 58.6 65.7 67.8 – – – – – –
MPVd 36.0 68.3 65.2 43.8 47.6 56.1 75.6 77.9 85.8 60.9 46.8 65.8 66.5 62.4 83.3 86.1 96.2 69.2
PSTVd 32.1 51.7 76.8 47.6 63.0 57.7 70.4 74.0 58.0 69.8 56.2 62.1 66.7 72.1 69.0 67.7 88.9 64.4
TASVd 41.7 65.0 54.7 57.5 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 V TR overall TL P C V TR overall TL P C V TR overall

CCCVd 12.5 60.6 52.0 52.0 47.6 56.1 40.2 51.8 81.0 42.3 63.0 58.1 39.8 69.2 54.7 50.6 75.0 52.4
CEVd 75.0 78.9 66.5 55.0 46.8 66.1 70.1 70.7 58.6 55.2 56.2 61.8 94.4 85.9 78.0 63.9 52.8 77.8
CSVd 67.5 72.2 72.7 90.9 96.2 69.2 68.2 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 74.4 96.8 72.5
PSTVd 68.0 83.0 74.8 64.6 92.2 76.6 – – – – – – 70.1 71.7 68.3 70.3 91.9 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 (PSI; 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

consecutive residues. Percent sequence homology =
number of matching residues in both sequences

total number of residues compared
× 100.” [9]. NA, not available from Table 2 of [9].

Viroids

Sequence homology, %

Domains
OverallTL P C V TR

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 CEVd 41.1 28.8 N/A 55.8 58.6 N/A 65.7 64.8 N/A 44.0 44.0 N/A 39.7 40.0 N/A 47.0 49.6 N/A
CSVd 38.3 43.5 N/A 50.9 46.5 N/A 55.0 62.9 N/A 36.3 28.9 N/A 38.2 35.6 N/A 45.0 47.0 N/A
MPVd 39.2 18.6 N/A 61.8 62.0 N/A 67.5 70.2 N/A 47.9 41.0 N/A 35.8 35.4 N/A 50.5 49.5 N/A
PSTVd 35.1 25.0 25 51.6 56.3 14 64.8 65.1 70 34.3 34.8 37 35.3 37.4 27 47.9 47.9 38
TASVd 39.8 34.1 N/A 56.8 55.2 N/A 48.3 62.2 N/A 39.1 46.8 N/A 38.3 36.4 N/A 46.2 49.2 N/A

CEVd CCCVd 28.8 41.1 N/A 58.6 55.8 N/A 64.8 65.7 N/A 44.0 44.0 N/A 40.0 39.7 N/A 49.6 47.0 N/A
CSVd 80.2 81.2 N/A 72.1 71.0 N/A 69.0 70.0 N/A 41.7 51.7 N/A 48.4 58.7 38 68.1 68.7 59
MPVd 77.0 77.5 N/A 76.2 74.6 N/A 57.2 65.5 N/A 47.4 53.4 N/A 48.1 48.3 37 66.8 66.8 60
PSTVd 69.3 69.6 62 75.6 76.1 62 63.1 63.4 65 49.1 45.6 31 48.1 45.1 38 65.5 64.4 55
TASVd 93.4 93.5 N/A 85.3 85.3 N/A 84.5 86.7 N/A 54.4 57.7 N/A 56.1 58.6 46 79.3 80.2 73

CSVd CCCVd 43.5 38.3 N/A 46.5 50.9 N/A 62.9 55.0 N/A 28.9 36.3 N/A 35.6 38.2 N/A 47.0 45.0 N/A
CEVd 81.2 80.2 77 71.0 72.1 42 70.0 69.0 82 51.7 41.7 28 58.7 48.4 38 68.7 68.1 59
MPVd 72.7 69.6 N/A 69.8 72.1 N/A 72.7 73.4 N/A 74.9 74.5 N/A 87.7 87.7 N/A 73.7 73.7 N/A
PSTVd 78.0 75.4 69 66.3 67.7 49 59.6 63.4 71 66.2 65.7 31 82.5 81.4 81 69.6 70.1 61
TASVd 78.7 76.9 N/A 66.8 68.7 N/A 84.4 81.7 N/A 71.6 70.2 N/A 87.7 87.7 N/A 76.8 76.8 N/A

MPVd CCCVd 18.6 39.2 N/A 62.0 61.8 N/A 70.2 67.5 N/A 41.0 47.9 N/A 35.4 35.8 N/A 49.5 50.5 N/A
CEVd 77.5 77.0 80 74.6 76.2 70 65.5 57.2 69 53.4 47.4 29 48.3 48.1 37 66.8 66.8 60
CSVd 69.6 72.7 N/A 72.1 69.8 N/A 73.4 72.7 N/A 74.5 74.9 N/A 87.7 87.7 N/A 73.7 73.7 N/A
PSTVd 72.0 72.5 67 82.6 83.0 73 81.4 81.2 94 88.5 83.7 42 95.2 94.6 95 82.3 82.3 76
TASVd 78.9 78.6 N/A 69.1 71.9 N/A 70.7 64.7 N/A 74.6 75.1 N/A 96.8 96.8 N/A 75.8 76.7 N/A

PSTVd CCCVd 25.0 35.1 N/A 56.3 51.6 N/A 65.1 64.8 N/A 34.8 34.3 N/A 37.4 35.3 27 47.9 47.9 38
CEVd 69.6 69.3 N/A 76.1 75.6 N/A 63.4 63.1 N/A 45.6 49.1 N/A 45.1 48.1 38 64.4 65.5 55
CSVd 75.4 78.0 N/A 67.7 66.3 N/A 63.4 59.6 N/A 65.7 66.2 N/A 81.4 82.5 N/A 70.1 69.6 N/A
MPVd 72.5 72.0 N/A 83.0 82.6 N/A 81.2 81.4 N/A 83.7 88.5 N/A 94.6 95.2 N/A 82.3 82.3 N/A
TASVd 67.1 67.1 N/A 69.1 72.9 N/A 70.5 73.1 N/A 71.4 60.3 N/A 90.6 91.9 90 70.4 71.5 64

TASVd CCCVd 34.1 39.8 N/A 55.2 56.8 N/A 62.2 48.3 N/A 46.8 39.1 N/A 36.4 38.3 N/A 49.2 46.2 N/A
CEVd 93.5 93.4 91 85.3 85.3 54 86.7 84.5 99 57.7 54.4 99 58.6 56.1 46 80.2 79.3 73
CSVd 76.9 78.7 N/A 68.7 66.8 N/A 81.7 84.4 N/A 70.2 71.6 N/A 87.7 87.7 N/A 76.8 76.8 N/A
MPVd 78.6 78.9 N/A 71.9 69.1 N/A 64.7 70.7 N/A 75.1 74.6 N/A 96.8 96.8 N/A 76.7 75.8 N/A
PSTVd 67.1 67.1 67 72.9 69.1 59 73.1 70.5 65 60.3 71.4 30 91.9 90.6 90 71.5 70.4 64
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TL/P P/C C/V V/TR
▼ ▼ ▼ ▼

Domains TL P C V
5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80. 85. 90. 95. 100. 105. 110. 115. 120. 125. 130. 135. 140. 145. 150. 155. 160. 165. 170. 175. 180.
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1
2

CEVd CGGGAUCU..UUCUUGAGGUUCCUGUGG.UGC.UCACCUGACCCUGCAGG.CAGGAAAAGAAAAAAG...AGGCGG..C.GG.GG..AAGAAGUCCUUCAGGGAUCCCCGGGGAAACCUGGAGGAAGUC.GA......GGUC.GGG....GGGG....AACAG.CU..GCUUCG..GUCG 145
CLVd CGGAACUA..AACUCGUGGUUCCUGUGG.UUC.ACACCUGACCCUGCAGC.CAUGCAAAGAAAAAAGAACGGGAGGAAG.AGCGC...AAGAGCGGUCUCAGGAGCCCCGGGGCAACUCAGACCGAGCG.GG......GUCUUGACCAGUGGCG.......AG.CG...CCCUG..UUCA 151
CSVd CGGGACU...UACUUGUGGUUCCUGUGG.UGC.ACUCCUGACCCUGCUGC.UUUGA.AAGAAAAAGAA..AUGAGG....CG.....AAGAAGUCCUUCAGGGAUCCCCGGGGAAACCUGGAGGAAGUCCGACGAGAUCGC..GGCU...GGGG..CUUAGGA.CCCCACUCCU..GCGA 152
IrVd UG..............UGGUUCCAAUGGUUGC.ACCCCUGACCUGCAAUG.CA..AAAAGAAAAAAGAU.GGGGCG..G.CG.GC...AACAACGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGAACUCGGCAAGGAGGCCUGGCGGUAGGUG..CGCGGAGUCG..ACCGCG..UAAA 148
MPVd CGGGAUCUUUUCCUUGUGGUUCCUGUGG.UUC.ACACCUGACCUCCAGCC.CA.GGAAAGAAAAAAGAA.AGGCGG..C.UC.GG...AGGAGCGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGAACU.GGCAAAGGAGUC..GC....GGCU.......GG.GG..AGUCUC..CUCA 149
PCFVd CCGGAUUC..UUCUAAGGGUGCCUGUGG.UGCCUCCCCCGAAGCCC...G.CUU...AGGGAAAAAGAAAGGGGAA..GCAA.GC...AUCUCCUGUUCAGGGAUCCCCGGGGAAACCUGGACAGACCG.GGCGGAGAAGC...GC...ACGAG.......CG.GG..ACCGUC..UUCU 145
PSTVd CGGAACUA..AACUCGUGGUUCCUGUGG.UUC.ACACCUGACCUCCUGAG.CA.GAAAAGAAAAAAGA..AGGCGG..C.UC.GG...AGGAGCGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGAACU.GGCAAAAAGGAC.GGU....GGGG.......AG.UG..CCCAGC..GGCC 147
PoLVd UG..............UGGUUCCUAUGGUUGC.ACCCCUGACCUGCUACCUGC..AAAAGAAAAAAGAU.GGGCAG..G.CG.AG...CACAACGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGACCUCGGCAGGAAGGCUUGGCGGUAGGUGAAGAAGGAG.CG.AGCGCCG..UAAC 151
TASVd CGGGAACU..UUCUUGAGGUUCCUGUGG.UGC.UCACCUGACCCUGCAGG.CAUC..AAGAAAAAAGAA.UGGCGC..G.GA.GGAGAAGAAGUCCUUCAGGGAUCCCCGGGGAAACCUGGAGGAAGUC.GA......GGUC.GGG....GGCU....UCGGA.CU..ACUCCUUCGUGA 149
TCDVd CGGAACUA..AACUCGUGGUUCCUGUGG.UUC.ACACCUGACCUCCUGUG.CA.GAAAAGAAAAAAGAU.AGGCGG..C.UC.GG...AGGAGCGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGAACU.GGCAAAA.GGC..GGC....AGGG.......AG.CU..UGUGGAAGGCGA 148
Motifs TCR HPI..UCCR..HPI

TR/V V/C C/P
▼ ▼ ▼

Domains TR V C P
185. 190. 195. 200. 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.
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AAGCGUCUGCACUAUCG 1

2

CEVd CCGCGGAUCACUGGCGUCCA....GCG.GAGAAACAGGAGCUCGUCUCCUUCCUUUCGC..UGCU....GGCUCCACAUCCGAUCG.UCGCUG.AAGC.GCCACGCCCC...CUC..GCC..CGGAGC.U..UCUCUCUGGCUACUACCCGGUGGAUACAACUGA..AGCUUCAACCCCA 299
CLVd GACAGGAGUA.....AUCCC.....AG.CUGAAACAGGGUUU.UCACCCUUCCUUUCUU..CU......GGUUUC.CUUCCUC.UG.CUUCAGCGGCC.UC....GCCCGGAGUCUUGAC..CAGCGC....AGGUUCUGAC.GCGA.CCGGUGGCAUCACCGAGUUCGCUC.AAGCCUC 294
CSVd GACAGGAGUA.....AUCCU...........AAACAGGGUUU.UCACCCUUCCUUU.............AGUUUC.CUUCCUC.UC.CUGGAGAGGUC.UUCU..GCCC.UAGCCCGGUCUUCGAAGC....UUCCUUUGGCUACUACCCGGUGGAAACAACUGA..AGCUUCAACGC.. 287
IrVd GACCGGAGAA.....CUCCUCGCGGCGGAAGAAACAGGAGCUCGUCUCCUUCCUUUCUG.UCGCCCGCAGGACUC.ACUCGGCAGC...GGCGUCUUCUCCG...CACCCUCGCCC.GCUU.CCGCGC.UGGUCGCUCUGGCUACUACCCGGUGGAUACAACUGU..AGCUUGAAGCCCG 310
MPVd GACAGGAGUA.....AUCCC.....CG.CUGAAACAGGGUUU.UCACCCUUCCUUUCUU..CG......GGUUUC.CUUCCUC.UGUGGUCGA.CACC.CUC...GCCC...GCC..UCU..CUGCGC.UG.UCGCUUCGGAUACUACCCGGUGGAAACAACUGA..AGCUC...CCGAG 288
PCFVd GACAGGAGUA.....AUCCC.....CG.CAGAAACAGGGUUU.UCACCCUUCCUUUCUU..CG......GGUUUC.CUUCCUC.AGUCGACCG.GUCC.GC....GUCG...GCC..UUC..UCGCGCACU.GCUGUCCGGCUACUACCCGGUGGAUACAACUGA..CAGAGGU.GCUUU 286
PSTVd GACAGGAGUA.....AUUCC.....CG.CCGAAACAGGGUUU.UCACCCUUCCUUUCUU..CG......GGUGUC.CUUCCUCGCGCCCGCAG.GACC.ACC...CCUC...GCC..CCCU.UUGCGC.UG.UCGCUUCGGCUACUACCCGGUGGAAACAACUGA..AGCUC...CCGAG 288
PoLVd GACCUGAGAA.....C.........AG.GAGAAACAGGAGCUCGACUCCUUCCUUUCUU..CU.........CUC.AUCGGGCAGG..UGCCG.CUUCCCUC...CACCCUCGCCG.GUCUUCUGCGC.UG.GCGCUCUGGCUACUACCCGGUGGAUACAACUGA..CGCUUGUACUCCG 293
TASVd GACAGGAGUA.....AUCCC.....CG.CUGAAACAGGGUUU.UCACCCUUCCUUUCUU..CG......GGUUUC.CUUCCUCUCGCCUGGAGAGGUC.UUC...GGCC...CUC..GCC..CGGAGC.U..UCUCUCUGGAGACUACCCGGUGGAAACAACUGA..AGCUUCAACCCUC 292
TCDVd AACAGGAGUA.....AUCCC.....GUGUAGAAACAGGGUUU.UCACCCUUCCUUUCUUCUGC......GGUUUC.CUUCCUU.UGCGCGCCA.CUCG.ACC...CCUC...GCC..CCC..UUGCGC.UG.UCGCUUCGGCAACUACCCGGUGGAAACAACUGA..AGCUC...CCGAG 290
Motifs RY RY RY RY HPII LCCR
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UGGGAACCUCUACGAGUCGUAGAGUAUUAGUAGUAGAGAUUCUCCU 1
2

CEVd AACC.GCUUUUCUU.AUA.UCUUCACU...GCUCUCCGGGCGAG.GGUGA.AAGCCCUCGGAA.CCCUAGAUUGGG..UCCCU 371
CLVd AACCUCCUUUUUCU.CCAUUCUAGCUU...GGUCUCCGGGCGAG.GGUGUUUAGCCCUUGGAA.CCGCAGU..UGG..UUCCU 367
CSVd .....CUUUUUUUC.CUA.UCUUCUUU...AG.CACCGGGCUAG.GGAGU.AAGCCCGUGGAA.CCUUAGUUUUGU..UCCCU 354
IrVd CCCGCCCUUUUUCUUCUA.UCUUC..U...GC.UGCGCGGCGAG.GGUGG...GCUU.......CUAAAGG...AA..ACCCU 370
MPVd AACC.GCUUUUUCU.CUA.UCUUG.CU...GGCGCAGGGGCGAG.GGUGGAAAGCCCU.GGAACCCGCUGGAUGGG..UCCCU 360
PCFVd UUCU.UCC.ACCCU...A.CUUCUACCGACGC.GGCCGGG..AGUGAAGCU..ACCC..GGGA.CCCGAGA..GGA..UCU.. 349
PSTVd AACC.GCUUUUUCU.CUA.UCUUACUU...GC.UUCGGGGCGAG.GGUGUUUAGCCCUUGGAA.CCGCAGU..UGG..UUCCU 358
PoLVd CCCUGCCUUUUUCUACU..UCUUC......GCUGGAGCGGCGAG.GGUGG...GCUU.......CUA.AGG...AA..ACCCU 351
TASVd UCGC.GCUUUUUCU.CUA.UCUUUGUU...GCUCUCCGGGCGAG.GGUGA.AAGCCCGUGGAA.CCCUGGA..AGGAGUCCCU 364
TCDVd AACC.GCUUUUUCU.CUA.UCUUG.CU...GCUACCGGGGCGAG.GGUGUUUAGCCCUUGGAA.CCGCAGU..UGG..UUCCU 360
Motifs HPII

Figure S7. MAFFT alignment between consensus sequences of Pospiviroid members. Sequences were aligned using MAFFT X-INS-I 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 S26), and HPII (Figure S25) motifs are marked.
For the corresponding dotplot see Figure S9.
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Domains TL P C V TR
5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80. 85. 90. 95. 100. 105. 110. 115. 120. 125. 130. 135. 140. 145. 150. 155. 160. 165. 170. 175. 180.
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PSTVd (PTVA) C.GGAACUAAACU..CGUGGUUCCUGUGGUUCACACCU..GACCUCCUGAGCAGA..AAAGAAAAAAGA.AG.GCGGC..U.CGGAGGAGC..GCUUCAG...GGAUCCCCGGGGAAACCU.GGAGCGAACUGGCAAAA.AAGGAC....GGUGG...GGAGU..GCCCAGCGG...CCG 149
MPVd (TPM) C.GGGAUCUUUUCCUUGUGGUUCCUGUGGUACACACCU..GACCUCCUGACCAGA..AAAGAAAAAAGA.AUUGCGGC....CAAAGGAGC..GCUUCAG...GGAUCCCCGGGGAAACCU.GGAGCGAACUGGCG.AA.GGAGUC....GCGGCUGGGGAG.....UC..UCC...CAG 148
CEVd (CEV) C.GGGAUCUUUCU..UGAGGUUCCUGUGGUGCUCACCU..GACCCUGCAGGCAGGA.AAAGA.AAAAAG.AG.GCGGCGGG.GGAAGAAGU..CCUUCAG...GGAUCCCCGGGGAAACCU.GGAGGAAGUCGA....G.GUCG......GGGGGGACAGCUG..CUUCGGUCGCCGCGG 151
TASVd (TASCG) C.GGGAUCUUUCG..UGAGGUUCCUGUGGUGCUCACCU..GACCCUGCAGGCAUC...AAGAAAAAAGAUAG.GAGCGGGAAGGAAGAAGU..CCUUCAG...GGAUCCCCGGGGAAACCU.GGAGGAAGUCGA....G.GUCG......GGGGCUUCGGAUC..AUUC.CUGGUU.GAG 150
CSVd (V01107) C.GGGA.CUUACU..UGUGGUUCCUGUGGUGCACUCCU..GACCCUGCUGCUAUAGCAAAGA.AAAAGA.AAUGAGGC.....GAAGAAGU..CCUUCAG...GGAUCCCCGGGGAAACCU.GGAGGAAGUCCGAC.GA.GAUCGCGGUUGGGGCUUAGGACCCCACUC..CUGC..GAG 155
CCCVd (CCC) CUGGGG.AAAUCU..ACAGGG............CACCCCAAAAACCA.CUGCA......GGA......G.AG.GCCG.................CUUGAG...GGAUCCCCGGGGAAACGU.CAAGCGAAUCUG....G.GAAG......GGAGC...GUACC....UG...GG...UCG 105
HSVd (X00009) CUGGGG.AAUUCU..CG.AGUUGC.........CGCAU.....CAGGCAAGCA.....AAGAAAAAACA.AG.GCAGG......AAGGUACUUACCUGAGAAAGGAGCCCCGGGGCAACUCUUCUCAGAAUCCA....GCGAGA......GGCGU...GGAGA....GA..GGG...CCG 127

Motifs TCH TCR HPI

Domains TR V C P
185. 190. 195. 200. 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.
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PSTVd (PTVA) A...CAGGAGUAAUUCCCGCCGAAACAGGGUUUU.CACCCUUCCUUUC..UUCGG.GUGUC.CUUCCUCGCGC..CCGCAGGACCACC...CCUCGCCCCCUUU...GCGCUGUCGCUUCGGCUACUACCCGGUGGAAACAACUGAAGCUCCCGAGAAC....CGCUUUUUCUCUAUCUU 309
MPVd (TPM) A...CAGGAGUAAUCCCCGCUGAAACAGGGUUUU.CACCCUUCCUUUC..UUCGG.GUUUC.CUUCCUC.UGC..GGUCGACACCCUC...GCCCGCUUCUCUU...GCGCUGUCGCUUCGGAGACUACCCGGUGGAAACAACUGAAGCUCCCAAGCGC....CGCUUUUUCUCUAUCUU 307
CEVd (CEV) AUCACUGGCGU..CCAGCGGAGAAACAGGAGCUCGUCUCCUUCCUUUCGCUGCUG.GCUCCACAUCCGAUCGUCGCUGAAGC.GCCUC..GCCCCCU..CGCCC..GGAGCU.UCUCUCUGGAUACUACCCGGUGGAAACAACUGAAGCUUCAACC.CCAAACCGCUUUUCUUAUAUCUU 319
TASVd (TASCG) A...CAGGAGUAAUCCCAGCUGAAACAGGGUUUU.CACCCUUCCUUUC..UUCUG.GUUUC.CUUCCUCUCGC..CGGAAGG.UCUUC...GGCCCU..CGCCC..GGAGCU.UCUCUCUGGAGACUACCCGGUGGAAACAACUGAAGCUUCCACU.UCCACGCUCUUUUUCUCUAUCUU 310
CSVd (V01107) A...CAGGAGUAAUCCU.....AAACAGGGUUUU.CACCCUUCCUUU.......A.GUUUC.CUUCCUCUCCU..GGAGAGG.UCUUCUGCCCUAGCCCGGUCUUCGAAGCU.UC.CUUUGGCUACUACCCGGUGGAAACAACUGAAGCUUCAACG..C....CUUUUUUUC.CAACCUU 305
CCCVd (CCC) A....UCGUG.....CGCGUUGGAGGAGA.......CUCCUU..........CGUAG......CUUCGA.CG...CCCGG...........CCGCCC..CUCCU.CGA.....CCGCUUGGGAGACUACCCGGUGGAUACAACUCACGC..............GGCUCUU.....ACCU. 210
HSVd (X00009) .....CGGUG.....CUCUGGAGUAGAGGCU....CUGCCUU..........CGAAA...CACCAUCGAUCGU..CCCUUCU.UCUU....UACCUU..CUUCU..GGCUCU.UCCGAUGAGACGCGA.CCGGUGGCAUCACCUCUCGGUUCGUCC..CAACCUGCUUUUUGUCUAUCUG 265

Motifs Ry Ry rY rY HPII LCCR
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365. 370. 375. 380. 385. 390. 395. 400. 405. 410. 415. 420.
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PSTVd (PTVA) ACUUGC.UUCGGGGC..GAGGGUGUUUAGCCCUUGGAACC....GCAGU..U..GGUUCCU 359
MPVd (TPM) GCUGGC.UCCGGGGC..GAGGGUGGAAAACCCU.GGAACCCUUCGAAAA..G..GGUCCCU 360
CEVd (CEV) CACUGCUCUCCGGGC..GAGGGUGAA.AGCCCUCGGAACC....CUAGAUUG..GGUCCCU 371
TASVd (TASCG) UGUUGCUCUCCGGGC..GAGGGUGAA.AGCCCGUGGAACC....C.UGA..A.UGGUCCCU 360
CSVd (V01107) CUUUAG.CACCGGGC..CAGGGAGUU.AGCCCUUGGAACC....UUAGU..AUUGUUCCCU 356
CCCVd (CCC) ....GUUGUUAGUAAAAAAAGGUG.............UCC....CUUUG..U..AGCCCCU 246
HSVd (X00009) A...GC.CUCUGC.......CGCG...........GAUCCU...CUCUU..G..AGCCCCU 297

Motifs HPII TCH

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 S22), RY (Figure S26), 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-I. 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 HSVd CSVd TASVd CEVd MPVd

PSTVd 61.0 50.5 68.1 71.2 68.7 82.4
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
CSVd 52.4 45.8
HSVd 54.1

(b)

Viroid TL P C V TR

PSTVd 62.3 66.5 76.8 49.0 55.2
MPVd 63.0 64.7 75.9 49.8 55.6
CEVd 62.6 65.6 73.9 48.6 55.0
TASVd 62.3 66.2 74.0 49.3 56.0
CSVd 62.8 65.0 76.0 49.8 50.5
HSVd 64.4 63.0 74.2 49.7 50.0
CCCVd 67.4 62.5 71.7 49.6 74.1

Mean 63.5 64.8 74.6 49.4 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
see Figure 2.
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Domains ASSVd TL ASSVd P ASSVd C ASSVd V

5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80. 85. 90. 95. 100. 105. 110. 115. 120. 125. 130. 135. 140. 145. 150. 155. 160. 165. 170. 175. 180. 185. 190.

Logo 1
2

U
G
C
C
U
GAGUAGAUC

GUC
A
G
U
UG
C
A
C
G
U
A
A
U
U
C
A
A
U
CAUC

AUCCGAU
CC

A
C
G
U
C
A
U
C
G
A
C
UGGUUCCUAGUGUGUUGCGAUACUGACACUCCAUCGUACGCAAGACGUCGUCGAUACGGCGUCCUGAAUCACGA

C
GA
C
U
C
U
G
A
G
C
A
U
G
U
A
CU
A
G
C
U
G
A
G
C
U
A
G
C
A
C
G
U
A
C
U
A
G
U
C
A
AUAGUAAUAGCGAC

G
U
A
U
G
A
U
G
A
A
C
CUG
A
GU
C
AG
A
U
A
G
C
G
A
G
U
A
A
C
GUG

AG
U
A
C
G
A
U
G
C
C
U
A
G
C
G
A
C
U
A
G
U
A
G
G
AGAAGAGUCAGUGACACUACAGUAGCUUGAGUACUGCGCAUC

G
C
UCGUCGUCGACGAAGGGCACGUC

U
G
C
UU
C
G
A
C
U
UC
A
G
G
C
U
A
CGUUC

UA
U
G
A
G
U
C
U
A
C
U
C
A
G
U
C
G
A
C
U
A
G
GA
UC
GC
A
UU
G
C
GUUGAAGCUCCCACGCAGCUC

G
G
A
C
A
G
U
C
C
A
G
C
G
A
A
C
G
A
U
C
A
U
G
G
C
U
UAAC

G
A
G
UG
C
U
G
GAC
UA
U
C
A
G
A
U
C
G

1
2

ACFSVd GGGUUCUUCA.ACU....UCCUGUGGUUCCUGUGGUGACACCUCCGAAGGCC.G..CCU...AGC..UGAAAGAAAAAGGAAA.AAAGAUC.GGGCGGAGA.GGGU...CGAGGGACUCGUCGUCGACGAAGGGCCUCUCG....UGUCCAGUUC.......................U........CGC 136
ADFVd GGGG...AAA.ACU....CCGUGUGGUUCCUGUGG.GGCACCCCC.....CU.G..C......GCAAAUGACUA.AAAGAAAAAUCAGC...AGGUGAA...GAGA...CUUACCUGUCGUCGUCGACGAAGGCUG.GUAA.....GCCGUGAC.....................GCGU..GG....AGG 124
AFCVd UGGG....CU.CCA....ACUAGUGGUUCCUGUGGUUUCACACCGAA.GGCC.G..CGU...AGCUUGGAAAGA.AAAGAUAG...AAA...AGCUGGGUAAGACUCACCUGGUGACUCGUCGUCGACGAAGGGUC.CUCA.....GCAGAGCAC..............CGGCAGGCGC..GG.CGAAGC 144
AGVd UGGG....CA.CCA....ACUAGUGGUUCCUGUGG.UUCACACCGAA.GGCC.G..CGA...AGCUAGGAAGAA.AAAGAUAG...AAA...AGCUGGGUAAGACUCACCUGGCGACUCGUCGUCGACGAAGGGUC.CUCA.....GCAGAGCAC..............CGGCAGGAGG..CG.CUAUGC 143
ASSVd GG.....UAA.ACA....CCGUGCGGUUCCUGUGG.UUCGCCCCG.....CCAA..C......GCA.GAUAGAU.AAAGAAAA.CGAGG...AGAAGAA...GGAA...CUCACCUGUCGUCGUCGACGAAGGCCG.GUGA.....GAAAGGAGC..............UG.CCAGCACUAAG...CCGG 130
CBLVd CGGA....GA.CU.....UCUUGUGGUUCCUGUGGUGACACCCCUCA..GCC.C..UAC..CUGCG.AAAGAAA.AAAGAGUU...AGA...AGGCGGCAGAGGAG...CUGACUGGUCGUCGUCGACGAAGGCUC.GUCA.....GCUGCGG....................AGGU.U..GG.GGUCGA 132
CDVd GGAG...GAA.ACU....CCGUGUGGUUCCUGUGG.GGCACACCC.....CC.U..U......GC..C....GA.AAAUAAAACGCAGAGA.GGGAAAGG..GAAA...CUUACCUGUCGUCGUCGACGAAGGCAG.CUAA.....GUUG.........................GU....GA....CG. 114
CVd-V UGGG...UGA.ACAA...CCUUGUGGUUCCUGUGG.GUCACCCCG.....CC.C..CAC....GG..AAUAAUA.AAAGCAG....AGG...AGUAGAA...AGUA...CUCACCUGUCGUCGUCGACGAAGGCCG.GUGA.....GCAG......................UAAGC..........CGG 116
CVd-VI GGAG...GAA.ACU....CCGUGUGGUUCCUGUGG.GUCACCCCC.....CG.G..CAC..CCUC..U.......AAAGAAAA...GAA...AGGCAAGG..AGAA...CUCACCUGUCGUCGUCGACGAAGGCAU.GUGA.....GCUUCAAAC........UC..GAUGAAGAGCGU..CA...GCGG 130
CVd-VII UCGA....GG.AC.....ACUUCUGGUUCCUAUGGUGCAGCCCCCUC..GCC.A..CACA.AUGG..UCUAUCC.AAAGAAAA.AAAGAA..AGGGAGGUAAGACUCACCUGGAGACUCGUCGUCGACGAAGGGUUCUCCA.....GCCGAGCUC..............UCCUGAGC.U........CGC 140
DVd CGGGAGUGAAACAUCUCCUCGCGUGGUUCCUGUGGUGACACCUCA.....CUGC..U.....AUC....AAAGU...AGAAAA...AGAA..AGGCUAG...GAAA...CUCACCUGUCGUCGUCGACGAAGGCUG.GUGA.....GGAGAGAAG..................ACGC.C........UGG 127
GLVd GGAG...GAA.ACU....CCGUGUGGUUCCUGUGG.GUCACCCCC.....CC.G..G.....CGA..GUAAUAA.AAAGACAA.........GGGGUCG...AGGA...CUCACCUGCCGUCGUCGACGAAGGCUG.CUGA.....GUCGAUCCC.............GUGAGGAGCGU..GG...CUGG 126
GYSVd-1 CGGA...UCUUCUU....GCUUGUGGUUCCUGUGGUUUCACCUCGGAAGGCC.G..C.....CGCG.GACCUGC.AAAGAAGA...AGAU..AGGGGCAGAGGGGG...AGUGAGCCUCGUCGUCGACGAAGGGGU.GCAC.....UCCGAGUGC................CUGAGC.U..GGUCGACGU 140
GYSVd-2 CGGA...UCAUUUU....CCUUGUGGUUCCUGUGGUUACACCUCGGAAGGCC.U..C.....CGCG.GACCUGC.AGAGAAAA.GAAGAA..GGGCCCAGA.GGGG...AAUGAGCCUCGUCGUCGACGAAGGGGU.GCAU.....UCCGAAGAG................CUGGCC.U..GG.CGUCGU 140
GYSVd-3 CGGA...UCA.CUU....UCCUGUGGUUCCUGUGGUUACACCUCGGAAGGCC.G..C.....CGCG.GACCUGC.AAAGAAGA...AGAU..AGGGGCAGAGGGGG...AGUGAGCCUCGUCGUCGACGAAGGGGU.GCAC.....UCCAAAGCU................CCGAAC.U..GG.CGUCGU 138
LVd CUGG....AA.ACAA...CCUUGUGGUUCCUGUGG.GUCACCCCU.....CC.A.......AAGC..A....AU.AAAGGAAA...AGAA..AGGCGAA...GA.....CUCACCUGUCGUCGUCGACGAAGGCAG.CUGA.....GCCAACUUC............GAUG..AAGC.U..GG....CGG 121
PBCVd CGGG...UCC.CUU....UCCUGAGGUUCCUGUGG.UGCUCCCCUGA..CCU.G..CGU...UCC..AAAAAGC.AAAAAAAG..UGAG...AGGCCCUA..GGGGC..UUCUCGGCUCGUCGUCGACGAAGGGUC.UAGA.....AGCC......................UGGGCGCU.GG....CGG 128
PVd CGGA...CUA.AA.....ACAUGUGGUUCCUGUGGUGACACCUCUC..GAUC.C..CUUACCUGC..A.AAAGA.AAAGGAAA...AAG...AGGCGCGAA.GGA....CGAAAGACUCGUCGUCGACGAAGGGUU.CUUUCGUUCGCAAGGCUC............CCUGCCGAGCUC..GG.GGCUGG 145
PVd-2 GGAG...AAA.ACU....CCGUGUGGUUCCUGUGU.GGCACCCCU.....CC.CGCUAC..GGGC..U.......UUAAAAAG.AAAGC...AGGGAAG...GGUA...CUUACCUGUCGUCGUCGACGAAGGCUG.GUAA.....GCAGAGCCCGUUGAAGCUCCCAGUGACGAGCGU..CG...UCGG 143
PlVd-I UGG....UGA.ACAA...CC.UGUGGUUCCUGUGG.GUCACCCCC.....CGAC..CACA.AUGC..U....UA.AAAGAAAA...AUCAGUAGAGAGGAA.GAGA...CUUACCUGUCGUCGUCGACGAAGGCUG.GUAA.....GCCGAGUUG....................GC....GA...GUAG 125
Motifs TCR ASSVd oligo-purine HPI..UCCR..HPI

Domains ASSVd V ASSVd TR ASSVd V ASSVd C

195. 200. 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. 375. 380.
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ACFSVd C...........UG.CUCC.UCCAGCGGGU.................ACCC...UAGG.....UAAAA..UUUUCUAAAGAAAUUUCU............UA...A.AAAA..........GUUCUAG..GAA.UACCUGU.AGCUGGAAGCUG....GCUGAG........AUUU.GGCUC..GAGCAG 241
ADFVd A...........GG.GC...CCGGGUCGCG................CUCU....UGGA.......GGA.AACC.........CCUUUG............AG.....ACUU............GACC...GGU.UCCC......CUCCCACCCU..................GCCG.AGC.U..UCC..U 199
AFCVd GGAGAACGCUAGCC.GUCC.UCCAGUGGAG..................AAC...UGGA.......AAA..GCUCC......GGCUUUU............CCUUUU.UUCU..........GUAACUG..GAACGCGCUGU.UGCGCUCGCUAGCCAGACCUGCAGGGA...AGCU.AGC.U..GGG..U 261
AGVd AG.GAACGCUAGGG.GUCC.UCCAGCGGAG..................GAC...UGAA.......GAA..ACUCC......GGUUUCU............UCUUUCACUCU..........GUAGCUG..GAA.UCCCUGU.UGCGCUUGCUGGCGAAACCUGCAGGGA...AGCU.AGC.U..GGG..U 259
ASSVd A...........CG.GCGC.CCUCGCACCA.................GUUCCG.CUGU.......GGG....UUC......GCCUACA...AG.......AA...CGUACG............GUGUU..GAG.GCCCUG...UCCGCCGCUGC....GCUGCC........ACCU.ACU.C..UCG..C 223
CBLVd C...........UG.GCC..UCCGGUGGCG.................AAGC...UGAG.....UUGAG...CUUC.......GCUCUU.CUCUU......CU...U.AGCU..........GUAACC...G...GACC......GGUCCCCUUC....ACCCGA...........G.CGC.U..GCU..U 219
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CVd-VI A...........CG.GCCU.CUGAGACGAG................CGAUGGA.CAGU.......AGA..GCUC........GUCUCUACCAGU......CG...CGUGCU..........GACUCUCACGCC.CACCCG..CACGGCUGCUCCG..AGAGG............AG.AGC.U..CUC..U 231
CVd-VII .............G.GUCC.UCCAGUGGUC..................GCC...GAGC....GUAAAA..UCUUUUAAAAUAGAUUUU.CUAAAUUGAAAAA.....UUUA..........GUUGCUCG.GGC.GGACUGU.AACUGGAACUGCU..UGCCUUGAGA.....AGCGAAGC.U..GAG..A 257
DVd .............GCGCCC.UCGCCUGGAU.................CCGC...UGGC......CUAGUUUCCUCU.....GGAUUC.............UA...G.CGCU..........ACGAUCU..UCG.GGUUG.....AGGCCCCUAC....GCAC...............UCC.UUCCCA..C 215
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ACFSVd UCCGCUAGUCGCGCGGACUUGUC.UCCUUU.CCCCAAACCGCCUU..UUUCUCUAUCCU.CCUC...UU.GAAG.CGACGC.G..C....CCGGGAG.UG..AAGC.C.UUAGGA.....CCGCG...G.AGCUG.UUGAGCC.UC 354
ADFVd GCCGCUAGUCGAGCGGACUACGG.GCAGCU.CUCC.GA..CCCUC..AGAAUUUCUCUU.AAGG.........U.CGG.GC.A..G....GGAGUGG.AG...CUC.C..CAGGGUAAA.ACACGAUUG..G.UG.U..UUUCCCC 305
AFCVd CCCGCUAGUCGAGCGGACUCGUC.CCAGCG.GUCCCAACCAGUU....UUCUUUAUCCU.AUUU...UUCCCUG.CGA.GC.G..C....CCGGUCG.UGG.AUAC.C..UAGGAU....ACCCU..UG.UU.UG.G..GUGC.CC 371
AGVd CCCGCUAGUCGAGCGGACUCGUC.CCAGCG.GUCCCAACCAGUU....UUCUUUAUCCU.AUUU...UUCCCUG.CGG.GC.G..C....CCGGUCG.UGG.UUAC.C..CUGGA.....ACUCC.CUG.UU.UG.G..AGGC.CC 369
ASSVd GCCGCUAGUCGAGCGGACUCCGG.GUGGAG.CCCCCUGUUCUCUCACGCUCUUUUUCUU...UGA........CGCA..GC.G..G....CGGG.UG.GG...UUC.C..CAGGGUAAA.ACACAAUAG..G.UG....UUUC.CC 330
CBLVd GCCGCUAGUCGAGCGGACUUCCAAGUCUCC.CUCCCGAGCCGCUU..UUCUUUUCUCCU.GAUU...UCCGUAG.CAGCGG.G..G....AGAG.GG.UG..AAGC.C..CCUGA.....ACCCC..UG..A.GG....GCUC.CU 328
CDVd CCCGCUAGUCGAGCGGACAACUGAGUGAGUUGUCCCAA..UCCUA..AUCUGUUUUUAUCUAGG.........C.UAG.AA.G..G....GGAU.UG.GG...CCU.C..CAGGGUAAA.ACACGAUUG..G.UG.U..UUCC.CC 294
CVd-V GCUGCUAGUCGAGCGGACGUU.G.GUGGU..CUCC...CUCUCC.....CUGUGCAAUA.AAAU.........C.CA..GGUG..G....CGAGUGG.UG...UCC.C..CAGGGUAAA.ACACGAUUG..G.UG.U..UCUC.CC 294
CVd-VI GCCGCUAGUCGAGCGGACUCCAGAGUGACU.CUCC...UGCCCU...AUUUUCU......ACGG.........A.GA..GC.C..G....GCGGUGG.AG...UCC.C..CAGGGUAAA.ACACGAUUG..G.UG.U..UUCC.CC 330
CVd-VII CCCGCUAGUCGAGCGGACUCGUC.CCAGCG.GUCCCAACUCCUU...UUUCUCUAUUCU.AAGGC.AAU.GGAC.C...GU.G..GAUCUUGGG.GG.UG...UGC.CCUAAGGG.....AGACC..UA..G.AG.U..CGUC.CC 368
DVd GCUGCUAGUCGCUCG.ACUAAGG.GUUGAU.UUCC.GAUGCC...A.AUCUUUUCUUCU.AGCG.........AG....AG.A..G....UGAG.GGAUG..UUACUC.ACGGGGUAAAAGCACGAGUG..G.UGCUUCGUCC.UC 324
GLVd GCCGCUAGUCGUGCGGACUAAUG.GUGCU..CUCC.AACGCCCUA..AGUCU..AAUAA.AAUC.........U.C...CC.A..G....GGAGUGG.AG...ACC.U..CAGGGUAAA.ACACGAUUG..G.UG.U..UUCC.CC 328
GYSVd-1 UCCGCUAGUCGAGCGGACUUGGU.CUCUUCCGCCC.AAAGCCCUU..UUUCUUUCAACU.GAGC...UU.GUUC.CAACGC.GCCC....CGCG.AG.UGC.AAUC.C..CCGGA.....ACCCC..CGCUA.AG.A..GGUC.UC 366
GYSVd-2 UCCGCUAGUCGAGCGGACUUGGC.CUCUUCCGCCC.GAGGACCUU..UUCUUUCUGAUC.UUGC...UU.GUUC.CAACGA.GCCC....CGCG.AG.UGG.AAUC.C..CCGGA.....ACCCC..UGCGA.AA.AAGGGUC.CU 363
GYSVd-3 UCCGCUAGUCGAGCGGACUUGGU.CUCUUCCGCCC.AAAGCCCUU..UUUCUUUCAACU.GAGC...UU.GUUC.CAACGC.GCCC....CGCG.AG.UGG.AAUC.C..CCGGA.....ACCCC..UGCAA.AG.A..GGUC.CU 366
LVd GCCGCUAGUCGAGCGGACAAA.G.GUUC...GUCU...CGCCCUAA.AUUCCU....................G.CA..GC.G..G....AGAGCGG.CG...UCC.C..CAGGGUAAA.ACACGAUUG..G.UG.U..UUUC.CA 304
PBCVd CCCGCUAGUCGAGCGGACAACCC.GAGCAC.CGCCGAAGGCCUUU..UUUCUUU....UAAAGCAGCUU.G..G.CUUCGC.G..GCG..AGGGUGGAAGU.UUAC.C..GCGGA......CCCC..CG.AG.AG.G.AGGCC.CU 315
PVd CCCGCUAGUCGAGCGGACUUGUC.GAUCA..ACC..AACGCGCUU..UUCUUUUAUUCC..CUC...UU.GC.G.CGGCGG.G..G....CGAG.AG.UGUUUUGC.C..UAAGG.....ACCGC..UG..U.UU.G..GGUC.CU 396
PVd-2 GCCGCUAGUCGAGCGGACCACUG.GUAGUU.CCCCCGACCUGCCU..AUUUUUG......UAGC.........C.U...AG.G..G....AGAGUGG.AG...UCA.C..CAGGGUAAA.ACACGAUUG..G.UG.U..UUUCCCC 358
PlVd-I GCCGCUAGUCGAGCGGACAACUG.GUAGCU.CUCC.CACUCUCUC..AGAUUUUCUCUU.GAGA.........G.CGG.GGCC..G....GGAGCGG.UG...UCC.C..CAGGGGAAA.ACACGAUUG..G.UG.U..UCUCCAC 316
Motifs LCCR ASSVd oligo-pyrimidine

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.



S19 of S35

   5'

CGG

CUC

1

   GYSVd-1

   G   A   U   C   U   U   C   U   U   G   C   U   U   G   U   G   G   U   U   C   C   U   G   U   G   G   U   U   U   C   A   C  C   U   C   G   G
   A  A
   G   G   C  C   G   C   C   G   C   G   G   A   C   C   U   G   C   A   A   A   G   A   A   G   A   A   G   A   U   A   G   G   G   G   C   A   G   A   G   G   G   G  G    U   G   A   G   C   C   U   C   G   U   C   G   U   C   G   A   C   G  A   A   G   G   G   G  U   G   C   A    C   C   G   A   G   U   G   C   C   U   G   A   G   C   U   G   G   U   C  G  A   C   G  U   C   C   A   G

   C   U   C
   C   C   U   C   G   G   G   A   C  C   Y   G   C   U  G   C

   U   C   U   G   G   G   C   G   G   A   A   G   A   G   U   C   U  U
  C   U   G   A   C   A   C   U   U   C   U   A   G   C   C   U   A   U   U   C   A   G   C

   U   C
   G   C   G   U   C   C   U   U   G   A   G   G   C   C   U   G   G   C   G   U   A   A   C   G   C   G   G   C   U   C   U   U   G   C   C   A   C   C  A   G   G   A  U   G   C   C  U   C   C  G   C

   U   A   G   U   C   G   A   G   C   G   G   A   C   U   U   G   G   U   C   U   C   U   U   C   C  G   C   C   C   A   A   A   G   C   C   C   U   U   U   U   U   C   U   U   U   C   R   U   A   G   C   U   U   G   U   C   C   A   A   C   G   C   G   C   C   C  C   G
   C   G   A   G   U   G   C   A   A   U   C   C   C   C   G   G   A   A   C   C   C   C   C   G   C   U   A   A   G   A   G   G   U   C

   360

   10

   350

   20
   TCR

   340

   30

   330

   40    50

   320    310

  60

   300

   70

   290

   80

   280

   90
   HPI

   270

   100
   HPI

   260

   110

   250

   120

   240

   130

   230

   140

   220

   150

   210

   160

   200

   170

   190

   180

   ADFVd

   R   G   R   G   A   A   A   A   C   U   C   C   G   U   G   U   G   G   U   U   C   C   U   G   U   G   G   G   G   C   A   C   C   C   C   C   C   U   G   C   G   C
   A    U
   G   A   C   U   A   A   A   R   R   A   A   A   A    U   C   A

   R   C   A   G   G   U   G   A   A   G   A   G   A   C   U   U   A   C   C   U   G   U   C   G   U   C   G   U   C   G   A   C   G   A   A   G   G   C   U   G   G  U   A   A   G   C   C   G
  U
   G   A

   G
   C   G   U   G   G   A   G  G    G   R    Y   C   C   R   G   G   U   C   G   Y   G   C   Y   Y   U   U   G   G   R   R   G

  A   A   C   Y   C   C  U  R   R   G   A   C   U
  U   G   A   C   Y   G   G

   U   Y
 Y   C  C   C

   Y   R
   C   C   U   G   C   C   G   A   G   C   U   U   Y   C   Y   R   C   C   G   C   U   A

  G   U   C   G   A
   G   C   G

   G   A   C   U  G   G   Y   A   G   C   U   C   U   C   C   G
  A   C   C   C   U   Y   A

  G   A  U   U   U  C   U   Y   Y   U   A   G   G   U   C   G   G   C   A   G   G   G
   A   G   U

   G   G   A   G   C   Y   Y   C   C   A   G   G   G
   U   A   A   A   A

  C
  A   C   G

   A   U
   Y   G   G   U   G   U   U   U   U   C   C  C

  C

   300

   10

   290

   TCR
   20

   280

   30

   270

   40

   260

   50

   250

   60

   240

   70

   230

   80

   HPI

   220

   90

   210

   100

   200

   HPI
   110

   190

   120

   180

   130

   170

   140

   160

   1501

   AGVd

  U
   G   G   G   C   A   C   C   A   A   C   U   A   G    G   G   U   U   C   C   U

   G   U   G   G   U    C    C   A   C   C   G
   A   A
   G   G  C   C   G  C   G

   A   A   G   C   U   A   G   G   A   A   G   A   A   A
   A   A   G   A   U   A   G   A   A   A   A   G   C   U   G   G   G

   U   A   A   G   A   C   U
   C   A   C

   C   U   G   G   C   G   A   C   U   C   G   U   C   G   U   C   G   A   C   G   A   A   G   G   G   U   C   C  U   C   A   G   C   A   G   A   G   C   A   C   C   G   G   C   A   G   G   A   G   G   C   G   C   U   A  U   G   C   A   G   G
   A  A
   C   G   C   U   A   G   G   G   G   U

   C   C
   U   C   C   A   G   C   G   G   A   G   G   A   C   U   G   A   A   G   A   A   A   C   U  C

  C   G   G   U   U   U   C   U   U   C   U   U   U   C   A   C   U   C   U   G   U   A
   G  C   U   G   G   A   A   U   C   C   C   U   G

  U   U
   G   C   G   C   U   U   G   C   U   G   G   C   G   A   A   A   C   C   U   G   C   A   G   G   G   A   A

   G   C   U   A   G   C   U   G   G   G  U   C   C   C   G   C   U   A
  G   U   C   G  A   G   C   G   G   A   C   U   C   G   U   C   C   C   A   G   C   G   G   U   C   C   C   A   A

  C   C   A   G   U   U   U   U  C   U   U   U   A   U   C   C   U   A
   U   U   U   U   U   C   C   C   U   G   C   G   G   G   C   G   C   C   C   G   G   U   C   G   U   G   G   U   U

   A   C   C   C   U   G   G   A   R   C   Y   C   C   C   U   G   U   U   U   G   G   A   G   G   C   C
   C

   10

   360    350

   20

   340

   30

   330

   40    50

   320    310

   60
   70

   300

   80

   290

   90
   HPI

   280

   100

  270

   110

   260

   HPI
   120

   250

   130

   240

   140

   230

   150

   220

   160

   210

   170

   200    190

   180

TCR

1

   CBLVd+CVd-I

   C   G   G   A  G   A   C   U   U  C
   U   U   G   U

   G   G   U   U  C
   C   U   G   U

   G   G   U   G   C   A   C   C   C   C   U   C   A   G   C   C   C
   U   A   C

   C   U   G   C   G
   A   A   A   G   A   A   A   A   A   A   G

   R   U   U   A   G   A   A   G   G   C  G    C   A   G   A   G   G   A   G   C   U   G  A    Y   G   G   U   C   G   U   C   G   U   C   G   A   C   G   A   A   G   G  C
   U   C    U

   C   A   G   Y   Y   G   C   R   G   A  G    Y   G   G   G   R
   U  C
   G   A   C   U   G   G

   C  C
   U   C   C   G   G   U   G  G    A   A   R Y    G   A    G   C   U

 Y
   Y   G   Y   U   C  U  C   U

   GU   A
   A   C   C   G  G   A   C   C   G   G   U   C   Y   C   C

  U   U
   C   R   C   C   G   A   G   C   G   C   U   G   Y   U   U  G   C   C   G   C   U   A

  G   U   C   G   A
   G   C   G   G

  A   C   U   U   C   C   R   A   U   C  U   C   C   U   C   C   C   G   A  G   C   G  C   U   U  U   U  C   U Y   Y   U   Y
   Y
   C   Y   G   A   U   U   C   C   G   U   A

   G   C   A   G   C   G   G   G   G   A   G   A   G   G   G   U   G   A   A   G   C   C   C   C   U   G   A   A   C   C   C   C   U   G   A   G   G   G   C   U   C   C  U

   10

   310

   TCR
   20

   300

   30

   290

   40

   280

   50

   270

   60

   260

   70

   250

   80

   240

   HPI
   90

   230

   100

   220    210

   110

   HPI
   120

   200

   130

   190

   140

   180

   150

   170

   160

   320

1

   CDVd

  G   G
   A   G   G   A   A   A   C   U   C   C   G   U   G   U   G   G   U   U   C   C   U   G   U   G   G   G   G   C   A   C   A   C   C   C   C   C   U   U   G   C

   C   G   A   A  A
   A   U   A   A   A   A   C   G   C   A   G   A   G   A   G   G   G   A   A   A   R   G   G   R   A   A   C   U   U   A   C   C   U   G   U   C   G   U   C   G   U   C   G   A   C   G   A   A   G   G   C   A   G   C   U   A   A   G   U   U   G   G  U   G

   A   C   G   C   C  G   A
   G   U   G   G  A  G

   U   A
   A   A  G

  A   C   G   G   A   G   A
   G   U   C   U   C   C   G   C   U

  A
   G   U   C   G   G   A   A   A   G   A

   C   U   C   C   G   C   A   U   C   C   U   C   C   G   G   C   G   A   C   C   C   U   Y
   C   U   A   G   C   U   C   C   C   G   C   U   A

  G   U   C   G   A
   G   C   G

  G   A   C   A   C   U   G   R
 G   U   G   A   G   U  G   Y   C   C   C   A   A   U   C   C   U   A   A   U   C   U   G   U   U   U   U   U   A   U   C   U   A   G

  G   C
   U   A   G

   A   A   G   G   G   G  A   U   U   G   G   G   C   C   U   C  C   A   G   G   G
   U   A   A   A

  A
  C   A   C   G

  A   U
   U   G   G   U   G   U   U   U   C   C   C   C

   290

   10

   280

   TCR
   20

   270

   30

  260

   40

   250
   240

   50

   230

   60    70

   220

   HPI
   80

   210
   200

   90

   190

   100

   HPI

   180

   110

   170

   120

   130

   160

   140

   150

1

   CVd-V

  U
   G   G   G   U   G   A   A   C   A   A   C   C   U   U   G   U   G   G   U   U   C   C   U   G   U   G   G   G   U   C   A   C   C   C   C   G   C   C   C   C   A  C   G   G  R

   A    A   A
   U   A   A   A   A   G   C   A   G   A   G   G   A   G   A   G   A   R   A   G  U   A   C  U   Y   A   C  C   U

   G   U   C   G   U   C   G   U   C   G   A   C   G   A   A   G   G   C   Y   G   G   U   R   A  G
   C
   A   G   U   A

   A
   G   C   C   G   G   A   C   G   G

  C
   C   C   U   C   G   C   G   G   C   Y   G   R   U   C

   C   U   C
   U   G   G   A   G   C   U

 Y
   Y   G   C   U   C   U   A   G   A   C

   U   U   C
   G   C   Y   G   C  U   G   A   G   G   C   C   C   G   C   G   C   G   C   C   G   C   U   Y   C   C   C   G   C   Y   G   C   U   A

  G   U   C  G   A
   G   C   G

   G   A   C   G   U   U   G   G   U   R   G   U   C   U   Y   Y   C   U   C   U   C   C   C   U   G   U   G   C   A   A
   U   A   A   A   A   Y   C   C   A   G   G   U   G   G   C   G   A   G   U

   G   G   U   G   U   C   C   C   C   A   G   G   G
   U   A   A   A

  A
  C   A   C   G   A

  U   U
   G   G   U   G   U   U   C   U   C   CC

   290

   10

   280

   20

   270

   TCR
   30

   260

   HPII

   40

   250

   50

   240

   60

   230

   70

   220

   80

   HPI

   210

   90

   200

   HPI
   100

   190

   110

   HPII
   180

   120

   170

   130

   160

   140

   150

1

   CVd-VI

  G   G
   A  G   G   A   A   A   C   U   C   C   G   U   G   U   G   G   U   U   C   C   U   G   U   R   G   G   U   C   A   C   C   C   C   C   C   G   G Y

  C   C
   C   U   C   U   A  A    G   A   A   A   A

   G   A   A
   A   G   G   C   A  A   G   G   A   G   A    C   U   C   A   C   C   U  G   U   C   G   U   C   G   U   C   G   A   C   G   A   A   G   G   C   A   U   G   U   G   A   G   C   Y

  A
   C   U   C   G

   A  U
   G  A   A    G   A   G   C   G   U   C   A   G   C   G   G  A   C   G   G   C   C

   U   C   U   G   A   G   A   C   G   A   G   C   G   A   U   G   G   A
  C
   A   G   U   A   G  A   G   C   U   C   G   Y   C   U   C   U   A   C   C   A

  G   U   C   G   C   G   U   G   C   U   G   A   C   U   C   U   C   A   C   G   C
  C   C
   A
  C   C   C   G

   C
  A
   C  G
   G
   C   U   G   C

   U   C   C   G   A   G   R   G   R   R   G   G   C   U   C   U   C   U   G   C   C   G   C   U   A
  G   U   C   G   A  G   C   G   G   A   C  C   A   G  A   G   U   G   A   C   U   C   Y   C   C   U   G   C   C   C   U   A   U   U   U   U   C   U   R   C  R   G   A   G   A   G   C   C   G   G   C   G   G  U   G   G   A   C   C   Y   C   A   G   G   G   U   A   A   A   A   C   A   C   G  A   U  U

   G   G   U   G   U   U   U   C   C   C   C

10

   320    310

   20

   300

   30

   290

   40

   280

   50

   270

   60

   260

   70

   250

80

   240

   90

   230

   100

   220

   110    120

   190

   130

   180

   140

   170    160

   150

   200

   330
   210

1

TCR HPI HPI

   GYSVd-2

   C   G   G   A   U   C   A   U   U   U  U   C   C
   U   G   U   G   G   U   U   C   C   U   G   U   G  G   U    A   C   A   C   C   U   C   G   G   A   A   G   G   C   C   U   C   C   G   C   G   G   A   C   C   U   G   C   A   G   A   G   A   A   A   A   G   A   A   G   A   A   G   G   G   C   C

   C   A   G   A
   G   G   G   G   A   A   U   G   A   G   C   C   U   C   G   U   C   G   U   C   G   A   C   G   A   A   G   G   G   G  U   G   C   A   U  U

   C   C   G   A   A
   G   A   G   C   U   G   G   C   C   U   G

  G
   C   G   U   C   G  U   C   C   G   G

   C  U    C
   C   C   U   C   G   A   C   C   G   C   A   C   C   G   G   A   G

   C   G   C
   U   A   G   A   A   A   A   G   G   U   C  C  U

  C   G   G   A   C   U   U   U  C   U   U  C   U   A   U   C   U   C   C   G   A   A   G   C
  C   G   G   U  U   U   G   A   G   G   C   C   C   G   G   C   G   A   A   A

   C   G   C   G   G   G   C   C   U   G   U
  C   U   C   C   U   A   A

  G   A   U   G   C   C   U   C   C
   G  C   U   A

  G   U   C   G   A
   G   C   G

   G   A   C   U   U   G   G   C   C   U   C   U   U   C   C  G   C   C   C   G   A  G   G   A   C   C   U   U  U   U   C  U   U   U   C   U   G   A   U   C   U   U   G   C   U   U   G   U   U   C   C   A   A   C
   G  A   G   Y   C   C   C   G  C   G   A   G   U   G   G   A   A   U   C   C   C   C   G   G   A   A   C   C   C   C   U

   G   A   A   A   A   A   G   G   U   C   Y
 Y

   360

   10

   350

   TCR
   20

   340

   30

   330

   40

   320

   50

   310

   60

   300

   70

   290

   80

   280

   90

   270

   HPI
   100

   260

   110

   HPI

   250

   120

   240

   130

   230

   140

   220

   150

   210

   160

   200

   170

   190

   180

1

   G   U   Y

   PBCVd

   C   G   G   G   U   C   C   Y   U   U  Y   C
   A
   G   G   U   U   C   C   U   G   U   G   G   U   R   C   U   C   C   C   C   U   G   A   C   C   U   G   C   R   U   U   C   C   A   A   A   A    G   C   R   A    A   A   A   A   G   U   G   A   G   A   G   G   C   C

   C   U   A   G   G   G   G   C
   U   U   C   U   C   G   G   C   U   C   G   U   C   G   U   C   G   A    G   A   A   G   G  G   Y

   C   U   A   G   A   A   G   C   Y   U   G   G   G Y   C    G   G   C    G   G   A   G   C   G   C   G   C   G   G   C   U   G
   U   G
   A   G   U  A  A

   U   C   G   C   U   C   C   U
 Y
   U   G   G   A   G   A   A   G   A   A   A   A   C

   C   A   G   C   G   U   U   G   C   U   U   C   Y   Y   G   C   C   U   G   A   G   C   C   U   C   G   U   Y   U   U   Y   U   G   U   C   C   C   G   C   U   A
  G   U   C   G   A  G   C   G  G   A   C   A  A   C   C   C   G   A   G   C   C   C   G   C   C   G   A   A   G

  G  C   C   U   U   U   U  U   Y   U   U   U   U   A   G   C  G   C   U   U   G   G   Y   Y   G   C   G   G   C   G   A   G   G   G   U   G   G   A   A   G   U   Y   A   C   C   G   C   G   G   A   Y   C  Y   C   C  R   R   R   A   G   G  A   G   G   C   C   C  U

   310

   10

   300

   TCR
   20

   290

   30

   280

   40

   270

   50

   260

   60

   250

   70

   240

   80

   230

   HPI
   90

   220

   100

   210

   HPI
   110

   200

   120

   190

   130

   180

   140

   170

   150

   160

1

   320

   ASSVd

   G   G
   U   A   A   A   C  A   C   C   G   U   G   C

   G   G   U   U   C   C   U   R   U   G   G   U
   U   C   G   C   C   C   C   G   C   C   A   A   C   G   C   A   R

   A   U
   A    A   U   A   A   A   G   A

   A   A   A
   C  G   A   G   G   A   G   A   A   G   A   A   G   G   A   A   C   U   C   A   C   C   U   G   U   C   G   U   C   G   U   C   G   A   C   G

   A   A   G   G   C   C   G   G   U   G  A   G
   A   A   A   G   G   A   G   C   U   G   C   C   A   G   C   A

   C   U
   R   R

   C   G   G   A   C   G   G   Y    C   C   C   U   C  G   C   A   C   C   A   G   U   U
   C   C   G   C

   U   G   Y   G   G   G Y
  C   G   C   C   U   R   C   A   R   G   A   A   C   G   Y   A

  C
  G   G   U   G   U  U   G   A   G   G   C   C   C   U   G   U   C   C   G   C   C   G   C   U   G   C   G   C   U   G   C   C   A   C   C   U   A   C   U   C   U   C   G   C   G   C   C   G   C   U   A

  G   U   G   A
   G   C   G

  G   A   C   U   C   C   G   G   G   U   G   G   A   G   C   Y   C   C   C   U   G  U   U   C   U   C   U   C   A
   C   G   C   U   C   U   U   U   U   U   C   U   U   U   G   R   C

   G   C   A   G   Y  G   G   C   G   G   G  U   G   G   G   U
  U
  C   C   C   A   G   G   G

  U   A   A   A   A
  C   A   C   A  A   U   A

   G   G   U   G   U   U   U   C   C
  C

   10

   TCR

   310

   20    30

   300
   290

   40

   280

   50

   270

   60

   260

   70

   250

  HPI
   80

   240

   90

   230

   100

   220

   HPI
   110

   210

   120

   200

   130

   190

   140

   180

   150

   170

   160

  330

1

TL P C V TR

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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Domains ASSVd TL ASSVd P ASSVd C ASSVd V ASSVd TR

5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80. 85. 90. 95. 100. 105. 110. 115. 120. 125. 130. 135. 140. 145. 150. 155. 160. 165. 170. 175. 180. 185. 190. 195. 200.

Logo 1
2

CGGAGGUC
A
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A
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A
U
C
A
U
U
CCCGUGACUGGUUCCUGUGGGUUGCAGUCACCCCGUGACCUCAGUAUCGUUCACAGAUAAAUGAACUAAC

A
A
G
C
AAAAGCUGAGAAGAGGCAC

A
A
C
G
A
G
UG
AGAGGAGACUUUCUACGCGUC

GUCGUCGUCGACGAAGGGCACUC
GUACGGUGAAGAAAGGAC

GCUGCUC
G
UA
GGUCAGACCUAAGGCCGAGGAC

G
UC
GGACGUCAAACGCGACUUCGCGUGAACGGACUGAAGUC

U
C
U
G
CCUGCCUAGUGCUGGUUCGACCGAUAC

GAAGAGAC
ACGUACAGUC

G
U
CGCU 1

2

CDVd cons .GGAGGAAACUCCGUGUGGUUCCUGUGGGGCACACCC...CCU.UG..CCGAAAAUAAAACGCA...GAGAGGGAAAGGGAAACU.UACCUGUCGUCGUCGACGAAGGCAG.CUAAG..........UUGGUGAC..GCCGAGUGGAGUAAAGACGGAG.AGUCUCCGCUAGUCGG.........AAAGAC....UCCGC 162
ASSVd cons .GG..UAAACACCGUGCGGUUCCUGUGGUUCGCCCCG...CCAACG..CAGAU.AGAUAAAGAAAACGAG.GAGAAGAAGGAACU.CACCUGUCGUCGUCGACGAAGGCCG.GUGAGAAAGGAGCUGCCAGCACUAAGCCGGACGGCGC..CCUCGCAC.CAGUUCCGCU.GUGGGUUCGCCUACAAGAACGUACGGUGU 184
PBCVd cons CGG.GUCCCUUUCCUGAGGUUCCUGUGGUGCUCCCCUGACCUG.CGUUCCAAAAAG.CAAAAAAAGUGAG.AGGCCCUAGGGGCUUCUCGGCUCGUCGUCGACGAAGGGUCUAGAAG......CC..UGGGCGCU..GGCGGAGCGCGC..GGCUGUGAGUAAUCGCUCC..UCUG...GAGAAGAAAACC....AGCGU 175
Motifs Apsca TCR ASSVd HPI+UCCR

Stasy et al. (1995) extended UCCR

Domains ASSVd TR ASSVd V ASSVd C ASSVd P ASSVd TL

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.

Logo 1
2

A
U
U
GAGGCCCCUGUC

UCCGCCCGCAUGCAGCUGCUCCAGUC
UCUACUCGUGCGCUGCCCGCUAGUCGAGCGGACUAC

ACCGUC
GAGAUGACGGAC

G
UU
C
C
G
U
CCGCACUGAAGUGUCUCCUAAUUCAUC

UGCUGCUUUUAAAGUACAGCUC
UUAGAGCGUACUACGAGACGGCGAC

GGAGGUGUGAGAGCUUC
U
A
C
UCCGAC

GGGUAAC
A
C
ACCACAGAUAUAGGAUGGUAGUGUUCCCUC 1

2

CDVd cons AU.....CC.UCCG..GCAGA...CCCUUCUA...GC.UCCCGCUAGUCGAGCGGACAACUGAGUGAGUUGUCCCAAUCCUAAUC....UGUUUU...UA..UCUAGGCUAGAAGG...GGAUUGG.GC.CUCCAGGGUAAAACACGAUUGGUGU.UUCCCC 294
ASSVd cons UGAGGCCCUGUCCGCCGCUGCGCUGCCACCUACUCUCGCGCCGCUAGUCGAGCGGACUCCGG.GUGGAGCCCCCUGUUCUC..UCACGCUCUUUU...UC..UUU.GACGCAGCGG...CGGGUGG.GU.UCCCAGGGUAAAACACAAUAGGUGU..UUCCC 330
PBCVd cons UG.....CUUCCCG..CCUGAGC.CUCGUCU..UCUG.UCCCGCUAGUCGAGCGGACAACCC.GAGCACCGCCGAAGGCCU..UUUU..UCUUUUAAAGCAGCUU.GGCUUCGCGGCGAGGGUGGAAGUUUACCGCGG..ACCCCCG...AGAGGAGGCCCU 315
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-I.
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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-I.



S23
ofS35

5: 7→6
▼

1:4→7 3: 2→4 2: 3→1
▼ ▼ ▼

7: 5→1 6: 2→5 4: 1→3
▼ ▼ ▼

5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80. 85. 90. 95. 100. 105. 110. 115. 120. 125. 130. 135. 140. 145. 150. 155. 160. 165. 170. 175. 180. 185. 190. 195. 200.

Logo 1
2
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UGAGACCUUCAUUUUCUUGCGUGAGAC

UUCCUGUGGUACACCUC
U
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AGAACAGGCUCA
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C
G
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C
GCUAGGCGUAGAGAAAGAGAAAGGUUAC

A
U
AUGAGCCAUGGGAAGGAGUAUGCUUACCUGGCGUUCCCUGGCAGCGCUGCAACGGAAUC

UCAGUGGCGUUGGCACCCGAGCAGCAGUCGGUAGUUAUCCAGAUC
G
A
GUGCGGCAUC

UCGGCUGACGCAAGGUAUGCACUGUC
G
U
CCGCGAGACUAGGUCCAUAUGGCGUUCCUGCUGUCCGUAUAUCCUUC 1

2

CbVd-1 UGGCUC.........GAAC.....UG....AC..UAGAACGGUUA........AAGAAAAAGUUCUUACCUGGAGUUGCUUACCUGGGUUCCCUGGCAGCGCUGCAACGGAAUCCAGU.....GCCCACC...GGAG...C...................GCCAGUUC...GUGC..GAGA..GUUGCUUCGGCUUCUUC 135
CbVd-2 CGGAUCAUUUUCUUGUGGUUCCUGUGGUACACCUCCGAA.GGCGCGCUAGGCGAGAAGAGAGUAAAUAGAGGAGAGAGCUUACCUGGGUUCCCUGGCAGCGCUGCAACGGAAUUCAGU.....GCCCACC...GGAG...C...................GCCAGUUC...GUGC..GAGA..GCCGCUUCGGCUUCUUC 162
CbVd-3 CGGAUCAUUUUCUUGUGGUUCCUGUGGUACACCUCCGAA.GGCGCGCUAGGCGAGAAGAGAGUAAAUAGAGGAGAGAGCUUACCUGGGUUCCCUGGCAGCGCUGCAACGGAAUUCAGGGCGUUGGCCCCGAU.GGAGUUUCC.GAUGA....GCACCGGUGAGAAGAGACUGUCUCGCAGACUAGAAGUCUCUUCUUUUC 193
CbVd-4 UGGCUC.........GAAC.....UG....AC..UAGAACGGUUUA.......AAGAAAAAGUUCUUACCUG.GA......ACCUGGGUUCCCUGGCAGCGCUGCAACGGAAUUCAGGGCGUUGGCCCCGAU.GGAGUUACC.GAUGA....GCACCGGUGAGAAGAGACUGUCUCGCAGACUAGAAGUCUCUUCUUUUC 160
CbVd-5 UGACCU.........CAAU.....UG....AC..UAGAACAGUAG........UAAAGAAAAG....GCA.G..GUUGCUUACCUGGCUUCCCUGGCAGCGCUGCAACGGAAUUCAGG.....GCACGGAGUCGGUG...CCAGAUCGUGCGGCUUCGGCGCCAGUUC...GUGC..GAGA..GCUUCGCUCGCGAACUC 150
CbVd-6 CGGAUCAUUUUCUUGUGGUUCCUGUGGUACACCUCCGAA.GGCCGCCUAGGCGAGAAGAGAGUAAAUAGAGGAGAGAGCUUACCUGGGUUCCCUGGCAGCGCUGCAACGGAAUUCAGG.....GCACGGAGUCGGUG...CCAGAUCGUGCGGCUUCGGCGCCAGUUC...GUGC..GAGA..GCUUCGCUCGCGAACUC 184
CbVd-7 UGACCU.........CAAU.....UG....AC..UAGAACAGUAG........UAAAGAAAAG....GCA.G..GUUGCUUACCUGGGUUCCCUGGCAGCGCUGCAACGGAAUCCAGU.....GCCCACC...GGAG...C...................GCCAGUUC...GUGC..GAGA..GUAGCUUCGGCUUCUUC 128
Motifs TCR HPI+UCCR

2: 1→3
▼

6: 5→3 7:1→5 1: 7→4
▼ ▼ ▼

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.

Logo 1
2 UAGUCUUUGCAUGAGCAUUCUAUCCGUGCCGUACGCGAUCGUCUUGCCGAGCUCCUC

U
G
C
G
UGUCAGCGGUC

U
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U
C
UCCAGGCGAUAUCCUGGCGUGAACCCCACGCGGAGCGAUUGCAAAGGUAGCUCUCGGUC

UCGGCGUGCAC
UCCGUGUUUCUNUUC

U
G
U
A
U
C
ACCUC

G
AC
UUC

UC
UAGAUCUCGACGACCAGUGCACUCCGUGAGGAGUGAAUCACCCUGGGACCAGCGUAUAAAC

GCAGGAUGUCCUU 1
2

CbVd-1 UUC...GUGGA...ACGGC...........UCCG...CGUGUACG...........CCUGGUGACCC..GCGAGCGAUUGCAAAGGUCCUGGUUCGCUGACCCGGU....UCGAACCUCUUUU...CU...AAACCCUA...GU...UCA.........GCUUAAAC.GAGCU. 249
CbVd-2 UUC...GCGGA...ACGGC...........UCCG...CGUGUACG...........CCUGGG..ACCCCGCGAGCGAUUGCAAAGGUCCCGGUUCGCUC.UCCUUUUCUUUUUUACCUACUUCAG.CCGACCGCCCCGGGGAGUGAAUCACCCGGGACCGCGAAAAGCGAUCCU 301
CbVd-3 UGCUUUGAGACUUCUUCUCCGUAGGACUCUUCGGCUCUUCGC.GGGUACCCAGCAACCUGCU..CCCACGC.GGCGAUUGCAAAGGAUCCGGUUCGCUC.UCCUUUUCUUUUUUACCUGCUUCAGACCGACCGCCCCGGGGAGUGAAUCACCUGGGACCGCGAAAAGCGAUCCU 362
CbVd-4 UGCUUUGAGACUUCUUCUCCGUAGGACUCUUCGGCUCUUCGC.GGGUACCCAGCAACCUGCU..CCCACGC.GGCGAUUGCAAAGGAUCCGGUCCGGU............UCGAACCUCUUUU...CU...AAACCCUA...GU...UCA.........GCUUAAAC.GAGCU. 295
CbVd-5 UAC...GUGGA...ACGGCCGUCGCUCG..UGGA...UCGGC.CGUCUUCCGGGUUCCUGCU..CCCACGC.GGCGAUUGCAAAGGAGCUGGUUCGCG..UCCUGU........CC.UAUUCU...UC....UACUCUA...GU...UCA.........ACUUAAAG.AGGUU. 274
CbVd-6 UUC...GUGGA...ACGGCCGUCGCUCG..UGGA...UCGGC.CGUCUUCCGGGUUCCUGCU..CCCACGC.AGCGAUUGCAAAGGAUCCGGUUCGCUC.UCCUUUUCUNUUUUACCUGCUUCAGACCGACGCGCCCGGGGAGUGAAUCACCUGGGACCGCGAAAAGCGAUCCU 342
CbVd-7 UUC...GUGGA...ACGGC...........UCCG...CGUGUACG...........CCUGGUGACCC..GCGAGCGAUUGCAAAGGUCCUGGUUCGCG..UCCUGU........CC.UAUUCU...UC....UACUCUA...GU...UCA.........ACUUAAAG.AGGUU. 234
Motifs LCCR ▲

3: 4→2
▲

4: 3→1
▲

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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Figure S16. Similarity among Coleviroid members.
(a) JALI output for seed alignment of all Coleviroid members. The seed alignment of consensus sequences was produced with MAFFT

X-INS-I (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 -l 40, -e 4, and -leastscore 40.
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PSTVd cons C.GGAACUAAACUCGUGGUUCCUGUGGUUCACACCUGACCUCCUGAGCA.GAA.AAGAAAAAAGAAGGCGGC..UCGGA.G.GAGCGCUUCAGGGAUCCCCGGGGAAACCUGGA.GCGAACUGGCAAAAAGGACGGUGGGGA...GU.GCCCAGCGGCCGAC.AGGAG...UAAU...UCCCGCCGAAACAGGGUUU.UCACC 183
CEVd cons C.GGGAUCUUUCUUGAGGUUCCUGUGGUGCUCACCUGACCCUGCAGGCA.GGAAAAGA.AAAAAGAGGCGGC..GGGGAAG.AAGUCCUUCAGGGAUCCCCGGGGAAACCUGGA.GGAA...GUC...GAGGUCGGGGGGGAACAGCUG.CU.UCGGUCGCCGCGGAUCACUGGCGUCCAGCGGAGAAACAGGAGCUCGUCUC 188
CTiVd cons CUGGGG.AAUUCCCACGGCUCG..........GCAAAA...UAAAAGCA.......CA......AGAGCGAC..UG...........CUAGAGGGAUCCCCGGGGAAACCCCUA.GCAA....CC...GAG....GUAGGGA...GC.GUAC.CUGG.UGUCGCCGAU...UCGU.....GC....AGGUCGGGCUU.CGUCC 132
CCCVd cons CUGGGG.AAAUCU.ACAGGGCA..........CCCCAA.....AAACUA.CU...GCA......GGAGAGGC..CG...........CUUGAGGGAUCCCCGGGGAAACCUCAA.GCGA...AUC...UGG....GAAGGGA...GC.GUAC.CUGG..G...UCGAU....CGU.....GC....GCGUUGGAGGA.GACUC 128
CBCVd cons CUGGGG.AAUUUC.UCUGCGGG..........ACCAAA...UAAAAACA.GC...UUG.....UGGAGGGAA..CA......UACCUGAAGAGGGAUCCCCGGGGAAAUCUCUU.CAGA...CUC...GUC....GAGGGGA...GG.G......CGCCG...CGGAUCACUGGCGUCCAGCACCGGAACAGGAGCUCGUCUC 147
HLVd cons CUGGGG.AAUACA..CUACGUG..........ACUUACC......UGUAUG....GUG......GCAAGGGC..UC...........GAAGAGGGAUCCCCGGGGAAACCU.AC.UCGA....GC...GAG....GCGGAGA...UC.G......AG.CG...CCAGU...UCGUGCGCGGC....GACCUGAAG.....UUG 122
HSVd cons CUGGGG.AAUUCUCGAGUUGCC..........GCAUAA.......GGCAAGCA.AAGAAAAAACAAGGCAGGGAGGGA..CUUACCUGAGAAAGGAGCCCCGGGGCAACUCUUCUCAGA...AUC...CAGC...GAGAGGC...GU.GGAG.AGAG.GGCC.GCGGU............GCUCUGGAGUAGAGGCUCUGGCU 154
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PSTVd cons CUUC.CUUUCUUC..GGGUG..UCCU...UCCUCGCG..CCCGCAGGACCACC...CCUCGCCCCCUUUGCGCUGUC.GCUUCGGCUACUACCCGGUGGAAACAACUGAA.GCUC...CCGAGAACCGCUUUUUCUCUAUCU..UACUUGC.UUCGGGG.....CGAGGGUGUUUAGCCCUUGGAACCGCAGU..UGGUUCCU 358
CEVd cons CUUC.CUUUCGCU..GCUGG..CUCCACAUCCGAUCGUCGCUGA.AG..CGCCACGCCCCCUC.GCCCGGA.GCUUC.UCUCUGGCUACUACCCGGUGGAUACAACUGAA.GCUUCAACCCCAAACCGCUUUUCUUAUAUCU..UCACUGCUCUCCGGG.....CGAGGGUGA.AAGCCCUCGGAACCCUAGAUUGGGUCCCU 371
CTiVd cons CUUC.CGAGCUUC..GAUCC..G......ACGC.......CCG...G.CCGC.....UUCCUC.GCCG....AAGCU.GCUACGGAGACUACCCGGUGGAUACAACUCUUUGCAG...........CGCCCUG......UGUAAUAAAAGC................UCGAGU............CCGGU.UU..GCGCCCCU 254
CCCVd cons CUUC.GUAGCUUC..G.............ACGC.......CCG...G.CCGC.....CCCUCC.UCGA.......CC.GCUUGGGAGACUACCCGGUGGAUACAACUCAC.GCG.............GCUCUU.....ACCU.......GUUGUUAGUAA...AAAAAGGUGU............CCCUU.UG..UAGCCCCU 246
CBCVd cons CUUC.CUUCCAUC..GCUGG..CUCC...ACAU.......CCGAUCG.UCGCUUC.UUCCUUC.GCGA......CCU.GAGAUAGAAACUACCCGGUGGAUACAACUCUU.GGGU...........UGUUCCU......CCC.....AGGC...UUGUUAAUAAAAAUGGCCC............GCCUU.UG..AGACCCCU 284
HLVd cons CUUCGGCUUCUUCUUGUUCGCGUCCUGCGUGGA.......ACG...G..CUC....CUUCUUC.ACAC....CAGCCGGAGUUGGAAACUACCCGGUGGAUACAACUCUU.GAGC....GCCGA...GCUUUA......CCU.......GC................AGAAGU...........UCACAUAAAAAGUGCCCCU 256
HSVd cons UCGAAACACCAUC..GAUCG..UCCC...UUCU.......UCU...U..UAC....CUUCUUC.UGGC....UCUUCCGAUG.AGACGCGA.CCGGUGGCAUCACCUCUC.GGUUCG.UCCCAACCUGCUUUUUGUCUAUCU.....GAGC.CUCUG..........CCGCGG..........AUCCUCUCUU..GAGCCCCU 297
Motifs Cocad Cocad LCCR TCH

Motifs Pospi RY RY Pospi HPII Pospi LCCR Pospi HPII

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 S21). PSTVd, as most pospiviroids, has two RY motifs, while CEVd and CBCVd, in
this respect an exceptional cocadviroid, have one RY motif.
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Domains HSVd HSVd TL HSVd P HSVd C HSVd V HSVd TR
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DLVd CAGGUCU..UCUAAGGG..UUCCUGUGGUGCCUCCCUCCAAG.....GCCGCGUAGGGAAAGAAAAAGUGAAAGAAAGUGUACCUGAAG.AG.AGAGAGACUCUCUGAGGAGCCCCGGGGCAACUCCGA.............GAG..UGC..UG.CGGCAGGAG......GAGCCGGGGGC....GGAGGUUGU.CUCG. 159
HSVd cons CUGG...........GGAAUUCUCG.AGUU.GCCGCAUAA.......GGCAAGCAAAGAAA.........AAACAA.G.GCAGG..GAG.GG.AC.UUACCUGAGAAAGGAGCCCCGGGGCAACUCUUCUCA..........GAA..UCC..AG.CGAGAGGCG.....UGGAGAGAGGGC....CGCGGUGCU.CUGG. 138
CLVd cons CGGAACUAAACUCGUGG..UUCCUGUGGUU.CACACCUGACCCUGCAGCCAUGCAAAGAAA.........AAAGAACG.GGAGG..AAG.AGCGCAAGAGCGGUCUCAGGAGCCCCGGGGCAACUCAGACCGAGCG.GG...GUCUUGAC.CAG.UGGCGAGCG.....CCCUGUUCAGAC....AGGAGUAAUCCCAGC 169
PCFVd cons CCGGAUUCUUCUAAGGG..UGCCUGUGGUGCCUCCCCCGAAG.....CCCG.CUUAGGGAA.........AAAGAAAG.GGGAA....GCAA.GCAUCUCCUGUUCAGGGAUCCCCGGGGAAACCUGGACAGACCG.GGCG.GAG..AAG.CGCACGAGCGGGA.....CCGUCUUCUGAC....AGGAGUAAUCCCCGC 163
PSTVd cons CGGAACUAAACUCGUGG..UUCCUGUGGUU.CACACCUGACCUCCUGAGCA.GAAAAGAAA.........AAAGAA...GGCGG....C.UC.GGAGGAGCGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGAACU.GGCAAAAA..GGA.CGG.UGGGGAGUGC....CCAGCGGCCGAC....AGGAGUAAUUCCCGC 165
PoLVd cons U............GUGG..UUCCUAUGGUUGCACCCCUGACCUGCUACCUG.CAAAAGAAA.........AAAGAU.G.GGCAG....G.CG.AGCACAACGCUUCAGGGAUCCCCGGGGAAACCUGGAGCGACCUCGGCAGGAA..GGCUUGG.CGGUAGGUGAAGAAGGAGCGAGCGCCGUAACGACCUGAGAACAGG 165
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DLVd .CUCUUGAGAGCUCC.GCUCCUUGUA.GCUUUGAG.ACUAC...CGCCC.UUU.UGCU.....UCCUUCUCGCUG.GCUGACUCGAGGACGCG..........A.CCGGUGGUA.CACCAAG..AGGUCUCCACCUCCUAGGGUACUUUUUUCUAACACCGAUUCCGUACCGAGCGC.C..GGAG..AGUGAAGC...GC 322
HSVd cons AGUA..GAGGCUCUG.GCUUCGAAACACCAUCGAU.....C...GUCCC.U............UCUUCUUUACCUUCUUCUGGCUCUUCCGAU.GAGA.CGCGA.CCGGUGGCAUCACCUCU..CGGUU.C...GUCCCAACCUGC...UUUUU..GUCU..AUCUGAGCCU.CUGC....CGCG.....GAUCC...UC 285
CLVd cons UGAAACAGGGUUUUC.ACCCUUCCUU.UCUUCUGGUUUCCU...UCCUC.UGCUUCAGCGG..CCUCGCCCGGAG.UCUUGACCAGCGCAGGUUCUGA.CGCGA.CCGGUGGCAUCACCGAGUUCGCUCAA...GCCUCAACCUCC...UUUUU..CUCC..AUUCUAGCU...UGGUCUCCGGGCGAG.GGUGUUUAGC 344
PCFVd cons AGAAACAGGGUUUUC.ACCCUUCCUU.UCUUCGGGUUUCCU...UCCUC.AGU.CGACCGG..UCCGCGUCGGCCUUCUCGCGCACUGC.UGU.CCGGCUACUACCCGGUGGAUACAACUGA..CAGAGGU...GCUUUUUCUUCCA.CCCUAC..UUCU..ACCGACGC....GGC....CGGG..AGUGAAGCU..AC 330
PSTVd cons CGAAACAGGGUUUUC.ACCCUUCCUU.UCUUCGGGUGUCCU...UCCUCGCGC.CCGCAGGACCACCCCUCGCCC.CCU.UUGCGCUGUCGCU.UCGGCUACUACCCGGUGGAAACAACUGA..AGCUC......CCGAGAACCGC...UUUUU..CUCU..AUCUUACU....UGC.UUCGGGGCGAG.GGUGUUUAGC 335
PoLVd cons AGAAACAGGAGCUCGACUCCUUCCUU.UCUUCUCUCAUCGGGCAGGUGC.CG..CUUCCCU..CCACCCUCGCCGGUCUUCUGCGCUGGCGCU.CUGGCUACUACCCGGUGGAUACAACUGA..CGCUUGU...ACUCCGCCCUGC..CUUUUU..CUAC..UUCUUCGCU...GGA....GCGGCGAG.GGUG...... 333
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HSVd cons UC.UUGA.........GCC.CCU 297
CLVd cons CCUUGGAACCGCAGUUGGUUCCU 367
PCFVd cons CC..GGGACCCGAGAGGAU.CU. 349
PSTVd cons CCUUGGAACCGCAGUUGGUUCCU 358
PoLVd cons ....GGCUUCUAAGGAAAC.CCU 351
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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
-l 50, -e 20, and -leastscore 50. Sequence matches with E < 1e− 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 S6.

Species TL↔P P↔C C↔V V↔TR

PSTVd

46|47 73|74 120|121 147|148
ACCUCCUGAG|CARAAAAGA GGCGGCUCGG|AGGAGCGCU AACUGGCAAA|AAGGACGGU CCYAGCGGCC|GACAGGAGU
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

312|313 283|284 237|238 209|210
UAUCUUACUU|GCUUCGGGG ACUGAAGCUC|CCGAGAACCGC CUCGCCCCCU|UUGCGCUGU GUCCUUCCUC|GCGCCCGCA

NNWYTHNY{0,1}HNHKNH{0,1}DHC{0,1}YRGGG ACTGRAGYTC|CCGAGRDCCGC CUSGCCC{0,1}CCY|YBGCGCDGY KTCYTTCCYY|GCGSCSGSR

CEVd

46|47 74|75 118|119 146|147
ACCCUGCAGG|CAGGAAAAG GGCGGCGGGG|AAGAAGUCCU AGGAAGUCGA|GGUCGGGGG gcuucGGUCG|CCGCGGAUCA
VMYCYKYRNS|CVKNHNRDD RNRBVN{0,1}RGSV|RRRRDRYBST aggaRGYYGV|KKTYKGKG{0,1}KK gcyucRBNSR|CMGYGSAYCD

324|325 292|293 247|248 218|219
UAUCUUCACU|GCUCUCCGG ACUGAAGCUU|CAACCCCAAA CCCCCUCGCC|CGGAGCuuc CCACAUCCGA|UCGUCGcug
NRYYTNHDMK|GBYCYCCGG ACBGRDGSYT|YDRMCYMD CCCCTSGCY|SGRWGCTtc YCACATCYGR|WBGTCRBug

CLVd

46|47 79|80 122|123 151|152
ACCCUGCAGC|CAUGCAAAG GGAAGAGCGC|AAGAGCGGU ACCGAGCGGG|GUCUUGACC GCCCUGUUCA|GACAGGAGU
ACCYYGCRRS|CAUGSRA{1,2}R GRRAGMKCGB|A{2,3}GAGCGGU ACCGAGCGGG|GWBN{1,3}KGRYS SSVYBBYYCA|GRYRGGWGU

320|321 287|288 243|244 213|214
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

CSVd

45|46 70|71 118|119 152|153
ACCCUGCUGC|UUUGAAAGA AAUGAGGCGA|AGAAGUCCU GUCCGACGAG|AUCGCGGCU ACUCCUGCGA|GACAGGAGU
ACCCWGCYGS|TNWRVAAGA AHWNDNBYBW|RBANKHYCY GTMHRRCNRG|AWCGYGGHU ACYYYYGCGR|GAYDRGVST

307|308 283|284 236|237 204|205
UAUCUUCUUU|AGCACCGGG UGAAGCUUCA|ACGCCUUUU AGCCCGGUCU|UCGAAGCUU UUCCUUCCUC|UCCUGGAGA
AYCTTCHYW|RGSRCCRGG YGRRGCYTCA|RCRCCHHHT ARCYCRGYYY|TCGRAGBYU BYCCTTYCYB|TCCYGGRGV

IrVd

35|36 62|63 110|111 148|149
ACCUGCAAUG|CAAAAAGAA GGGCGGCGGC|AACAACGCU ACUCGGCAAG|GAGGCCUGG ACCGCGUAAA|GACCGGAGA
ACCUGCAAWG|CA{4,5}GAA GGGCGGCGGC|WACAACGCU ACUCGGCAAG|GAGGCYUGG ACCGCGUAAA|GACCGGAGA

334|335 302|303 255|256 224|225
UCUAUCUUCU|GCUGCGCGG ACUGUAGCUU|GAAGCCCGC UCGCCCGCUU|CCGCGCUGG CUCACUCGGC|AGCGGCGUC
UMWWUYUUCU|GCUGCGCGG ACUGUAGCUU|GWAGCYYGC YCGCCCGCUU|CCGCGCUGG CUCAYYYGGC|AGCGGCGYC

MPVd

48|49 76|77 123|124 149|150
ACCUCCAGCC|CAGGAAAGA GGCGGCUCGG|AGGAGCGCU AACUGGCAAA|GGAGUCGCG AGUCUCCUCA|GACAGGAGU
ACCUCCWGMY|CAGRAAAGA GGCGGCUCGG|AGGAGCGCU AACUGGCRAA|GGAGWSGA{0,1}CG AGUCUYCU{0,1}CA|GACAGGAGU

311|312 283|284 237|238 211|212
CUAUCUUGCU|GGCGCAGGG ACUGAAGCUC|CCGAGAACC GCCCGCCUCU|CUGCGCUGU UUCCUUCCUC|UGUGGUCGA
CUAUCUUGCU|GRCKCMGGG ACUGAAGCUC|CCRAGMRCC GCCCGCYU{1,2}CU|CU{1,2}GCGCUGU UUCCUUCCUC|UGY{0,1}RGUCGA

PCFVd

44|45 72|73 119|120 145|146
CCGAAGCCCG|CUUAGGGAA GGAAGCAAGC|AUCUCCUGU ACCGGGCGGA|GAAGCGCAC ACCGUCUUCU|GACAGGAGU
CCGWWGCCCG|CYUAGGGAA GGAAGCAAGC|AWCUCCUGU AYCGGGCGGA|KRAGYKCA{0,1}C DCCGUCUUMU|GDCRGGAGU

307|308 279|280 232|233 207|208
UACUUCUACC|GACGCGGCC ACUGACAGAG|GUGCUUUUU GUCGGCCUUC|UCGCGCACU UUCCUUCCUC|AGUCGACCG
DRCUUCUACC|GACGYGGYC ACUGACAGAG|GUGCUUUUU GUCGGCCUUC|UCGCGCACU UUCCYUCCUC|ARUCGACCG

PolVd

35|36 63|64 111|112 151|152
ACCUGCUACC|UGCAAAAGA GGCAGGCGAG|CACAACGCU CCUCGGCAGG|AAGGCUUGG GCGCCGUAAC|GACCUGAGA

315|316 285|286 235|236 207|208
CUACUUCUUC|GCUGGAGCG ACUGACGCUU|GUACUCCGC CCCUCGCCGG|UCUUCUGCG CUCAUCGGGC|AGGUGCCGC

TASVd

46|47 73|74 119|120 149|150
ACCCUGCAGG|CAUCAAGAA GGCGCGGAGG|AGAAGAAGU AGGAAGUCGA|GGUCGGGGG UCCUUCGUGA|GACAGGAGUA
RCCCUGCAGG|CAUSAAGAA GGMGCSRRRR|VGAAGAAGU AGGAAGUCGA|GGWCGGGG UCCYKBKUGA|GACAGGWGUA

316|317 284|285 239|240 211|212
UAUCUUUGUU|GCUCUCCGG ACUGAAGCUU|CAACCCUCU GGCCCUCGCC|CGGAGCUUC UUCCUUCCUC|UCGCCUGGAG
YWUCUUYSUU|GCUCUCCGG ACUGAAGCUU|CVWY{3,4}MH GGCCCUCGCC|CGRRGCUUC KUCCWUCCUC|UCGCCU{0,1}GGAR

TCDVd

46|47 74|75 121|122 148|149
ACCUCCUGUG|CAGAAAAGA GGCGGCUCGG|AGGAGCGCU AACUGGCAAA|AGGCGGCAG UGGAAGGCGA|AACAGGAGU
ACCUCCUGWG|CAGAAAAGA GGCGGCUCGR|AGGAGCGCU AACUGGCAAA|AGGCGGCAG UGGAAGGCGA|AACAGGAGK

313|314 285|286 239|240 213|214
CUAUCUUGCU|GCUACCGGG ACUGAAGCUC|CCGAGAACC CCUCGCCCCC|UUGCGCUGU UUCCUUCCUU|UGCGCGCCA
CUAUCUUGCU|GCUWCCGGG ACUGAAGCUC|CCKAGAACC CCUCGCCCCC|UUGCGCUGU UUCCUUCCUU|UGCGCGCCA
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Table S6. Nomenclature for incompletely specified bases [17].

IUPAC nucleotide code Base Mnemonic

R G or A puRine
Y C or T pYrimidine
M A or C aMino group
K G or T Keto group
S G or C Strong
W A or T Weak
B C or G or T not A
D A or G or T not C
H A or C or T not G
V A or C or G not T
N A or C or G or T 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.
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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× 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
(2–▷), trans Watson–Crick/Hoogsteen (#–2), cis Hoogsteen/sugar edge (∎–�), trans Hoogsteen/Hoogsteen (–2–), and cis Watson–
Crick/Watson–Crick bifurcated (– B–).
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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.

https://rth.dk/resources/slogo/
https://rth.dk/resources/slogo/


S33 of S35

0

1

2

b
it

s

-

G
CU

A

(

-

A
GU

C
M

(

U
AG

C
M

(

G

UC
A

(

U

AG
C
M

(

A

GC
M

(

U

C
(

U

GC
M

(

C

U
(

G

AC
M

(

A

G
(

GC
M

(

U

C
(

A
G

C
(

A

UC
G
M

(

A

-UC
G
M

(

G

CA
U
M

(

A

CG
U
M

-

G

C
U

AC
G
U

)

G

AU
C
M

)

-

G

C

AU
M

)

-

A

UC
M

)

A

G
C
M

)

A

C

UG
)

AG
)

A

CG
M

)

U

C
)

C

UG
M

)

GA
)

A

CG
M

)

G
)

U

CG
M

)

C

G

AU
M

)

G
)

G

CA
U
M

)

-

G

CU
A
M

C

GU
A C

C
C
U
C
G
C
C
C

Y

C

G
G
G
C
G
A
G
G
G

G

5´

S
B
V
S
C
K
A
S
K
S

S
C
S
U
M
G
S
C
C
B

65–91 nt~76 nt

PSTVd .....((((((((((.... + ....))))))))))..... 10
wycacCCCUCGCCCCcyuu + hwycGGGGCGAGGGuguuw

CEVd .....(((((((((((((. + .)))))))))))))..... 13
nbsvcCCCUCGCCCGGAGc + uCUCCGGGCGAGGGugaaa

CLVd ......((((((((((((. + .))))))))))))...... 12
yrsskvCCUCGCCCGGARy + hCUCCGGGCGAGGgughhh

CSVd .....((((((((((((.. + ..))))))))))))..... 12
uucugCCCUAGCCCGGUyy + gcACCGGGCUAGGGaguaa

IrVd ...((((((((((...... + ......))))))))))... 10
ccgCACCCYCGCCCGCuuc + cuGCGcGGCGAGGGUGggc

MPVd ...(((((((((((..... + .....)))))))))))... 11
cgaCACCCUCGCCCgcyuy + ckcmgGGGCGAGGGUGgaa

PCFVd ...(((((((((....... + .......)))))))))... 9
ggwCCGCGUCGGccuucuc + rcuucuaCCGACGCGGccg

PolVd ..((((((((((((..... + .....)))))))))))).. 12
cUCCACCCUCGCCGgUCUu + uGGAgCGGCGAGGGUGGGc

TASVd .....(((((((((((((. + .)))))))))))))..... 13
uucgGCCCUCGCCCGRRGc + uCUCCGGGCGAGGGUgraa

TCDVd .....((((((((((.... + ....))))))))))..... 10
ucgacCCCUCGCCCCcuug + uwccGGGGCGAGGGuguuu

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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