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• Hierarchical folding: Secondary structure forms first then helices arrange to form tertiary structure


• Secondary structure captures a majority of stabilising interactions 


• Convenient and biologically useful description: Many thermodynamic properties can be predicted


• Starting point for RNA 3D structure prediction 


• Tertiary structure prediction needs knowledge of secondary structure 
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The RNA folding problem



A secondary structure is a list of base pairs (i,j) on a sequence x, with


• Any nucleotide (sequence position) can form at most one pair


• If (i,j) is a pair then xixj  ∈ {GC,CG,AU,UA,GU,UG}


• If (i,j) is a base pair, then j − i > 3 


• No pseudo-knots: No pairs (i,j) and (k,l) with i < k < j < l
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A secondary structure is a list of base pairs (i,j) on a sequence x, with


• Any nucleotide (sequence position) can form at most one pair


• If (i,j) is a pair then xixj  ∈ {GC,CG,AU,UA,GU,UG}


• If (i,j) is a base pair, then j − i > 3 


• No pseudo-knots: No pairs (i,j) and (k,l) with i < k < j < l
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A secondary structure is a list of base pairs (i,j) on a sequence x, with


• Any nucleotide (sequence position) can form at most one pair


• If (i,j) is a pair then xixj  ∈ {GC,CG,AU,UA,GU,UG}


• If (i,j) is a base pair, then j − i > 3 


• No pseudo-knots: No pairs (i,j) and (k,l) with i < k < j < l



Solving the RNA folding problem
Toy model for RNA folding: assign energies to base pairs 

i jj i i+1 j i i+1 k−1 k k+1
|=

Easily solved by Dynamic Programming: recursive computation with tabulation of intermediate results

• E1n is the best possible energy for our sequence


• Backtracing through the E table yields the corresponding structure


• The algorithms requires           memory and          CPU time

In practice this toy model is not good enough ! 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Solving the RNA folding problem
Toy model for RNA folding: assign energies to base pairs 

i jj i i+1 j i i+1 k−1 k k+1
|=

Easily solved by Dynamic Programming: recursive computation with tabulation of intermediate results

• E1n is the best possible energy for our sequence


• Backtracing through the E table yields the corresponding structure


• The algorithms requires           memory and          CPU time

In practice this toy model is not good enough ! 
We need loop-dependent energies for serious predictions 
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Nearest neighbor energy model

+ + + +

+ + +

= -6.50 kcal/mol

+ + + +E(  )=

• Secondary structure s is uniquely decomposed into loops L


• Contributions of a base pair only depends on neighbouring pairs


• Each loop L is assigned a free energy contribution EL

9

1

D. Turner et.al. (2009) NAR 38, D280-D2821
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RNA secondary structure prediction



RNA secondary structure prediction
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• Minimum free energy (MFE)


• Suboptimal secondary structures


• Partition function Z
with

• Probability of feature 
with

• Base pair probabilities


• Stochastic backtracking (Boltzmann smapling)


• Global/local reliability measures



Base pair probabilities
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Base pair probability dot plot
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Well-definedness: Positional entropy
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Local reliability:  
Which parts of the prediction can we trust? 
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Positional (‘Shannon’) entropy is computed from pair probabilities
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RNA secondary structure prediction
The ViennaRNA Package enables the decomposition schema (folding grammar) to be:
• Constrained in terms of candidate space (hard constraints)

• Constrained in terms of candidate evaluation (soft constraints)

• Extended by self-enclosed structured/unstructured domains
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Applications to constraint folding
Candidate space (hard constraints):
• Force | prohibit nucleotides to pair, e.g. within a pore

• Force | prohibit base pair formation, e.g. cross-linked pairs
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Applications to constraint folding
Candidate space (hard constraints):
• Force | prohibit nucleotides to pair, e.g. within a pore

• Force | prohibit base pair formation, e.g. cross-linked pairs
Candidate evaluation (soft constraints):
• Include chemical probing data to guide structure prediction, e.g. SHAPE reactivity data
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• Reactivity probes backbone flexibility (unpairedness)

• No nucleobase bias

• Convert reactivity to pseudo-energy for structure prediction

Deigan 2

2Deigan et.al. (2009) PNAS 106, 97-102
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Applications to constraint folding
Candidate space (hard constraints):
• Force | prohibit nucleotides to pair, e.g. within a pore

• Force | prohibit base pair formation, e.g. cross-linked pairs
Candidate evaluation (soft constraints):
• Include chemical probing data to guide structure prediction, e.g. SHAPE reactivity data


G
C

C
G

U
G

A
UAG

U

U

U

A

A
UG

G

U

C
A G

A

A

U

G

G
G

C
G

CU
U

G

U
C G

C

G
U

G
C

C
A G A U

C
G

G
G

G

U
U C

A

A

U
UC

C
C

C
G

U
C

G
C

G
G

C G
C

C

A
1

10
20

30

40
50

60

70

75

2Deigan et.al. (2009) PNAS 106, 97-102

2

G
C

C
G

U
G

A
UAG

U

U

U

A

A
UG

G

U

C
A G

A

A

U

G

G
G

C
G

CU
U

G

U
C G

C

G
U

G
C

C
A G A U

C
G

G
G

G

U
U C

A

A

U
UC

C
C

C
G

U
C

G
C

G
G

C G
C

C

A
1

10
20

30

40
50

60

70

75

G
C

C
G

U
G

A
UAG

U

U

U

A

A
UG

G

U

C
A G

A

A

U

G

G
G

C
G

CU
U

G

U
C G

C

G
U

G
C

C
A G A U

C
G

G
G

G

U
U C

A

A

U
UC

C
C

C
G

U
C

G
C

G
G

C G
C

C

A
1

10
20

30

40
50

60

70

75

Deigan Zarringhalam3 Washietl 4

Zaringhalam et.al. (2012) PLoS One  7, e451603

Washietl et.al. (2012) NAR 40,  4261-724
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Applications to constraint folding
Candidate space (hard constraints):
• Force | prohibit nucleotides to pair, e.g. within a pore

• Force | prohibit base pair formation, e.g. cross-linked pairs
Candidate evaluation (soft constraints):
• Include chemical probing data to guide structure prediction, e.g. SHAPE reactivity data

• Model (more or less) complex RNA-ligand interactions for interior loops and hairpin loops
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Applications to constraint folding
Candidate space (hard constraints):
• Force | prohibit nucleotides to pair, e.g. within a pore

• Force | prohibit base pair formation, e.g. cross-linked pairs
Candidate evaluation (soft constraints):
• Include chemical probing data to guide structure prediction, e.g. SHAPE reactivity data

• Model (more or less) complex RNA-ligand interactions for interior loops and hairpin loops
Structured domains:
• G-Quadruplexes

Unstructured domains:
• (IUPAC) motif based default ligand binding for MFE/partition function of single RNA sequences 

• Model (more or less) complex RNA-ligand interactions for interior loops and hairpin loops
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RNA-RNA interaction

• RNAduplex  
Simplified duplex interaction (intermolecular bp): MFE, suboptimal structures


• RNAcofold  
Sequence concatenation (inter/intramol. bp): MFE, suboptimal, partition function, concentration dependency


• RNAup 
Two-step process (inter/intramolecular bp; kissing hairpins): MFE, suboptimal structures 


• RNAplex 
Fast heuristic for genome-wide interaction prediction: MFE, suboptimal structures


• RNAmultifold  
Concatenation approach for multiple strands: MFE, suboptimal, partition function, concentration dependency 



Mutations affect RNA structure
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How can we use covariation information to identify structurally conserved, 
potentially functional RNA structures?
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Mutations affect RNA structure



Consensus structures: Alignment folding
Combine covariance analysis and folding into one DP algorithm


• Apply conventional folding algorithm to alignment


• Use a modified energy function that includes covariance score

• Can be used for all variants: MFE, partition function, …


• Effi


• Same results as RNAfold for single sequences 
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Consensus structures: Alignment folding
Combine covariance analysis and folding into one DP algorithm


• Apply conventional folding algorithm to alignment


• Use a modified energy function that includes covariance score

• Can be used for all variants: MFE, partition function, …


• Efficient:                               and          memory for alignment length n and N sequences


RNAalifold

24



• High mutation rate in RNA viruses due to error-prone RdRP


• For base pair (i,j): GC/CG/AU/UA/GU/UG


• Consistent mutation: different standard combinations


• Compensatory mutation: both positions are mutated


• Presence of both strongly supports predicted base pair (i,j)

25

RNA covariation as evolutionary trait
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• High mutation rate in RNA viruses due to error-prone RdRP


• For base pair (i,j): GC/CG/AU/UA/GU/UG


• Consistent mutation: different standard combinations


• Compensatory mutation: both positions are mutated


• Presence of both strongly supports predicted base pair (i,j)
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DTV|248-294 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCAUUCUAGAG 47
POWV|249-293 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCGUU-UAG-G 45
TYUV|341-386 CUUUC--CAUGAGAGGAGACGGUCAACUCUCAUGGAACAAGAAGACCG 46
NEGV|129-174 CCCCCCCUGGCCAGAAAAAGGGGGGGCAAACAGGCC--AGGGGUGAAG 46
KSIV|233-270 CUGAC---CAUCCCU-CAAGGCCGAGUGGGAUGC------GUAUGAAG 38
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Seq. Conservation:

Tick-borne flaviviruses

*

*
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c

d f types of pairs:
1 2 3 4 5 6

SL6

e (((((..((((((((((....)))))))).))...((((((((...........)))))))).........)).)))
POWV|291-361 AGGAG--CCCCCGAGCAUAA---CUCGGGAGGAGGGAGGAAGA-AAAUUGGCAAUCUUCCUCGGGAUUUUUCCGCCU 71
DTV|290-354 UAGAG--CCCCCGGGCAUAA---CUCGGGAGGAGGGGGGAAGA-CAAUUGGCAAUCUUCCCCGGGAUU------UUU 65
LGTV|377-449 GGAGG--CCCCCAGGGGGAAACCCCUGGGAGGAGGGAAGAGAG-AAAUUGGCAACUCUCUUCAGGAUAUUUCC-UCC 73
TBEV|573-645 GGAGG--CCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGAUUUUUCC-UCC 73
SGEV|300-372 GGGGAGGCCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGA--UUUUU-CCU 73
LIV|306-378 AGGGAGGCCCCCGGAAGCAUGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGG--UUUUU-CCU 73
KSIV|264-335 UAUGAAGGCCCCUGGAG--AGAUCCAGG-AGGGGGGAGAGAGGAAAAUUGGCAGCCUCUCUCAGGAGAUUUC--CUC 72
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((((((((...((((((((..............))))))))....))......((((......))))))))))
USUV.10 CCACGGCUCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
USUV.11 UCACGGCCCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
SLEV.12 CGGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66
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• High mutation rate in RNA viruses due to error-prone RdRP


• For base pair (i,j): GC/CG/AU/UA/GU/UG


• Consistent mutation: different standard combinations


• Compensatory mutation: both positions are mutated


• Presence of both strongly supports predicted base pair (i,j)

TYUV xrRNA-like T.xrRNA2 T.SL6 Flavi_CRE

KAMV xrRNA-like

KFDV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

ALKV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

NEGV T.xrRNA1 T.SL6 T.xrRNA2

LIV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

SGEV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

TBEV T.xrRNA1 T.SL6 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

OHFV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

LGTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

DTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

POWV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

KSIV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like
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T.xrRNA2 SL6 Y-shaped (Y1) Flavi_CRET.xrRNA1
5' 3'

.((((..((((((((...........))))))))......))))....
SGEV|261-306 CCCCCC-GCACCAUGACAAGGCCGAACAUGGUGCACCAAAGGGGAG-G 46
TBEV|532-577 CCCCCU-GCAUCAUGAUAAGGCCGAACAUGGUGCAUGAAAGGGGAG-G 46
LIV|268-312 CCCCCC-GCCCCAUGACAAGGCCGAACAUGGAGCAUUAAAGG-GAG-G 45
LGTV|339-381 CCCCUU-GCGUCCAGAGAAGGCCGAACUGGGCGU---UAUAAGGAG-G 43
OHFV|179-222 CCCCCC-GCACCAUG-GAAGGCCAAACAUGGUGCAUG-AAGGGAAA-G 44
KFDV|164-204 CCAAAA-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
ALKV|165-205 CCAAAG-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
DTV|248-294 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCAUUCUAGAG 47
POWV|249-293 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCGUU-UAG-G 45
TYUV|341-386 CUUUC--CAUGAGAGGAGACGGUCAACUCUCAUGGAACAAGAAGACCG 46
NEGV|129-174 CCCCCCCUGGCCAGAAAAAGGGGGGGCAAACAGGCC--AGGGGUGAAG 46
KSIV|233-270 CUGAC---CAUCCCU-CAAGGCCGAGUGGGAUGC------GUAUGAAG 38

.........10........20........30........40.......
Seq. Conservation:

Tick-borne flaviviruses

*

*

*

c

d f types of pairs:
1 2 3 4 5 6

SL6

e (((((..((((((((((....)))))))).))...((((((((...........)))))))).........)).)))
POWV|291-361 AGGAG--CCCCCGAGCAUAA---CUCGGGAGGAGGGAGGAAGA-AAAUUGGCAAUCUUCCUCGGGAUUUUUCCGCCU 71
DTV|290-354 UAGAG--CCCCCGGGCAUAA---CUCGGGAGGAGGGGGGAAGA-CAAUUGGCAAUCUUCCCCGGGAUU------UUU 65
LGTV|377-449 GGAGG--CCCCCAGGGGGAAACCCCUGGGAGGAGGGAAGAGAG-AAAUUGGCAACUCUCUUCAGGAUAUUUCC-UCC 73
TBEV|573-645 GGAGG--CCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGAUUUUUCC-UCC 73
SGEV|300-372 GGGGAGGCCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGA--UUUUU-CCU 73
LIV|306-378 AGGGAGGCCCCCGGAAGCAUGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGG--UUUUU-CCU 73
KSIV|264-335 UAUGAAGGCCCCUGGAG--AGAUCCAGG-AGGGGGGAGAGAGGAAAAUUGGCAGCCUCUCUCAGGAGAUUUC--CUC 72
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((((((((...((((((((..............))))))))....))......((((......))))))))))
USUV.10 CCACGGCUCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
USUV.11 UCACGGCCCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
SLEV.12 CGGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66
SLEV.13 CAGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66

.........10........20........30........40........50........60........70..

• High mutation rate in RNA viruses due to error-prone RdRP


• For base pair (i,j): GC/CG/AU/UA/GU/UG


• Consistent mutation: different standard combinations


• Compensatory mutation: both positions are mutated


• Presence of both strongly supports predicted base pair (i,j)

TYUV xrRNA-like T.xrRNA2 T.SL6 Flavi_CRE

KAMV xrRNA-like

KFDV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

ALKV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

NEGV T.xrRNA1 T.SL6 T.xrRNA2

LIV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

SGEV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

TBEV T.xrRNA1 T.SL6 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

OHFV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

LGTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

DTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

POWV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

KSIV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like

~ 300 nt
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T.xrRNA2 SL6 Y-shaped (Y1) Flavi_CRET.xrRNA1
5' 3'

.((((..((((((((...........))))))))......))))....
SGEV|261-306 CCCCCC-GCACCAUGACAAGGCCGAACAUGGUGCACCAAAGGGGAG-G 46
TBEV|532-577 CCCCCU-GCAUCAUGAUAAGGCCGAACAUGGUGCAUGAAAGGGGAG-G 46
LIV|268-312 CCCCCC-GCCCCAUGACAAGGCCGAACAUGGAGCAUUAAAGG-GAG-G 45
LGTV|339-381 CCCCUU-GCGUCCAGAGAAGGCCGAACUGGGCGU---UAUAAGGAG-G 43
OHFV|179-222 CCCCCC-GCACCAUG-GAAGGCCAAACAUGGUGCAUG-AAGGGAAA-G 44
KFDV|164-204 CCAAAA-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
ALKV|165-205 CCAAAG-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
DTV|248-294 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCAUUCUAGAG 47
POWV|249-293 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCGUU-UAG-G 45
TYUV|341-386 CUUUC--CAUGAGAGGAGACGGUCAACUCUCAUGGAACAAGAAGACCG 46
NEGV|129-174 CCCCCCCUGGCCAGAAAAAGGGGGGGCAAACAGGCC--AGGGGUGAAG 46
KSIV|233-270 CUGAC---CAUCCCU-CAAGGCCGAGUGGGAUGC------GUAUGAAG 38

.........10........20........30........40.......
Seq. Conservation:

Tick-borne flaviviruses

*

*

*

c

d f types of pairs:
1 2 3 4 5 6

SL6

e (((((..((((((((((....)))))))).))...((((((((...........)))))))).........)).)))
POWV|291-361 AGGAG--CCCCCGAGCAUAA---CUCGGGAGGAGGGAGGAAGA-AAAUUGGCAAUCUUCCUCGGGAUUUUUCCGCCU 71
DTV|290-354 UAGAG--CCCCCGGGCAUAA---CUCGGGAGGAGGGGGGAAGA-CAAUUGGCAAUCUUCCCCGGGAUU------UUU 65
LGTV|377-449 GGAGG--CCCCCAGGGGGAAACCCCUGGGAGGAGGGAAGAGAG-AAAUUGGCAACUCUCUUCAGGAUAUUUCC-UCC 73
TBEV|573-645 GGAGG--CCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGAUUUUUCC-UCC 73
SGEV|300-372 GGGGAGGCCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGA--UUUUU-CCU 73
LIV|306-378 AGGGAGGCCCCCGGAAGCAUGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGG--UUUUU-CCU 73
KSIV|264-335 UAUGAAGGCCCCUGGAG--AGAUCCAGG-AGGGGGGAGAGAGGAAAAUUGGCAGCCUCUCUCAGGAGAUUUC--CUC 72
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((((((((...((((((((..............))))))))....))......((((......))))))))))
ALFV.09 CCACGGCCCGGGCCAUGAGU-GAUGAUGUUA-ACUCAUGGC-GAAGGACUAGAGGUUAGAGGAGACCCCGUGG 70
USUV.10 CCACGGCUCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
USUV.11 UCACGGCCCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
SLEV.12 CGGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66
SLEV.13 CAGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66

.........10........20........30........40........50........60........70..

• High mutation rate in RNA viruses due to error-prone RdRP


• For base pair (i,j): GC/CG/AU/UA/GU/UG


• Consistent mutation: different standard combinations


• Compensatory mutation: both positions are mutated


• Presence of both strongly supports predicted base pair (i,j)

TYUV xrRNA-like T.xrRNA2 T.SL6 Flavi_CRE

KAMV xrRNA-like

KFDV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

ALKV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

NEGV T.xrRNA1 T.SL6 T.xrRNA2

LIV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

SGEV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

TBEV T.xrRNA1 T.SL6 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

OHFV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

LGTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

DTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

POWV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

KSIV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like

~ 300 nt
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T.xrRNA2 SL6 Y-shaped (Y1) Flavi_CRET.xrRNA1
5' 3'

.((((..((((((((...........))))))))......))))....
SGEV|261-306 CCCCCC-GCACCAUGACAAGGCCGAACAUGGUGCACCAAAGGGGAG-G 46
TBEV|532-577 CCCCCU-GCAUCAUGAUAAGGCCGAACAUGGUGCAUGAAAGGGGAG-G 46
LIV|268-312 CCCCCC-GCCCCAUGACAAGGCCGAACAUGGAGCAUUAAAGG-GAG-G 45
LGTV|339-381 CCCCUU-GCGUCCAGAGAAGGCCGAACUGGGCGU---UAUAAGGAG-G 43
OHFV|179-222 CCCCCC-GCACCAUG-GAAGGCCAAACAUGGUGCAUG-AAGGGAAA-G 44
KFDV|164-204 CCAAAA-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
ALKV|165-205 CCAAAG-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
DTV|248-294 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCAUUCUAGAG 47
POWV|249-293 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCGUU-UAG-G 45
TYUV|341-386 CUUUC--CAUGAGAGGAGACGGUCAACUCUCAUGGAACAAGAAGACCG 46
NEGV|129-174 CCCCCCCUGGCCAGAAAAAGGGGGGGCAAACAGGCC--AGGGGUGAAG 46
KSIV|233-270 CUGAC---CAUCCCU-CAAGGCCGAGUGGGAUGC------GUAUGAAG 38

.........10........20........30........40.......
Seq. Conservation:

Tick-borne flaviviruses

*

*

*

c

d f types of pairs:
1 2 3 4 5 6

SL6

e (((((..((((((((((....)))))))).))...((((((((...........)))))))).........)).)))
POWV|291-361 AGGAG--CCCCCGAGCAUAA---CUCGGGAGGAGGGAGGAAGA-AAAUUGGCAAUCUUCCUCGGGAUUUUUCCGCCU 71
DTV|290-354 UAGAG--CCCCCGGGCAUAA---CUCGGGAGGAGGGGGGAAGA-CAAUUGGCAAUCUUCCCCGGGAUU------UUU 65
LGTV|377-449 GGAGG--CCCCCAGGGGGAAACCCCUGGGAGGAGGGAAGAGAG-AAAUUGGCAACUCUCUUCAGGAUAUUUCC-UCC 73
TBEV|573-645 GGAGG--CCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGAUUUUUCC-UCC 73
SGEV|300-372 GGGGAGGCCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGA--UUUUU-CCU 73
LIV|306-378 AGGGAGGCCCCCGGAAGCAUGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGG--UUUUU-CCU 73
KSIV|264-335 UAUGAAGGCCCCUGGAG--AGAUCCAGG-AGGGGGGAGAGAGGAAAAUUGGCAGCCUCUCUCAGGAGAUUUC--CUC 72
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((((((((...((((((((..............))))))))....))......((((......))))))))))
MVEV.08 CCGCAGCCCGGGCCGGGAGGAGGUGAUGCGA-AC-CCCGGC-GAAGGACUAGAGGUUAGAGGAGACCCUGCGG 70
ALFV.09 CCACGGCCCGGGCCAUGAGU-GAUGAUGUUA-ACUCAUGGC-GAAGGACUAGAGGUUAGAGGAGACCCCGUGG 70
USUV.10 CCACGGCUCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
USUV.11 UCACGGCCCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
SLEV.12 CGGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66
SLEV.13 CAGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66

.........10........20........30........40........50........60........70..

• High mutation rate in RNA viruses due to error-prone RdRP


• For base pair (i,j): GC/CG/AU/UA/GU/UG


• Consistent mutation: different standard combinations


• Compensatory mutation: both positions are mutated


• Presence of both strongly supports predicted base pair (i,j)

TYUV xrRNA-like T.xrRNA2 T.SL6 Flavi_CRE

KAMV xrRNA-like

KFDV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

ALKV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

NEGV T.xrRNA1 T.SL6 T.xrRNA2

LIV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

SGEV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

TBEV T.xrRNA1 T.SL6 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

OHFV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

LGTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

DTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

POWV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

KSIV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like
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T.xrRNA2 SL6 Y-shaped (Y1) Flavi_CRET.xrRNA1
5' 3'

.((((..((((((((...........))))))))......))))....
SGEV|261-306 CCCCCC-GCACCAUGACAAGGCCGAACAUGGUGCACCAAAGGGGAG-G 46
TBEV|532-577 CCCCCU-GCAUCAUGAUAAGGCCGAACAUGGUGCAUGAAAGGGGAG-G 46
LIV|268-312 CCCCCC-GCCCCAUGACAAGGCCGAACAUGGAGCAUUAAAGG-GAG-G 45
LGTV|339-381 CCCCUU-GCGUCCAGAGAAGGCCGAACUGGGCGU---UAUAAGGAG-G 43
OHFV|179-222 CCCCCC-GCACCAUG-GAAGGCCAAACAUGGUGCAUG-AAGGGAAA-G 44
KFDV|164-204 CCAAAA-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
ALKV|165-205 CCAAAG-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
DTV|248-294 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCAUUCUAGAG 47
POWV|249-293 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCGUU-UAG-G 45
TYUV|341-386 CUUUC--CAUGAGAGGAGACGGUCAACUCUCAUGGAACAAGAAGACCG 46
NEGV|129-174 CCCCCCCUGGCCAGAAAAAGGGGGGGCAAACAGGCC--AGGGGUGAAG 46
KSIV|233-270 CUGAC---CAUCCCU-CAAGGCCGAGUGGGAUGC------GUAUGAAG 38

.........10........20........30........40.......
Seq. Conservation:

Tick-borne flaviviruses

*

*

*

c

d f types of pairs:
1 2 3 4 5 6

SL6

e (((((..((((((((((....)))))))).))...((((((((...........)))))))).........)).)))
POWV|291-361 AGGAG--CCCCCGAGCAUAA---CUCGGGAGGAGGGAGGAAGA-AAAUUGGCAAUCUUCCUCGGGAUUUUUCCGCCU 71
DTV|290-354 UAGAG--CCCCCGGGCAUAA---CUCGGGAGGAGGGGGGAAGA-CAAUUGGCAAUCUUCCCCGGGAUU------UUU 65
LGTV|377-449 GGAGG--CCCCCAGGGGGAAACCCCUGGGAGGAGGGAAGAGAG-AAAUUGGCAACUCUCUUCAGGAUAUUUCC-UCC 73
TBEV|573-645 GGAGG--CCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGAUUUUUCC-UCC 73
SGEV|300-372 GGGGAGGCCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGA--UUUUU-CCU 73
LIV|306-378 AGGGAGGCCCCCGGAAGCAUGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGG--UUUUU-CCU 73
KSIV|264-335 UAUGAAGGCCCCUGGAG--AGAUCCAGG-AGGGGGGAGAGAGGAAAAUUGGCAGCCUCUCUCAGGAGAUUUC--CUC 72
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((((((((...((((((((..............))))))))....))......((((......))))))))))
WNV.07 ACGCGGCCCAAAUCCUGGUGA-U-GGUGUUA-UGCCAGGGUGGAAGGACUAGAGGUUAGAGGAGACCCCGCGU 70
MVEV.08 CCGCAGCCCGGGCCGGGAGGAGGUGAUGCGA-AC-CCCGGC-GAAGGACUAGAGGUUAGAGGAGACCCUGCGG 70
ALFV.09 CCACGGCCCGGGCCAUGAGU-GAUGAUGUUA-ACUCAUGGC-GAAGGACUAGAGGUUAGAGGAGACCCCGUGG 70
USUV.10 CCACGGCUCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
USUV.11 UCACGGCCCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
SLEV.12 CGGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66
SLEV.13 CAGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66

.........10........20........30........40........50........60........70..

• High mutation rate in RNA viruses due to error-prone RdRP


• For base pair (i,j): GC/CG/AU/UA/GU/UG


• Consistent mutation: different standard combinations


• Compensatory mutation: both positions are mutated


• Presence of both strongly supports predicted base pair (i,j)

TYUV xrRNA-like T.xrRNA2 T.SL6 Flavi_CRE

KAMV xrRNA-like

KFDV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

ALKV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

NEGV T.xrRNA1 T.SL6 T.xrRNA2

LIV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

SGEV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

TBEV T.xrRNA1 T.SL6 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

OHFV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

LGTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

DTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

POWV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

KSIV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like

~ 300 nt
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T.xrRNA2 SL6 Y-shaped (Y1) Flavi_CRET.xrRNA1
5' 3'

.((((..((((((((...........))))))))......))))....
SGEV|261-306 CCCCCC-GCACCAUGACAAGGCCGAACAUGGUGCACCAAAGGGGAG-G 46
TBEV|532-577 CCCCCU-GCAUCAUGAUAAGGCCGAACAUGGUGCAUGAAAGGGGAG-G 46
LIV|268-312 CCCCCC-GCCCCAUGACAAGGCCGAACAUGGAGCAUUAAAGG-GAG-G 45
LGTV|339-381 CCCCUU-GCGUCCAGAGAAGGCCGAACUGGGCGU---UAUAAGGAG-G 43
OHFV|179-222 CCCCCC-GCACCAUG-GAAGGCCAAACAUGGUGCAUG-AAGGGAAA-G 44
KFDV|164-204 CCAAAA-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
ALKV|165-205 CCAAAG-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
DTV|248-294 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCAUUCUAGAG 47
POWV|249-293 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCGUU-UAG-G 45
TYUV|341-386 CUUUC--CAUGAGAGGAGACGGUCAACUCUCAUGGAACAAGAAGACCG 46
NEGV|129-174 CCCCCCCUGGCCAGAAAAAGGGGGGGCAAACAGGCC--AGGGGUGAAG 46
KSIV|233-270 CUGAC---CAUCCCU-CAAGGCCGAGUGGGAUGC------GUAUGAAG 38

.........10........20........30........40.......
Seq. Conservation:

Tick-borne flaviviruses

*

*

*

c

d f types of pairs:
1 2 3 4 5 6

SL6

e (((((..((((((((((....)))))))).))...((((((((...........)))))))).........)).)))
POWV|291-361 AGGAG--CCCCCGAGCAUAA---CUCGGGAGGAGGGAGGAAGA-AAAUUGGCAAUCUUCCUCGGGAUUUUUCCGCCU 71
DTV|290-354 UAGAG--CCCCCGGGCAUAA---CUCGGGAGGAGGGGGGAAGA-CAAUUGGCAAUCUUCCCCGGGAUU------UUU 65
LGTV|377-449 GGAGG--CCCCCAGGGGGAAACCCCUGGGAGGAGGGAAGAGAG-AAAUUGGCAACUCUCUUCAGGAUAUUUCC-UCC 73
TBEV|573-645 GGAGG--CCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGAUUUUUCC-UCC 73
SGEV|300-372 GGGGAGGCCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGA--UUUUU-CCU 73
LIV|306-378 AGGGAGGCCCCCGGAAGCAUGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGG--UUUUU-CCU 73
KSIV|264-335 UAUGAAGGCCCCUGGAG--AGAUCCAGG-AGGGGGGAGAGAGGAAAAUUGGCAGCCUCUCUCAGGAGAUUUC--CUC 72
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((((((((...((((((((..............))))))))....))......((((......))))))))))
JEV.06 CCACGGCCCAAACCUCAUCUA-G-GAUGCAAUAGAUGAGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
WNV.07 ACGCGGCCCAAAUCCUGGUGA-U-GGUGUUA-UGCCAGGGUGGAAGGACUAGAGGUUAGAGGAGACCCCGCGU 70
MVEV.08 CCGCAGCCCGGGCCGGGAGGAGGUGAUGCGA-AC-CCCGGC-GAAGGACUAGAGGUUAGAGGAGACCCUGCGG 70
ALFV.09 CCACGGCCCGGGCCAUGAGU-GAUGAUGUUA-ACUCAUGGC-GAAGGACUAGAGGUUAGAGGAGACCCCGUGG 70
USUV.10 CCACGGCUCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
USUV.11 UCACGGCCCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
SLEV.12 CGGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66
SLEV.13 CAGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66

.........10........20........30........40........50........60........70..

• High mutation rate in RNA viruses due to error-prone RdRP


• For base pair (i,j): GC/CG/AU/UA/GU/UG


• Consistent mutation: different standard combinations


• Compensatory mutation: both positions are mutated


• Presence of both strongly supports predicted base pair (i,j)

TYUV xrRNA-like T.xrRNA2 T.SL6 Flavi_CRE

KAMV xrRNA-like

KFDV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

ALKV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

NEGV T.xrRNA1 T.SL6 T.xrRNA2

LIV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

SGEV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

TBEV T.xrRNA1 T.SL6 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

OHFV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

LGTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

DTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

POWV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

KSIV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like

~ 300 nt
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T.xrRNA2 SL6 Y-shaped (Y1) Flavi_CRET.xrRNA1
5' 3'

.((((..((((((((...........))))))))......))))....
SGEV|261-306 CCCCCC-GCACCAUGACAAGGCCGAACAUGGUGCACCAAAGGGGAG-G 46
TBEV|532-577 CCCCCU-GCAUCAUGAUAAGGCCGAACAUGGUGCAUGAAAGGGGAG-G 46
LIV|268-312 CCCCCC-GCCCCAUGACAAGGCCGAACAUGGAGCAUUAAAGG-GAG-G 45
LGTV|339-381 CCCCUU-GCGUCCAGAGAAGGCCGAACUGGGCGU---UAUAAGGAG-G 43
OHFV|179-222 CCCCCC-GCACCAUG-GAAGGCCAAACAUGGUGCAUG-AAGGGAAA-G 44
KFDV|164-204 CCAAAA-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
ALKV|165-205 CCAAAG-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
DTV|248-294 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCAUUCUAGAG 47
POWV|249-293 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCGUU-UAG-G 45
TYUV|341-386 CUUUC--CAUGAGAGGAGACGGUCAACUCUCAUGGAACAAGAAGACCG 46
NEGV|129-174 CCCCCCCUGGCCAGAAAAAGGGGGGGCAAACAGGCC--AGGGGUGAAG 46
KSIV|233-270 CUGAC---CAUCCCU-CAAGGCCGAGUGGGAUGC------GUAUGAAG 38

.........10........20........30........40.......
Seq. Conservation:

Tick-borne flaviviruses

*

*

*

c

d f types of pairs:
1 2 3 4 5 6

SL6

e (((((..((((((((((....)))))))).))...((((((((...........)))))))).........)).)))
POWV|291-361 AGGAG--CCCCCGAGCAUAA---CUCGGGAGGAGGGAGGAAGA-AAAUUGGCAAUCUUCCUCGGGAUUUUUCCGCCU 71
DTV|290-354 UAGAG--CCCCCGGGCAUAA---CUCGGGAGGAGGGGGGAAGA-CAAUUGGCAAUCUUCCCCGGGAUU------UUU 65
LGTV|377-449 GGAGG--CCCCCAGGGGGAAACCCCUGGGAGGAGGGAAGAGAG-AAAUUGGCAACUCUCUUCAGGAUAUUUCC-UCC 73
TBEV|573-645 GGAGG--CCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGAUUUUUCC-UCC 73
SGEV|300-372 GGGGAGGCCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGA--UUUUU-CCU 73
LIV|306-378 AGGGAGGCCCCCGGAAGCAUGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGG--UUUUU-CCU 73
KSIV|264-335 UAUGAAGGCCCCUGGAG--AGAUCCAGG-AGGGGGGAGAGAGGAAAAUUGGCAGCCUCUCUCAGGAGAUUUC--CUC 72
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((((((((...((((((((..............))))))))....))......((((......))))))))))
JEV.05 CCACGGCCCAAGUCUCGUCCA-G-GAUGCAAUGGACGAGAUGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
JEV.06 CCACGGCCCAAACCUCAUCUA-G-GAUGCAAUAGAUGAGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
WNV.07 ACGCGGCCCAAAUCCUGGUGA-U-GGUGUUA-UGCCAGGGUGGAAGGACUAGAGGUUAGAGGAGACCCCGCGU 70
MVEV.08 CCGCAGCCCGGGCCGGGAGGAGGUGAUGCGA-AC-CCCGGC-GAAGGACUAGAGGUUAGAGGAGACCCUGCGG 70
ALFV.09 CCACGGCCCGGGCCAUGAGU-GAUGAUGUUA-ACUCAUGGC-GAAGGACUAGAGGUUAGAGGAGACCCCGUGG 70
USUV.10 CCACGGCUCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
USUV.11 UCACGGCCCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
SLEV.12 CGGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66
SLEV.13 CAGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66

.........10........20........30........40........50........60........70..

• High mutation rate in RNA viruses due to error-prone RdRP


• For base pair (i,j): GC/CG/AU/UA/GU/UG


• Consistent mutation: different standard combinations


• Compensatory mutation: both positions are mutated


• Presence of both strongly supports predicted base pair (i,j)

TYUV xrRNA-like T.xrRNA2 T.SL6 Flavi_CRE

KAMV xrRNA-like

KFDV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

ALKV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

NEGV T.xrRNA1 T.SL6 T.xrRNA2

LIV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

SGEV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

TBEV T.xrRNA1 T.SL6 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

OHFV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

LGTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

DTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

POWV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

KSIV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like

~ 300 nt
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T.xrRNA2 SL6 Y-shaped (Y1) Flavi_CRET.xrRNA1
5' 3'

.((((..((((((((...........))))))))......))))....
SGEV|261-306 CCCCCC-GCACCAUGACAAGGCCGAACAUGGUGCACCAAAGGGGAG-G 46
TBEV|532-577 CCCCCU-GCAUCAUGAUAAGGCCGAACAUGGUGCAUGAAAGGGGAG-G 46
LIV|268-312 CCCCCC-GCCCCAUGACAAGGCCGAACAUGGAGCAUUAAAGG-GAG-G 45
LGTV|339-381 CCCCUU-GCGUCCAGAGAAGGCCGAACUGGGCGU---UAUAAGGAG-G 43
OHFV|179-222 CCCCCC-GCACCAUG-GAAGGCCAAACAUGGUGCAUG-AAGGGAAA-G 44
KFDV|164-204 CCAAAA-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
ALKV|165-205 CCAAAG-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
DTV|248-294 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCAUUCUAGAG 47
POWV|249-293 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCGUU-UAG-G 45
TYUV|341-386 CUUUC--CAUGAGAGGAGACGGUCAACUCUCAUGGAACAAGAAGACCG 46
NEGV|129-174 CCCCCCCUGGCCAGAAAAAGGGGGGGCAAACAGGCC--AGGGGUGAAG 46
KSIV|233-270 CUGAC---CAUCCCU-CAAGGCCGAGUGGGAUGC------GUAUGAAG 38

.........10........20........30........40.......
Seq. Conservation:

Tick-borne flaviviruses

*

*

*

c

d f types of pairs:
1 2 3 4 5 6

SL6

e (((((..((((((((((....)))))))).))...((((((((...........)))))))).........)).)))
POWV|291-361 AGGAG--CCCCCGAGCAUAA---CUCGGGAGGAGGGAGGAAGA-AAAUUGGCAAUCUUCCUCGGGAUUUUUCCGCCU 71
DTV|290-354 UAGAG--CCCCCGGGCAUAA---CUCGGGAGGAGGGGGGAAGA-CAAUUGGCAAUCUUCCCCGGGAUU------UUU 65
LGTV|377-449 GGAGG--CCCCCAGGGGGAAACCCCUGGGAGGAGGGAAGAGAG-AAAUUGGCAACUCUCUUCAGGAUAUUUCC-UCC 73
TBEV|573-645 GGAGG--CCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGAUUUUUCC-UCC 73
SGEV|300-372 GGGGAGGCCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGA--UUUUU-CCU 73
LIV|306-378 AGGGAGGCCCCCGGAAGCAUGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGG--UUUUU-CCU 73
KSIV|264-335 UAUGAAGGCCCCUGGAG--AGAUCCAGG-AGGGGGGAGAGAGGAAAAUUGGCAGCCUCUCUCAGGAGAUUUC--CUC 72
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Seq. Conservation:

Y1

allowed pairs:

incompatible
pairs in column

0

1

2

A-U
U-A

G-C
C-G

G-U
U-G

RNA covariation as evolutionary trait



34

C
C
A
C
G
G

CC

C
AA

GCCAUGAG
G

A
_G_

G
A
U
G
C

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

G
G A A

G G
A

C U A
G
A

G
G

U
U A

G
A

GGA
G

A
C

C
C
C
G
U
G
G

C

GA

A

C

G

((((((((...((((((((..............))))))))....))......((((......))))))))))
JEV.04 CCACGGCCCAAGCUUCGUCUA-G-GAUGCAAUAGACGAGGUGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
JEV.05 CCACGGCCCAAGUCUCGUCCA-G-GAUGCAAUGGACGAGAUGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
JEV.06 CCACGGCCCAAACCUCAUCUA-G-GAUGCAAUAGAUGAGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
WNV.07 ACGCGGCCCAAAUCCUGGUGA-U-GGUGUUA-UGCCAGGGUGGAAGGACUAGAGGUUAGAGGAGACCCCGCGU 70
MVEV.08 CCGCAGCCCGGGCCGGGAGGAGGUGAUGCGA-AC-CCCGGC-GAAGGACUAGAGGUUAGAGGAGACCCUGCGG 70
ALFV.09 CCACGGCCCGGGCCAUGAGU-GAUGAUGUUA-ACUCAUGGC-GAAGGACUAGAGGUUAGAGGAGACCCCGUGG 70
USUV.10 CCACGGCUCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
USUV.11 UCACGGCCCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
SLEV.12 CGGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66
SLEV.13 CAGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66

.........10........20........30........40........50........60........70..

• High mutation rate in RNA viruses due to error-prone RdRP


• For base pair (i,j): GC/CG/AU/UA/GU/UG


• Consistent mutation: different standard combinations


• Compensatory mutation: both positions are mutated


• Presence of both strongly supports predicted base pair (i,j)

TYUV xrRNA-like T.xrRNA2 T.SL6 Flavi_CRE

KAMV xrRNA-like

KFDV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

ALKV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

NEGV T.xrRNA1 T.SL6 T.xrRNA2

LIV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

SGEV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

TBEV T.xrRNA1 T.SL6 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

OHFV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

LGTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

DTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

POWV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

KSIV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like
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T.xrRNA2 SL6 Y-shaped (Y1) Flavi_CRET.xrRNA1
5' 3'

.((((..((((((((...........))))))))......))))....
SGEV|261-306 CCCCCC-GCACCAUGACAAGGCCGAACAUGGUGCACCAAAGGGGAG-G 46
TBEV|532-577 CCCCCU-GCAUCAUGAUAAGGCCGAACAUGGUGCAUGAAAGGGGAG-G 46
LIV|268-312 CCCCCC-GCCCCAUGACAAGGCCGAACAUGGAGCAUUAAAGG-GAG-G 45
LGTV|339-381 CCCCUU-GCGUCCAGAGAAGGCCGAACUGGGCGU---UAUAAGGAG-G 43
OHFV|179-222 CCCCCC-GCACCAUG-GAAGGCCAAACAUGGUGCAUG-AAGGGAAA-G 44
KFDV|164-204 CCAAAA-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
ALKV|165-205 CCAAAG-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
DTV|248-294 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCAUUCUAGAG 47
POWV|249-293 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCGUU-UAG-G 45
TYUV|341-386 CUUUC--CAUGAGAGGAGACGGUCAACUCUCAUGGAACAAGAAGACCG 46
NEGV|129-174 CCCCCCCUGGCCAGAAAAAGGGGGGGCAAACAGGCC--AGGGGUGAAG 46
KSIV|233-270 CUGAC---CAUCCCU-CAAGGCCGAGUGGGAUGC------GUAUGAAG 38

.........10........20........30........40.......
Seq. Conservation:

Tick-borne flaviviruses

*

*

*

c

d f types of pairs:
1 2 3 4 5 6

SL6

e (((((..((((((((((....)))))))).))...((((((((...........)))))))).........)).)))
POWV|291-361 AGGAG--CCCCCGAGCAUAA---CUCGGGAGGAGGGAGGAAGA-AAAUUGGCAAUCUUCCUCGGGAUUUUUCCGCCU 71
DTV|290-354 UAGAG--CCCCCGGGCAUAA---CUCGGGAGGAGGGGGGAAGA-CAAUUGGCAAUCUUCCCCGGGAUU------UUU 65
LGTV|377-449 GGAGG--CCCCCAGGGGGAAACCCCUGGGAGGAGGGAAGAGAG-AAAUUGGCAACUCUCUUCAGGAUAUUUCC-UCC 73
TBEV|573-645 GGAGG--CCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGAUUUUUCC-UCC 73
SGEV|300-372 GGGGAGGCCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGA--UUUUU-CCU 73
LIV|306-378 AGGGAGGCCCCCGGAAGCAUGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGG--UUUUU-CCU 73
KSIV|264-335 UAUGAAGGCCCCUGGAG--AGAUCCAGG-AGGGGGGAGAGAGGAAAAUUGGCAGCCUCUCUCAGGAGAUUUC--CUC 72
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APCV.03 CCGCGGCCCAACCAGUUCAGACU-GAUGCUA--UGAACUGGGUAAGGACUAGAGGUUAGAGGAGACCCCGCGG 70
JEV.04 CCACGGCCCAAGCUUCGUCUA-G-GAUGCAAUAGACGAGGUGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
JEV.05 CCACGGCCCAAGUCUCGUCCA-G-GAUGCAAUGGACGAGAUGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
JEV.06 CCACGGCCCAAACCUCAUCUA-G-GAUGCAAUAGAUGAGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
WNV.07 ACGCGGCCCAAAUCCUGGUGA-U-GGUGUUA-UGCCAGGGUGGAAGGACUAGAGGUUAGAGGAGACCCCGCGU 70
MVEV.08 CCGCAGCCCGGGCCGGGAGGAGGUGAUGCGA-AC-CCCGGC-GAAGGACUAGAGGUUAGAGGAGACCCUGCGG 70
ALFV.09 CCACGGCCCGGGCCAUGAGU-GAUGAUGUUA-ACUCAUGGC-GAAGGACUAGAGGUUAGAGGAGACCCCGUGG 70
USUV.10 CCACGGCUCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
USUV.11 UCACGGCCCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
SLEV.12 CGGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66
SLEV.13 CAGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66

.........10........20........30........40........50........60........70..

• High mutation rate in RNA viruses due to error-prone RdRP


• For base pair (i,j): GC/CG/AU/UA/GU/UG


• Consistent mutation: different standard combinations


• Compensatory mutation: both positions are mutated


• Presence of both strongly supports predicted base pair (i,j)

TYUV xrRNA-like T.xrRNA2 T.SL6 Flavi_CRE

KAMV xrRNA-like

KFDV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

ALKV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

NEGV T.xrRNA1 T.SL6 T.xrRNA2

LIV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

SGEV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

TBEV T.xrRNA1 T.SL6 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

OHFV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

LGTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

DTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

POWV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

KSIV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like
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T.xrRNA2 SL6 Y-shaped (Y1) Flavi_CRET.xrRNA1
5' 3'

.((((..((((((((...........))))))))......))))....
SGEV|261-306 CCCCCC-GCACCAUGACAAGGCCGAACAUGGUGCACCAAAGGGGAG-G 46
TBEV|532-577 CCCCCU-GCAUCAUGAUAAGGCCGAACAUGGUGCAUGAAAGGGGAG-G 46
LIV|268-312 CCCCCC-GCCCCAUGACAAGGCCGAACAUGGAGCAUUAAAGG-GAG-G 45
LGTV|339-381 CCCCUU-GCGUCCAGAGAAGGCCGAACUGGGCGU---UAUAAGGAG-G 43
OHFV|179-222 CCCCCC-GCACCAUG-GAAGGCCAAACAUGGUGCAUG-AAGGGAAA-G 44
KFDV|164-204 CCAAAA-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
ALKV|165-205 CCAAAG-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
DTV|248-294 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCAUUCUAGAG 47
POWV|249-293 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCGUU-UAG-G 45
TYUV|341-386 CUUUC--CAUGAGAGGAGACGGUCAACUCUCAUGGAACAAGAAGACCG 46
NEGV|129-174 CCCCCCCUGGCCAGAAAAAGGGGGGGCAAACAGGCC--AGGGGUGAAG 46
KSIV|233-270 CUGAC---CAUCCCU-CAAGGCCGAGUGGGAUGC------GUAUGAAG 38

.........10........20........30........40.......
Seq. Conservation:

Tick-borne flaviviruses

*

*

*

c

d f types of pairs:
1 2 3 4 5 6

SL6

e (((((..((((((((((....)))))))).))...((((((((...........)))))))).........)).)))
POWV|291-361 AGGAG--CCCCCGAGCAUAA---CUCGGGAGGAGGGAGGAAGA-AAAUUGGCAAUCUUCCUCGGGAUUUUUCCGCCU 71
DTV|290-354 UAGAG--CCCCCGGGCAUAA---CUCGGGAGGAGGGGGGAAGA-CAAUUGGCAAUCUUCCCCGGGAUU------UUU 65
LGTV|377-449 GGAGG--CCCCCAGGGGGAAACCCCUGGGAGGAGGGAAGAGAG-AAAUUGGCAACUCUCUUCAGGAUAUUUCC-UCC 73
TBEV|573-645 GGAGG--CCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGAUUUUUCC-UCC 73
SGEV|300-372 GGGGAGGCCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGA--UUUUU-CCU 73
LIV|306-378 AGGGAGGCCCCCGGAAGCAUGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGG--UUUUU-CCU 73
KSIV|264-335 UAUGAAGGCCCCUGGAG--AGAUCCAGG-AGGGGGGAGAGAGGAAAAUUGGCAGCCUCUCUCAGGAGAUUUC--CUC 72
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KUNV.02 ACGCGGCCCUAGCUCUGGCAA--UGGUGUUA--ACCAGAGUGAAAGGACUAGAGGUUAGAGGAGACCCCGCGU 69
APCV.03 CCGCGGCCCAACCAGUUCAGACU-GAUGCUA--UGAACUGGGUAAGGACUAGAGGUUAGAGGAGACCCCGCGG 70
JEV.04 CCACGGCCCAAGCUUCGUCUA-G-GAUGCAAUAGACGAGGUGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
JEV.05 CCACGGCCCAAGUCUCGUCCA-G-GAUGCAAUGGACGAGAUGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
JEV.06 CCACGGCCCAAACCUCAUCUA-G-GAUGCAAUAGAUGAGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
WNV.07 ACGCGGCCCAAAUCCUGGUGA-U-GGUGUUA-UGCCAGGGUGGAAGGACUAGAGGUUAGAGGAGACCCCGCGU 70
MVEV.08 CCGCAGCCCGGGCCGGGAGGAGGUGAUGCGA-AC-CCCGGC-GAAGGACUAGAGGUUAGAGGAGACCCUGCGG 70
ALFV.09 CCACGGCCCGGGCCAUGAGU-GAUGAUGUUA-ACUCAUGGC-GAAGGACUAGAGGUUAGAGGAGACCCCGUGG 70
USUV.10 CCACGGCUCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
USUV.11 UCACGGCCCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
SLEV.12 CGGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66
SLEV.13 CAGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66

.........10........20........30........40........50........60........70..

• High mutation rate in RNA viruses due to error-prone RdRP


• For base pair (i,j): GC/CG/AU/UA/GU/UG


• Consistent mutation: different standard combinations


• Compensatory mutation: both positions are mutated


• Presence of both strongly supports predicted base pair (i,j)

TYUV xrRNA-like T.xrRNA2 T.SL6 Flavi_CRE

KAMV xrRNA-like

KFDV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

ALKV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

NEGV T.xrRNA1 T.SL6 T.xrRNA2

LIV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

SGEV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

TBEV T.xrRNA1 T.SL6 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

OHFV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

LGTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

DTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

POWV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

KSIV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like
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T.xrRNA2 SL6 Y-shaped (Y1) Flavi_CRET.xrRNA1
5' 3'

.((((..((((((((...........))))))))......))))....
SGEV|261-306 CCCCCC-GCACCAUGACAAGGCCGAACAUGGUGCACCAAAGGGGAG-G 46
TBEV|532-577 CCCCCU-GCAUCAUGAUAAGGCCGAACAUGGUGCAUGAAAGGGGAG-G 46
LIV|268-312 CCCCCC-GCCCCAUGACAAGGCCGAACAUGGAGCAUUAAAGG-GAG-G 45
LGTV|339-381 CCCCUU-GCGUCCAGAGAAGGCCGAACUGGGCGU---UAUAAGGAG-G 43
OHFV|179-222 CCCCCC-GCACCAUG-GAAGGCCAAACAUGGUGCAUG-AAGGGAAA-G 44
KFDV|164-204 CCAAAA-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
ALKV|165-205 CCAAAG-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
DTV|248-294 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCAUUCUAGAG 47
POWV|249-293 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCGUU-UAG-G 45
TYUV|341-386 CUUUC--CAUGAGAGGAGACGGUCAACUCUCAUGGAACAAGAAGACCG 46
NEGV|129-174 CCCCCCCUGGCCAGAAAAAGGGGGGGCAAACAGGCC--AGGGGUGAAG 46
KSIV|233-270 CUGAC---CAUCCCU-CAAGGCCGAGUGGGAUGC------GUAUGAAG 38
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Seq. Conservation:

Tick-borne flaviviruses

*

*
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c

d f types of pairs:
1 2 3 4 5 6

SL6

e (((((..((((((((((....)))))))).))...((((((((...........)))))))).........)).)))
POWV|291-361 AGGAG--CCCCCGAGCAUAA---CUCGGGAGGAGGGAGGAAGA-AAAUUGGCAAUCUUCCUCGGGAUUUUUCCGCCU 71
DTV|290-354 UAGAG--CCCCCGGGCAUAA---CUCGGGAGGAGGGGGGAAGA-CAAUUGGCAAUCUUCCCCGGGAUU------UUU 65
LGTV|377-449 GGAGG--CCCCCAGGGGGAAACCCCUGGGAGGAGGGAAGAGAG-AAAUUGGCAACUCUCUUCAGGAUAUUUCC-UCC 73
TBEV|573-645 GGAGG--CCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGAUUUUUCC-UCC 73
SGEV|300-372 GGGGAGGCCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGA--UUUUU-CCU 73
LIV|306-378 AGGGAGGCCCCCGGAAGCAUGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGG--UUUUU-CCU 73
KSIV|264-335 UAUGAAGGCCCCUGGAG--AGAUCCAGG-AGGGGGGAGAGAGGAAAAUUGGCAGCCUCUCUCAGGAGAUUUC--CUC 72
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((((((((...((((((((..............))))))))....))......((((......))))))))))
WNV.01 GCGCAGCCAUAACCUUGGUGA--AGGUGUUA--GCCAAGGAGAAGGGACUAGAGGUUAGCAGAGAUCCUGCGC 69
KUNV.02 ACGCGGCCCUAGCUCUGGCAA--UGGUGUUA--ACCAGAGUGAAAGGACUAGAGGUUAGAGGAGACCCCGCGU 69
APCV.03 CCGCGGCCCAACCAGUUCAGACU-GAUGCUA--UGAACUGGGUAAGGACUAGAGGUUAGAGGAGACCCCGCGG 70
JEV.04 CCACGGCCCAAGCUUCGUCUA-G-GAUGCAAUAGACGAGGUGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
JEV.05 CCACGGCCCAAGUCUCGUCCA-G-GAUGCAAUGGACGAGAUGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
JEV.06 CCACGGCCCAAACCUCAUCUA-G-GAUGCAAUAGAUGAGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
WNV.07 ACGCGGCCCAAAUCCUGGUGA-U-GGUGUUA-UGCCAGGGUGGAAGGACUAGAGGUUAGAGGAGACCCCGCGU 70
MVEV.08 CCGCAGCCCGGGCCGGGAGGAGGUGAUGCGA-AC-CCCGGC-GAAGGACUAGAGGUUAGAGGAGACCCUGCGG 70
ALFV.09 CCACGGCCCGGGCCAUGAGU-GAUGAUGUUA-ACUCAUGGC-GAAGGACUAGAGGUUAGAGGAGACCCCGUGG 70
USUV.10 CCACGGCUCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
USUV.11 UCACGGCCCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
SLEV.12 CGGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66
SLEV.13 CAGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66
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• High mutation rate in RNA viruses due to error-prone RdRP


• For base pair (i,j): GC/CG/AU/UA/GU/UG


• Consistent mutation: different standard combinations


• Compensatory mutation: both positions are mutated


• Presence of both strongly supports predicted base pair (i,j)

TYUV xrRNA-like T.xrRNA2 T.SL6 Flavi_CRE

KAMV xrRNA-like

KFDV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

ALKV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

NEGV T.xrRNA1 T.SL6 T.xrRNA2

LIV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

SGEV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

TBEV T.xrRNA1 T.SL6 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

OHFV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

LGTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

DTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

POWV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

KSIV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like

~ 300 nt
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T.xrRNA2 SL6 Y-shaped (Y1) Flavi_CRET.xrRNA1
5' 3'

.((((..((((((((...........))))))))......))))....
SGEV|261-306 CCCCCC-GCACCAUGACAAGGCCGAACAUGGUGCACCAAAGGGGAG-G 46
TBEV|532-577 CCCCCU-GCAUCAUGAUAAGGCCGAACAUGGUGCAUGAAAGGGGAG-G 46
LIV|268-312 CCCCCC-GCCCCAUGACAAGGCCGAACAUGGAGCAUUAAAGG-GAG-G 45
LGTV|339-381 CCCCUU-GCGUCCAGAGAAGGCCGAACUGGGCGU---UAUAAGGAG-G 43
OHFV|179-222 CCCCCC-GCACCAUG-GAAGGCCAAACAUGGUGCAUG-AAGGGAAA-G 44
KFDV|164-204 CCAAAA-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
ALKV|165-205 CCAAAG-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
DTV|248-294 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCAUUCUAGAG 47
POWV|249-293 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCGUU-UAG-G 45
TYUV|341-386 CUUUC--CAUGAGAGGAGACGGUCAACUCUCAUGGAACAAGAAGACCG 46
NEGV|129-174 CCCCCCCUGGCCAGAAAAAGGGGGGGCAAACAGGCC--AGGGGUGAAG 46
KSIV|233-270 CUGAC---CAUCCCU-CAAGGCCGAGUGGGAUGC------GUAUGAAG 38

.........10........20........30........40.......
Seq. Conservation:

Tick-borne flaviviruses

*

*

*

c

d f types of pairs:
1 2 3 4 5 6

SL6

e (((((..((((((((((....)))))))).))...((((((((...........)))))))).........)).)))
POWV|291-361 AGGAG--CCCCCGAGCAUAA---CUCGGGAGGAGGGAGGAAGA-AAAUUGGCAAUCUUCCUCGGGAUUUUUCCGCCU 71
DTV|290-354 UAGAG--CCCCCGGGCAUAA---CUCGGGAGGAGGGGGGAAGA-CAAUUGGCAAUCUUCCCCGGGAUU------UUU 65
LGTV|377-449 GGAGG--CCCCCAGGGGGAAACCCCUGGGAGGAGGGAAGAGAG-AAAUUGGCAACUCUCUUCAGGAUAUUUCC-UCC 73
TBEV|573-645 GGAGG--CCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGAUUUUUCC-UCC 73
SGEV|300-372 GGGGAGGCCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGA--UUUUU-CCU 73
LIV|306-378 AGGGAGGCCCCCGGAAGCAUGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGG--UUUUU-CCU 73
KSIV|264-335 UAUGAAGGCCCCUGGAG--AGAUCCAGG-AGGGGGGAGAGAGGAAAAUUGGCAGCCUCUCUCAGGAGAUUUC--CUC 72
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((((((((...((((((((..............))))))))....))......((((......))))))))))
WNV.01 GCGCAGCCAUAACCUUGGUGA--AGGUGUUA--GCCAAGGAGAAGGGACUAGAGGUUAGCAGAGAUCCUGCGC 69
KUNV.02 ACGCGGCCCUAGCUCUGGCAA--UGGUGUUA--ACCAGAGUGAAAGGACUAGAGGUUAGAGGAGACCCCGCGU 69
APCV.03 CCGCGGCCCAACCAGUUCAGACU-GAUGCUA--UGAACUGGGUAAGGACUAGAGGUUAGAGGAGACCCCGCGG 70
JEV.04 CCACGGCCCAAGCUUCGUCUA-G-GAUGCAAUAGACGAGGUGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
JEV.05 CCACGGCCCAAGUCUCGUCCA-G-GAUGCAAUGGACGAGAUGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
JEV.06 CCACGGCCCAAACCUCAUCUA-G-GAUGCAAUAGAUGAGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGUGG 71
WNV.07 ACGCGGCCCAAAUCCUGGUGA-U-GGUGUUA-UGCCAGGGUGGAAGGACUAGAGGUUAGAGGAGACCCCGCGU 70
MVEV.08 CCGCAGCCCGGGCCGGGAGGAGGUGAUGCGA-AC-CCCGGC-GAAGGACUAGAGGUUAGAGGAGACCCUGCGG 70
ALFV.09 CCACGGCCCGGGCCAUGAGU-GAUGAUGUUA-ACUCAUGGC-GAAGGACUAGAGGUUAGAGGAGACCCCGUGG 70
USUV.10 CCACGGCUCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
USUV.11 UCACGGCCCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
SLEV.12 CGGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66
SLEV.13 CAGCGGCCCAAACCAUGGAG----UGCGUGA---CCAUGGCGUAAGGACUAGAGGUUAGAGGAGACCCCGCUG 66
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• High mutation rate in RNA viruses due to error-prone RdRP


• For base pair (i,j): GC/CG/AU/UA/GU/UG


• Consistent mutation: different standard combinations


• Compensatory mutation: both positions are mutated


• Presence of both strongly supports predicted base pair (i,j)

TYUV xrRNA-like T.xrRNA2 T.SL6 Flavi_CRE

KAMV xrRNA-like

KFDV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

ALKV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

NEGV T.xrRNA1 T.SL6 T.xrRNA2

LIV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

SGEV T.xrRNA1 T.xrRNA2 T.SL6 T.xrRNA2 Flavi_CRE

TBEV T.xrRNA1 T.SL6 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

OHFV T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

LGTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

DTV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

POWV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

KSIV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like
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T.xrRNA2 SL6 Y-shaped (Y1) Flavi_CRET.xrRNA1
5' 3'

.((((..((((((((...........))))))))......))))....
SGEV|261-306 CCCCCC-GCACCAUGACAAGGCCGAACAUGGUGCACCAAAGGGGAG-G 46
TBEV|532-577 CCCCCU-GCAUCAUGAUAAGGCCGAACAUGGUGCAUGAAAGGGGAG-G 46
LIV|268-312 CCCCCC-GCCCCAUGACAAGGCCGAACAUGGAGCAUUAAAGG-GAG-G 45
LGTV|339-381 CCCCUU-GCGUCCAGAGAAGGCCGAACUGGGCGU---UAUAAGGAG-G 43
OHFV|179-222 CCCCCC-GCACCAUG-GAAGGCCAAACAUGGUGCAUG-AAGGGAAA-G 44
KFDV|164-204 CCAAAA-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
ALKV|165-205 CCAAAG-CCUCCCAGAGAAGGCCGAACUGGGAGGCC-----AUGAA-G 41
DTV|248-294 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCAUUCUAGAG 47
POWV|249-293 CCAAAAGGCCUCCUG-GAAGGCUCACCAGGAGUUAGGCCGUU-UAG-G 45
TYUV|341-386 CUUUC--CAUGAGAGGAGACGGUCAACUCUCAUGGAACAAGAAGACCG 46
NEGV|129-174 CCCCCCCUGGCCAGAAAAAGGGGGGGCAAACAGGCC--AGGGGUGAAG 46
KSIV|233-270 CUGAC---CAUCCCU-CAAGGCCGAGUGGGAUGC------GUAUGAAG 38
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d f types of pairs:
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SL6

e (((((..((((((((((....)))))))).))...((((((((...........)))))))).........)).)))
POWV|291-361 AGGAG--CCCCCGAGCAUAA---CUCGGGAGGAGGGAGGAAGA-AAAUUGGCAAUCUUCCUCGGGAUUUUUCCGCCU 71
DTV|290-354 UAGAG--CCCCCGGGCAUAA---CUCGGGAGGAGGGGGGAAGA-CAAUUGGCAAUCUUCCCCGGGAUU------UUU 65
LGTV|377-449 GGAGG--CCCCCAGGGGGAAACCCCUGGGAGGAGGGAAGAGAG-AAAUUGGCAACUCUCUUCAGGAUAUUUCC-UCC 73
TBEV|573-645 GGAGG--CCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGAUUUUUCC-UCC 73
SGEV|300-372 GGGGAGGCCCCCGGAAGCACGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGA--UUUUU-CCU 73
LIV|306-378 AGGGAGGCCCCCGGAAGCAUGCUUCCGGGAGGAGGGAAGAGAG-AAAUUGGCAGCUCUCUUCAGGG--UUUUU-CCU 73
KSIV|264-335 UAUGAAGGCCCCUGGAG--AGAUCCAGG-AGGGGGGAGAGAGGAAAAUUGGCAGCCUCUCUCAGGAGAUUUC--CUC 72
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We use structural RNA alignments

and Covariance Models 


to find conserved elements

RNA covariation as evolutionary trait



The Vienna RNA Package
• Efficient implementations for single, multiple sequence and MSA folding

• Global and local structure prediction

• Prediction of consensus structures

• Hard and soft constraints

• Complete suboptimal folding and energy landscape analysis

• Analysis of folding kinetics / co-transcriptional folding 

• Inverse folding / RNA design

• Comparison of secondary structures

• Utilities for comparison, annotation, and plotting of secondary structures

• Common file formats supported (Fasta, Clustal, Stockholm, MAF, …) 

• 2.5D prediction: G-quadruplexes and pseudo-knots
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The Vienna RNA Package
• Efficient implementations for single, multiple sequence and MSA folding

• Global and local structure prediction

• Prediction of consensus structures

• Hard and soft constraints

• Complete suboptimal folding and energy landscape analysis

• Analysis of folding kinetics / co-transcriptional folding 

• Inverse folding / RNA design

• Comparison of secondary structures

• Utilities for comparison, annotation, and plotting of secondary structures

• Common file formats supported (Fasta, Clustal, Stockholm, MAF, …) 

• 2.5D prediction: G-quadruplexes and pseudo-knots

• C library to link against your programs


• Python/Perl scripting language interface
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For software developers



The Vienna RNA Package
• Efficient implementations for single, multiple sequence and MSA folding

• Global and local structure prediction

• Prediction of consensus structures

• Hard and soft constraints

• Complete suboptimal folding and energy landscape analysis

• Analysis of folding kinetics / co-transcriptional folding 

• Inverse folding / RNA design

• Comparison of secondary structures

• Utilities for comparison, annotation, and plotting of secondary structures

• Common file formats supported (Fasta, Clustal, Stockholm, MAF, …) 

• 2.5D prediction: G-quadruplexes and pseudo-knots

• C library to link against your programs


• Python/Perl scripting language interface
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For software developers

www.tbi.univie.ac.at/RNA

http://www.tbi.univie.ac.at/RNA/


ViennaRNA
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Part I Part II 

RNA structure prediction RNA structure conservation
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Tick-borne encephalitis virus (TBEV)

• Zoonotic RNA virus  
(family Flaviviridae / genus Flavivirus)


• Endemic in forested parts of Eurasia and Japan


• Transmitted between haematophagous ticks and 
vertebrate hosts (reservoir hosts: small wild-living 
animals, rodents)


• Thousands of human infections/year. Majority is 
asymptomatic or subclinical, but TBEV has 
neurotropic potential and can cause meningitis, 
encephalitis or haemorrhagic syndrome


• Vaccines available W
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• Non-segmented, single-stranded, (+)-sense RNA genomes of ~11kB length


• Capped, non-polyadenylated


• Encodes a single ORF, flanked by highly structures 5’UTR and 3’UTR
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Tick-borne encephalitis virus (TBEV)

• Zoonotic RNA virus  
(family Flaviviridae / genus Flavivirus)


• Endemic in forested parts of Eurasia and Japan
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animals, rodents)
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Tick-borne encephalitis virus (TBEV)

• Zoonotic RNA virus  
(family Flaviviridae / genus Flavivirus)


• Endemic in forested parts of Eurasia and Japan


• Transmitted between haematophagous ticks and 
vertebrate hosts (reservoir hosts: small wild-living 
animals, rodents)


• Thousands of human infections/year. Majority is 
asymptomatic or subclinical, but TBEV has 
neurotropic potential and can cause meningitis, 
encephalitis or haemorrhagic syndrome


• Vaccines available
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Tick-borne encephalitis virus (TBEV)

• Zoonotic RNA virus  
(family Flaviviridae / genus Flavivirus)


• Endemic in forested parts of Eurasia and Japan


• Transmitted between haematophagous ticks and 
vertebrate hosts (reservoir hosts: small wild-living 
animals, rodents)


• Thousands of human infections/year. Majority is 
asymptomatic or subclinical, but TBEV has 
neurotropic potential and can cause meningitis, 
encephalitis or haemorrhagic syndrome


• Vaccines available
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Tick-borne encephalitis virus (TBEV)

• Zoonotic RNA virus  
(family Flaviviridae / genus Flavivirus)


• Endemic in forested parts of Eurasia and Japan


• Transmitted between haematophagous ticks and 
vertebrate hosts (reservoir hosts: small wild-living 
animals, rodents)


• Thousands of human infections/year. Majority is 
asymptomatic or subclinical, but TBEV has 
neurotropic potential and can cause meningitis, 
encephalitis or haemorrhagic syndrome


• Vaccines available
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Phylogeny of tick-borne flaviviruses

480.5

Gadgets Gully virus

Negishi virus

Saumarez Reef virus

No-known-vector FV

Karshi virus

Royal Farm virus

Spanish sheep encephalitis virus

Turkish sheep encephalitis virus

Meaban virus

Mosquito-borne / insect-specific / no-known-vector FV

No-known-vector FV

Alkhumra hemorrhagic fever virus

Powassan virus

Spanish goat encephalitis virus

Tyuleniy virus

Greek goat encephalitis virus

Southern pygmy squid FV

Tick-borne encephalitis virus *

Langat virus

Insect-specific FV

Kyasanur Forest disease virus

Louping ill virus

Mpulungu flavivirus

Deer tick virus

Kama virus

Kadam virus

Omsk hemorrhagic fever virus
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Far Eastern (TBEV-FE)

Siberian (TBEV-Sib)

European (TBEV-Eur)

Phylogeny of tick-borne encephalitis virus
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Tick-borne encephalitis virus subtyes
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Far Eastern (TBEV-FE)

Siberian (TBEV-Sib)

European (TBEV-Eur)

Baikalean-1 (TBEV-Bkl1)
Baikalean-2 (TBEV-Bkl2)

Himalayan (TBEV-Him)
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• At least6 subtypes


• Disease severity  
FE > Sib > EUR

Phylogeny of tick-borne encephalitis virus
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TBEV subtype diversity
Sequence-level comparison of known TBEV subtypes vs 
Neudoerfl strain (300nt windows; 10nt steps)

M. Riedl, I.L. Hofacker, M.T.Wolfinger (in preparation)

RNAsimplot
technology preview 
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TBEV subtype diversity RNAsimplot
technology preview Sequence-level comparison of known TBEV subtypes vs 

Neudoerfl strain (300nt windows; 10nt steps)

M. Riedl, I.L. Hofacker, M.T.Wolfinger (in preparation)

RNAsimplot
technology preview 
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Single-sequence predictions

Prediction quality can be significantly improved by 
consensus structure prediction 
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L. Kutschera, M.T.Wolfinger (in preparation)
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https://nextstrain.org/groups/ViennaRNA/TBEVnext

https://nextstrain.org/groups/ViennaRNA/TBEVnext


Summary

• The ViennaRNA Package provides efficient implementations for RNA structure prediction  


• Structural alignments and covariance models are used to find conserved RNAs


• Pervasive conservation of functional RNA structures in TBEV 3’UTRs


• ViennaRNA Web Services are available at  

http://rna.tbi.univie.ac.at/

http://rna.tbi.univie.ac.at/
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