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Non-coding RNAs: sequence vs. structure
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Secondary structures in mRNAs?

Coronaviruses
HCV
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Flaviviruses
Pestiviruses
...

M. Marz (Friedrich Schiller University of Jena) RNA virus secondary structures ECT* RNA in living systems 7 / 35



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Secondary structures in mRNAs?

Coronaviruses
HCV
Filoviruses
Flaviviruses
Pestiviruses
...

M. Marz (Friedrich Schiller University of Jena) RNA virus secondary structures ECT* RNA in living systems 7 / 35



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Secondary structures in RNA viruses: Long-range interactions
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window size (-w, --window)

step size (-s, --step)
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of seed interaction 
(-m, --size)

GUUCACGGCUGGCUACAGCGGGGGAGACAUUUAUCACAGCGUGUCUCAUGCCCGGCCCCGCUGGUUCUGGUUUUGCCUACUCCUGCUCGCUGCAGGGGUAGG
GUUCACGGCUGGCUACAGCGGGGGAGACAUUUAUCACAGCGUGUCUCGUGCCCGGCCCCGCUGGUUCUGGUUUUGCCUACUCCUGCUUGCUGCAGGGGUAGG
GUUCGUUGCUGGUUACAGCGGGGGAGACAUAUAUCACAGCCUGUCUCGUGCCCGACCCCGCUGGUUCAUGUGGUGCCUACUCCUACUUUCUGUAGGGGUAGG
GUUCGUUGCUGGUUACAGUGGGGGAGACAUAUAUCACAGCCUGUCUCGCGCCCGACCCCGCUGGUUCAUGUUGUGCCUACUCCUACUUUCCGUAGGGGUAGG
GUUCACCGUCGGCGCCGGCGGGGGCGACAUUUAUCACAGCGUGUCGCGUGCCCGACCCCGCUUAUUGCUCUUUGGCCUACUCCUACUUUUUGUAGGGGUAGG
GUUCACCGUCGGCGCCGGCGGGGGCGACAUUUUUCACAGCGUGUCGCGCGCCCGACCCCGCUCAUUACUCUUCGGCCUACUCCUACUUUUCGUAGGGGUAGG
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AAUGGUGGCUCCAUCUUAGCCCUAGUCACGGCUAGCUGUGAAAGGUCCGUGAGCCGCAUGACUGCAGAGAGUGCUGAUACUGGCCUCUCUGCAGAUCAUGU
UUUGGUGGCUCCAUCUUAGCCCUAGUCACGGCUAGCUGUGAAAGGUCCGUGAGCCGCUUGACUGCAGAGAGUGCUGAUACUGGCCUCUCUGCAGAUCAAGU
UUUGGUGGCUCCAUCUUAGCCCUAGUCACGGCUAGCUGUGAAAGGUCCGUGAGCCGCAUGACUGCAGAGAGUGCUGAUACUGGCCUCUCUGCAGAUCAUGU
CCUGGUGGCUCCAUCUUAGCCCUAGUCACGGCUAGCUGUGAAAGGUCCGUGAGCCGCAUGACUGCAGAGAGUGCCGUAACUGGUCUCUCUGCAGAUCAUGU
CUUGGUGGCUCCAUCUUAGCCCUAGUCACGGCUAGCUGUGAAAGGUCCGUGAGCCGCAUGACUGCAGAGAGUGCCGUAACUGGUCUCUCUGCAGAUCAUGU
CUUGGUGGCUCCAUCUUAGCCCUAGUCACGGCUAGCUGUGAAAGGUCCGUGAGCCGCAUGACUGCAGAGAGUGCCGUAACUGGUCUCUCUGCAGAUCAUGU
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Secondary structures in RNA viruses: Circularization of HCV

polyU/UC

IRES
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STOP
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G G G G CGA
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Types of pairs

0

1

2

1 2 3 4 5 6MFE = -93.36 = -44.88 + -48.47 (kcal/mol)
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RNA secondary structures in proteins
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Magnipore: Differential single nucleotide detection

Input

Basecalling*
Guppy, FASTQ

Mapping
Minimap2, BAM

Resquiggling
nanopolish eventalign, CSV

Preprocessing
signal segmentation & error correction

Signal aggregation
reference A G C T C C G A T G

aligned
read

signals

base
signal

distribution

mean μ 

fr
e
q

u
e
n
cy

normalised base signal

stdev σ 

Alignment
MAFFT, ALN

Magnipore analysis
INDEL, MAGNIPORE, STOCKHOLM, PDF

Output
Basecalls FASTQ
*skippable if you 
provide FASTQs 

Mapping BAM

nanopolish 
eventalign CSV

reference event 
distribution RED

Alignment ALN

Indel positions in 
alignment INDEL

Positions with a 
significant signal 
change 
MAGNIPORE,
STOCKHOLM

Data plots PDF

Sample 2

ONT data (FAST5)
reference (FASTA)

Normalisation

Snorm = 
S - Smedian

Smad

RED

...

μ0

μ1

μ2

σ0 

σ1 

σ2 

A
G
C

Sample 1

ONT data (FAST5)
reference (FASTA)

submitted, NAR, 2023
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Magnipore: Mutation verification

B.1.
51

3 B.1

B.1.
17

7.8
6

B.1.
1

B.1.
1.7
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B.1.
61

7.2
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BA.1
.17

.2
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on
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.18
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icr

on
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.9
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on BF.1

om
icr

on

ID 1 B.1.1.7
alpha compared to bined variants
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45 44

7

64
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92

79
83

34 32
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4

55

67
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30 29

5
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5 4
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Magnipore result for
ID 1 B.1.1.7 alpha compared to ...

mutations in alignment
Magnipore: found mutations
Magnipore: number of
potential modification signals

submitted, NAR, 2023
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Magnipore: Biological interpretation
Reference
alignment

Magnipore
signal diff.

SymbolDesignation

base & signal mismatch
mutation

undetected mutation
or error in reference

should not
occur

should not
occur

standard

standard

mismatch

GGCCCUA
GGCACUA

✓
✗

indel mutation
mismatch
with gap

GGCACUACUA
GGCA---UUA

undetected mutation
or error in reference

✓
✗

match potential modification

bases & signals matchGGCACUA
GGCACUA

✓
✗

potential modification
near repeat deletion

match
with gap

GGCACUACUA
GGCA---CUA bases & signals match

✓
✗

submitted, NAR, 2023
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Modification vs. secondary structures
Magnipore comparison results

ID 1 B.1.1.7 alpha compared to ...

ORF1a
nsp3 nsp4 3CL nsp67 8 9 10nsp2

11

1
ORF1b

RdRp Helicase nsp14 15 16
S

ORF3a E
M 7a

6 b
8 N

10

Signal changes
reference mutations
defining mutation
mutation signal
def. mutation signal
modification signal
mod. near repeat deletion

ID 3 B.1.177.86

ID 14 B.1.1.7
alpha

ID 2 B.1.617.2
delta

ID 9 BA.1.17.2
omicron

ID 10 BA.1.18
omicron

ID 8 B.1.513

Coverage (log scale)

ID 5 B.1

ID 6 B.1

ID 7 B.1

ID 4 B.1.1

ID 11 BA.2.9
omicron

ID 12 BE.1
omicron

ID 13 BF.1
omicron

0 1985 3970 5955 7940 9925 11910 13895 15880 17865 19850 21835 23820 25805 27790 29775
B.1.1.7 genome position
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Modification vs. secondary structures
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ID_11_BA.2.9 AAGUUAAGCCAUUUAUAACUGAAAGUAAACCUUCAGUUGAACAGAGAAAACAAGAU---G 57
MT121215.1 AAGUUAAGCCAUUUAUAACUGAAAGUAAACCUUCAGUUGAACAGAGAAAACAAGAU---G 57
MG772934.1 AAGUUAAGCCAUUUUUUACUGAAAAUAAACCUUCAGUUGAACAAAGACAACAAGCUGAAG 60
MT072864.1 AGGUUGA---AAUUACACCUGAAGAAUCUGCUUCAAGUGAG-AAACCUACCAAGGAAGAG 56

.........10........20........30........40........50........6

((......))).....))))).....(((.((.......))))).
ID_11_BA.2.9 AUAAGAAAAUC-AAAGCUUGUGUUGAAGAAGUUACAACAACUCUG 101
MT121215.1 AUAAGAAAAUC-AAAGCUUGUGUUGAAGAAGUUACAACAACUCUG 101
MG772934.1 AGAAGAAAAUC-AAAGCUAGUAUUGAAGAAGUUACAACUACU--- 101
MT072864.1 CCUAAAAAGGUGAAACCUUGUAUUGAAGAAGUUACAACUACUCUA 101

0........70........80........90........100...

MFE -24.64 kcal/mol

p-value 3.21 x 10-9
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MK062184.1 AUGCACCUUACAUGGUAGGUGAUGUUAUCACUAGUGGUGAUAUCACUUGUGUUGUAAUAC 60
AY559083.1 AUGCACCUUACAUGGUAGGUGAUGUUAUCACUAGUGGUGAUAUCACUUGUGUUGUAAUAC 60
KY770858.1 AUGCACCUUACAUGGUAGGUGAUGUUAUCACUAGUGGUGACAUCACUUGUGUUAUAAUAC 60
JX993987.1 ACGCACCGUACAUUGUGGGUGAUGUCAUCACUAGUGGUGAUAUCACUUGCGCUAUAAUAC 60
GQ153539.1 AUGCACCAUAUAUUGUUGGUGAUGUCAUCAAUAGUGGUGACAUCACUUGUGUCAUAAUAC 60
MT121215.1 AUGCUCCAUAUAUAGUGGGUGAUGUUGUUCAAGAGGGUGUUUUAACUGCUGUGGUUAUAC 60
ID_11_BA.2.9 AUGCUCCAUAUAUAGUGGGUGAUGUUGUUCAAGAGGGUGUUUUAACUGCUGUGGUUAUAC 60
MG772934.1 AUGUUCCCUAUAUAGUGGGUGAUGUUAUUAAAGAAGGUGCUUUAACUGCUGUAGUUAUAC 60

.........10........20........30........40........50........6

((((((.......))))))..))))))........)))...
MK062184.1 CCUCCAAAAAGGCUGGUGGCACUACUGAGAUGCUCUCAAGA 101
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MT121215.1 CUACUAAAAAGGCUGGUGGCACUACUGAAAUGCUAGCGAAA 101
ID_11_BA.2.9 CUACUAAAAAGGCUAGUGGCACUACUGAAAUGCUAGCGAAA 101
MG772934.1 CUACUAAAAAGGCUGGUGGCACUACUGAAAUGCUUGCUAAA 101
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MFE -9.94 kcal/mol

p-value 7.62 x 10-5

(((....(((((((.((..((.((.....)).))..)).)))).))).....))).....
MK907287.1 UACAAGGAUCUUACAGGACACAUGCUUGACACAUAUUCUGUCAUGUUGUGUGGUGAUAAU 60
KC545383.1 UAUAAAGAUCUUACAGGACACAUGCUUGACACUUAUUCUGUUAUGCUAUGUGGUGAUAAU 60
MG987421.1 UACAAAGACCUUACAGGGCACAUGCUGGACAGUUACUCUGUUAUGCUAUGUGGUGAUAAU 60
MH002340.1 UAUAAAGACCUUACAGGACACAUGCUUGAUAGUUACUCUGUCAUGCUAUGUGGUGAUAAU 60
KY673149.1 UAUAAAGACCUUACAGGACACAUGCUUGACAGUUAUUCUGUCAUGCUAUGUGGUGAUAAU 60
MN611519.1 UAUAAGGACCUAACUGGACACAUGCUUGACAGUUAUUCUGUUAUGUUAUGUGGUGAUGAU 60
MG596803.1 UAUAAAGACCUAACAGGACAUAUGCUAGACAGUUAUUCUGUUAUGUUAUGUGGUGAUAAU 60
EF065515.1 CAUGAGGAGUUAACAGGUCACUUACUAGACACUUAUAGUGUCAUGUUGGCUAGUGAUAAC 60
MT072864.1 CAUGAUGAACUCACAGGACACAUGUUAGACAUGUAUUCUGUUAUGCUUACUAAUGAUAGU 60
MG772934.1 CAUGAUGAGCUUACCGGUCACAUGUUGGACAUGUACUCUGUAAUGCUAACUAAUGACAAC 60
GQ153539.1 CAUGAUGAGCUUACUGGUCACAUGUUGGACAUGUACUCUGUAAUGCUAACUAAUGACAAC 60
KY417145.1 CAUGAUGAGCUUACUGGUCACAUGCUAGACAUGUAUUCUGUAAUGCUAACCAAUGACAAC 60
KC881005.1 CAUGAUGAGCUUACUGGUCACAUGCUAGACAUGUAUUCUGUAAUGCUAACCAAUGACAAC 60
KY770858.1 CAUGAUGAGCUUACUGGUCACAUGCUAGACAUGUAUUCUGUAAUGCUAACUAAUGAUAAC 60
DQ071615.1 CAUGAUGAGCUUACUGGUCACAUGCUAGACAUGUAUUCUGUAAUGCUAACUAAUGAUAAC 60
KU182964.1 CAUGAUGAGCUUACUGGUCACAUGUUGGACAUGUACUCUGUAAUGCUAACUAAUGACAAU 60
KJ473812.1 CAUGAUGAGCUUACUGGUCACAUGUUGGACAUGUACUCUGUAAUGCUAACUAAUGAUAAC 60
JX993987.1 CAUGAUGAGCUUACUGGUCACAUGUUGGACAUGUACUCUGUAAUGCUAACUAAUGAUAAU 60
ID_11_BA.2.9 CAUGAUGAGUUAACAGGACACAUGUUAGACAUGUAUUCUGUUAUGCUUACUAAUGAUAAC 60
MT121215.1 CAUGAUGAGUUAACAGGACACAUGUUAGACAUGUAUUCUGUUAUGCUUACUAAUGAUAAC 60
MK062184.1 CAUGAUGAGCUUACUGGCCACAUGUUGGACAUGUAUUCCGUAAUGCUAACUAAUGAUAAC 60
AY559083.1 CAUGAUGAGCUUACUGGCCACAUGUUGGACAUGUAUUCCGUAAUGCUAACUAAUGAUAAC 60
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(((....)))....(((((....))))).............
MK907287.1 UCUGCGAAGUUUUGGGAGGAGCAGUUUUAUAAAGAUUUAUA 101
KC545383.1 UCCUCAAAGUUUUGGGAAGAGCAGUUUUACAAAGAUUUGUA 101
MG987421.1 UCCGCUAAGUUCUGGGAGGAGAGCUUUUAUAGAGAACUCUA 101
MH002340.1 UCAGCCAAAUUCUGGGAAGAGAGCUUCUAUAGAGAUCUCUA 101
KY673149.1 UCUGCUAAGUUUUGGGAAGAGGCAUUCUAUAGAGAUCUCUA 101
MN611519.1 UCAGCCAAAUUUUGGGAAGAGGGGUUCUAUAGAGAUCUCUA 101
MG596803.1 UCUGCUAAGUUCUGGGAAGAGAGCUUCUAUAGAGAUUUGUA 101
EF065515.1 GCUUCUAAGUACUGGGAGGUGGAUUUCUAUGAAAAUAUGUA 101
MT072864.1 ACUUCAAGGUAUUGGGAGCCAGAGUUCUAUGAAGCAAUGUA 101
MG772934.1 ACCUCAAGGUACUGGGAACCUGAGUUUUACGAAGCAAUGUA 101
GQ153539.1 ACCUCGAGGUACUGGGAACCUGAAUUUUAUGAAGCUAUGUA 101
KY417145.1 ACCUCACGGUAUUGGGAACCUGAGUUUUAUGAAGCUAUGUA 101
KC881005.1 ACCUCACGGUAUUGGGAACCUGAGUUUUAUGAAGCUAUGUA 101
KY770858.1 ACCUCACGGUAUUGGGAACCUGAGUUUUAUGAAGCUAUGUA 101
DQ071615.1 ACCUCACGGUAUUGGGAACCUGAGUUUUAUGAAGCUAUGUA 101
KU182964.1 ACAUCACGGUACUGGGAACCUGAGUUUUACGAGGCCAUGUA 101
KJ473812.1 ACAUCACGGUACUGGGAACCUGAGUUUUACGAGGCCAUGUA 101
JX993987.1 ACAUCACGGUAUUGGGAACCUGAGUUUUAUGAGGCUAUGUA 101
ID_11_BA.2.9 ACUUCAAGGUAUUGGGAACCUGAGUUUUAUGAGGCUAUGUA 101
MT121215.1 ACUUCAAGGUAUUGGGAACCUGAGUUUUAUGAGGCUAUGUA 101
MK062184.1 ACCUCACGGUACUGGGAACCUGAGUUUUAUGAGGCUAUGUA 101
AY559083.1 ACCUCACGGUACUGGGAACCUGAGUUUUAUGAGGCUAUGUA 101
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MT072864.1 AGAGGAGACUCUGGUUUACUCAUGCCUCUAAAAGCACCAAAAGAAGUUAUCUUCCUUGAU 60
MT121215.1 AGAGAAGAAACUGGCCUACUCAUGCCUCUAAAAGCCCCAAAAGAAAUUAUCUUCUUAGAG 60
ID_11_BA.2.9 AGAGAAGAAACUGGCCUACUCAUGCCUCUAAAAGCCCCAAAAGAAAUUAUCUUCUUAGAG 60
MG772934.1 AGAGAAGAAACUGGCUUACUCUUGCCUCUGAAAGCCCCAAAAGAAAUUAUUUUCUUAGAG 60
GQ153539.1 AAAGAACAGCUGCAAUUACUCAUGCCUCUUAAGGCACCAAAAGAAGUCACCUUCCUUGAA 60
KJ473812.1 AAGGAGCAGCUGCAACUACUCAUGCCUUUGAAGGCACCUAAAGAAGUCACUUUCCUUGAA 60
MK062184.1 AAGGAGCAGCUGCAACUACUCAUGCCUCUUAAGGCACCAAAAGAAGUAACCUUUCUUGAA 60
AY559083.1 AAGGAGCAGCUGCAACUACUCAUGCCUCUUAAGGCACCAAAAGAAGUAACCUUUCUUGAA 60
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MT072864.1 GGAGAAACUUUGCCUACAGAGGUACUUUCAGAAGAAGUAAU 101
MT121215.1 GGAGAAACACUUCCCACAGAAGUGUUAACAGAGGAAGUUGU 101
ID_11_BA.2.9 GGAGAAACACUUCCCACAGAAGUGUUAACAGAGGAAGUUGU 101
MG772934.1 GGAGAAACACUUCCCACAGAAGUGUUAACAGAGGAAGUUGU 101
GQ153539.1 GGAGAUGCACAUGAUACAGUACUAACCUCUGAAGAGGUUGU 101
KJ473812.1 GGAGACUCACAUGAUACAGUACUAAUCUCCGAAGAGGUUGU 101
MK062184.1 GGUGAUUCACAUGACACAGUACUUACCUCUGAGGAGGUUGU 101
AY559083.1 GGUGAUUCACAUGACACAGUACUUACCUCUGAGGAGGUUGU 101
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MFE -8.21 kcal/mol

p-value 2.5 x 10-3

MFE -8.18 kcal/mol

p-value 1.86 x 10-2
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MH687976.1 UACAAUGCUAGUAAAAAUGGAUGGCGAUGAUGUCUAUCUGCCAUAUCCUGACCCUAGUCG 60
MH687968.1 CACAAUGCUAGUUAAAAUGGAUGGUGACUAUGUUUACCUUCCCUACCCAGAUCCUUCUAG 60
JQ173883.1 CACAAUGCUAGUAAAGAUGGAUGGUGAUGAAGUCUACCUUCCAUACCCUGAUCCUUCGAG 60
AF208066.1 CACAAUGCUAGUAAAGAUGGAUGGUGAUGAAGUCUACCUUCCAUAUCCUGAUCCUUCGAG 60
MG518518.1 CACAAUGCUUGUAAAGAUGGAUGGGGACGAUGUCUAUCUUCCAUAUCCUGAUCCUAGUCG 60
LC061272.1 CACAAUGCUUGUAAAGAUGGAUGGUGAUGAUGUCUAUCUUCCAUAUCCUGAUCCUAGUCG 60
KY419113.1 CACAAUGCUAGUAAAGAUGGAUGGAGACGAUGUCUACCUUCCAUAUCCUGAUCCUAGUCG 60
KY419105.1 CACAAUGCUAGUAAAGAUGGAUGGAGACGAUGUCUACCUUCCAUAUCCUGAUCCUAGUCG 60
KY419104.1 CACAAUGCUAGUAAAGAUGGAUGGAGACGAUGUCUACCUUCCAUAUCCUGAUCCUAGUCG 60
JN874561.1 UACAAUGCUAGUUAAAAUGGAUGGUGAUGAUGUCUACCUUCCAUAUCCUGAUCCUAGUCG 60
EF065515.1 UACUAUGCUUGUGGACAUGAAAGGCGAGCAAGUUUACUUGCCAUACCCAGAUCCAUCUCG 60
JX993987.1 UACAAUGCUAGUUAAACAAGGAGAUGAUUACGUGUACCUGCCUUACCCAGACCCAUCAAG 60
MK062184.1 UACAAUGCUAGUUAAACAAGGAGAUGAUUACGUGUACCUGCCUUACCCAGAUCCAUCAAG 60
AY559083.1 UACAAUGCUAGUUAAACAAGGAGAUGAUUACGUGUACCUGCCUUACCCAGAUCCAUCAAG 60
KY770858.1 UACAAUGCUAGUUAAACAAGGAGAUGACUACGUGUACCUGCCUUACCCAGAUCCAUCAAG 60
KY417145.1 UACAAUGCUAGUUAAACAAGGAGAUGACUACGUGUACCUGCCUUACCCAGAUCCAUCAAG 60
KC881005.1 UACAAUGCUAGUUAAACAAGGAGAUGACUACGUGUACCUGCCUUACCCAGAUCCAUCAAG 60
DQ071615.1 UACAAUGCUAGUUAAACAAGGAGAUGACUACGUGUACCUGCCUUACCCAGAUCCAUCAAG 60
KJ473812.1 UACAAUGCUAGUUAAACAAGGAGAUGACUAUGUGUACCUGCCUUAUCCAGAUCCAUCAAG 60
KU182964.1 CACAAUGCUAGUUAAACAAGGAGAUGACUAUGUGUACCUGCCUUAUCCAGAUCCAUCAAG 60
GQ153539.1 CACGAUGCUAGUUAAACAAGGAGAUGAUUACGUGUACCUGCCUUACCCAGAUCCAUCUAG 60
MG772934.1 UACGAUGCUAGUUAAACAAGGAGAUGAUUAUGUGUACCUGCCUUAUCCAGAUCCAUCUAG 60
MT072864.1 CACUAUGCUAGUUAAACAAGGUGAUGAUUAUGUGUACUUGCCCUAUCCUGAUCCAUCACG 60
MT121215.1 UACAAUGCUAGUUAAACAGGGUGAUGAUUAUGUGUACCUUCCUUACCCAGAUCCAUCAAG 60
ID_11_BA.2.9 UACAAUGCUAGUUAAACAGGGUGAUGAUUAUGUGUACCUUCCUUACCCAGAUCCAUCAAG 60
KY673149.1 UACGCUUUAUAUUAAGGAUGGCGACGAUGGUUACUUCCUUCCUUAUCCAGACCCUUCAAG 60
MF593268.1 UACGCUUUAUAUUAAGGAUGGUGACGAUGGUUACUUCCUGCCUUAUCCAGACCCUUCUAG 60
MG596803.1 CACGCUUUAUAUUAAGGAUGGUGACGAUGGUUACUUCUUGCCUUAUCCAGAUCCUUCAAG 60
MG987421.1 UACGCUUUUUAUUAAGGAUGGUGACGAUGGUUACUUCCUGCCUUAUCCAGACCCUUCAAG 60
MH002340.1 UACACUUUUCAUAAAGGAUGGUGACGAUGGUUACUUCCUACCUUAUCCAGACCCUUCAAG 60
MN611519.1 UACGCUUUAUAUUAAAGAUGGAGACGAUGGUUACUUCUUACCUUAUCCAGACCCUUCUAG 60
MK907287.1 CACACUUCUUAUUAAAGAAGGAGAUGAUCACUACUUCUUACCUUAUCCAGACCCCUCAAG 60
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)...)).))...))))......)).))))...))))))...
MH687976.1 AAUUCUAGGAGCAGGCUGUUUUGUGGACGAUCUAUUAAAGA 101
MH687968.1 AAUAUUAGGAGCUGGGUGUUUUGUGGAUGAUUUGUUAAAGA 101
JQ173883.1 AAUCUUAGGAGCAGGCUGUUUUGUUGAUGAUUUAUUAAAGA 101
AF208066.1 AAUCUUAGGAGCAGGCUGUUUUGUUGAUGAUUUAUUAAAGA 101
MG518518.1 UAUAUUAGGAGCUGGAUGUUUUGUAGAUGAUUUGUUAAAGA 101
LC061272.1 UAUAUUAGGAGCUGGAUGUUUUGUAGAUGAUUUGUUAAAGA 101
KY419113.1 UAUAUUAGGAGCUGGAUGCUUUGUGGAUGAUUUGUUAAAGA 101
KY419105.1 UAUAUUAGGAGCUGGAUGCUUUGUGGAUGAUUUGUUAAAGA 101
KY419104.1 UAUAUUAGGAGCUGGAUGCUUUGUGGAUGAUUUGUUAAAGA 101
JN874561.1 UAUUCUAGGAGCUGGAUGUUUUGUAGAUGAUUUGUUAAAGA 101
EF065515.1 UAUAUUAGGAGCUGGUUGUUUUGUGGAUGACUUGCUGAAGA 101
JX993987.1 AAUACUAGGCGCAGGCUGUUUUGUUGAUGAUAUCGUCAAAA 101
MK062184.1 AAUAUUAGGCGCAGGCUGUUUUGUCGAUGAUAUUGUCAAAA 101
AY559083.1 AAUAUUAGGCGCAGGCUGUUUUGUCGAUGAUAUUGUCAAAA 101
KY770858.1 AAUAUUAGGCGCAGGCUGUUUUGUCGAUGAUAUUGUCAAAA 101
KY417145.1 AAUAUUAGGCGCAGGCUGUUUUGUCGAUGAUAUUGUCAAAA 101
KC881005.1 AAUAUUAGGCGCAGGCUGUUUUGUCGAUGAUAUUGUCAAAA 101
DQ071615.1 AAUAUUAGGUGCAGGCUGUUUUGUCGAUGAUAUUGUCAAAA 101
KJ473812.1 AAUACUAGGCGCAGGCUGUUUUGUUGAUGACAUCGUCAAAA 101
KU182964.1 AAUACUAGGCGCAGGCUGUUUUGUUGAUGACAUCGUCAAAA 101
GQ153539.1 AAUAUUAGGCGCAGGCUGUUUUGUCGACGACAUUGUCAAAA 101
MG772934.1 AAUAUUAGGCGCAGGCUGUUUUGUCGAUGACAUCGUCAAGA 101
MT072864.1 CAUUUUAGGCGCAGGUUGUUUUGUCGAUGACAUUGUCAAGA 101
MT121215.1 AAUCCUAGGGGCCGGCUGUUUUGUAGAUGAUAUCGUAAAAA 101
ID_11_BA.2.9 AAUCCUAGGGGCCGGCUGUUUUGUAGAUGAUAUCGUAAAAA 101
KY673149.1 AAUUUUGUCUGCCGGUUGCUUUGUAGAUGAUAUCGUUAAGA 101
MF593268.1 GAUAUUGUCUGCUGGUUGCUUUGUAGAUGAUAUCGUCAAGA 101
MG596803.1 GAUUUUGUCUGCUGGUUGCUUUGUAGAUGAUAUCGUUAAGA 101
MG987421.1 GAUUUUGUCUGCCGGUUGCUUUGUAGAUGAUAUUGUUAAAA 101
MH002340.1 AAUUCUGUCUGCCGGUUGCUUCGUCGAUGAUAUCGUCAAGA 101
MN611519.1 GAUUUUGUCUGCCGGUUGCUUUGUUGAUGAUAUCGUUAAAA 101
MK907287.1 AAUUUUGUCUGCUGGUUGUUUUGUAGAUGAUAUCAUUAAGA 101
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MFE -27.00 kcal/mol

p-value 1.36 x 10-17
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DQ071615.1 GUGACAACAGAUGUUUCAUCUUGUUGACUUCCAGGUUACAAUAGCAGAGAUAUUGAUUAU 60
JX993987.1 GUGACAACAGAUGUUUCAUCUUGUUGACUUCCAGGUUACAAUAGCAGAGAUAUUGAUUAU 60
GQ153539.1 GUGACAACAGAUGUUUCAUCUAGUUGACUUCCAGGUUACAAUAGCAGAGAUAUUGAUUAU 60
KY770858.1 GUGACAACAGAUGUUUCAUCUUGUUGACUUCCAGGUUACAAUAGCAGAGAUAUUGAUUAU 60
KY417145.1 GUGACAACAGAUGUUUCAUCUUGUUGACUUCCAGGUUACAAUAGCAGAGAUAUUGAUUAU 60
KJ473812.1 GUGACAACAGAUGUUUCAUCUCGUUGACUUUCAGGUUACAAUAGCAGAGAUAUUGAUUAU 60
KU182964.1 GUGACAACAGAUGUUUCAUCUCGUUGACUUUCAGGUUACAAUAGCAGAGAUGUUGAUUAU 60
AY559083.1 GUGACAACAGAUGUUUCAUCUUGUUGACUUCCAGGUUACAAUAGCAGAGAUAUUGAUUAU 60
KC881005.1 GUGACAACAGAUGUUUCAUCUUGUUGACUUCCAGGUUACAAUAGCAGAGAUAUUGAUUAU 60
MK062184.1 AUCUGGUCGCAUGUUUCAUCUUGUUGACUUCCAGGUUACAAUAGCAGAGAUAUUGAUUAU 60
MT121215.1 GUGACAACAGAUGUUUCAUCUCGUUGACUUUCAGGUUACUAUAGCAGAGAUAUUACUAAU 60
ID_11_BA.2.9 GUGACAACAGAUGUUUCAUCUCGUUGACUUUCAGGUUACUAUAGCAGAGAUAUUACUAAU 60
MG772934.1 GUGACAACAGAUGUUUCAUCUCGUUGACUUUCAGGUUACUAUAGCAGAGAUAUUAUUAAU 60
MT072864.1 GUGACAACAGAUGUUUCAUCUCGUUGACUUUCAGGUUACUAUAGCAGAGAUACUUAUUAU 60
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).))))...)))))((((((((.((....))))))))))..
DQ071615.1 CAUUAUGAAGACUUUCAGGGUUGCCAUUUGGAACCUUGAUA 101
JX993987.1 CAUUAUGAAGACUUUCAGGGUUGCCAUUUGGAACCUUGACA 101
GQ153539.1 CAUUAUGAAAACUUUCAGGGUUGCCAUUUGGAACCUUGACA 101
KY770858.1 CAUUAUGAGGACUUUCAGGAUUGCCAUUUGGAAUCUUGAUU 101
KY417145.1 CAUUAUGAGGACUUUCAGGAUUGCCAUAUGGAAUCUUGAUA 101
KJ473812.1 CAUUAUGAGGACUUUCAGGAUUGCCAUUUGGAAUCUUGAUG 101
KU182964.1 CAUUAUGAGGACUUUCAGGAUUGCCAUUUUGAAUCUUGAUG 101
AY559083.1 CAUUAUGAGGACUUUCAGGAUUGCUAUUUGGAAUCUUGACG 101
KC881005.1 CAUUAUGAGGACUUUCAGGAUUGCUAUUUGGAAUCUUGAUA 101
MK062184.1 CAUUAUGAGGACUUUCAGGAUUGCUAUUUGGAAUCUUGACG 101
MT121215.1 UAUUAUGAGGACUUUUAAAGUUUCCAUUUGGAAUCUUGAUU 101
ID_11_BA.2.9 UAUUAUGCGGACUUUUAAAGUUUCCAUUUGGAAUCUUGAUU 101
MG772934.1 UAUUAUGAGGACUUUUAAAGUUUCCAUUUGGAAUCUUGAUU 101
MT072864.1 UAUUAUGAGAACUUUCAAGAUUUCCAUUUGGAACCUUGAUU 101
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III. RNA based virus host prediction
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Give me your virus and I tell you the host

y\ŷ Avian Human Swine All
Avian 3207 49 13 3269
Human 6 4470 82 4558
Swine 9 10 849 868
All 3222 4529 944 8695

metric \ host Avian Human Swine All
accuracy 0.95
recall 0.99 0.95 0.94

precision 0.88 1.00 0.89
F1-score 0.94 0.97 0.93

Codon usage
y\ŷ Avian Human Swine All
Avian 5524 227 576 6327
Human 168 11314 1251 12733
Swine 25 800 995 1820
All 5717 12341 2822 20880

Dinucleotides
y\ŷ Avian Human Swine All
Avian 4294 1048 985 6327
Human 173 8376 4184 12733
Swine 17 630 6342 1820
All 4484 10054 6342 20880
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VIDHOP: VIrus Deep learning HOst Prediction

Examples: Influenza Virus A, Rabies Lyssavirus, Rotavirus
G1 select, preprocess and condense viral sequences with little information loss
G2 handle highly unbalanced data sets
G3 present the output userfriendly
Workflow:

Mock et al., 2020
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VIDHOP Input Data
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VIDHOP Divide and Preparation Data
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VIDHOP Deep learning
use information vs. overfitting

Bidirectional long short-term memory ∈ artificial recurrent neural network
Convolutional neural networks, 150 nodes
500 epochs
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VIDHOP Results

combination method
vs training setup

Standard Voting Mean Std-div ACC by
chance

AUC

LSTM rotavirus A, normal repeat gaps 85.83 87.50 86.67 87.50 16.67 98%
CNN+LSTM rotavirus A, random repeat 81.30 85.00 85.00 85.83 (6)
LSTM rabies lyssavirus, random repeat 74.02 79.21 80.00 80.00 5.26 98%
CNN+LSTM rabies lyssavirus, random repeat 71.98 77.11 77.63 77.63 (19)
LSTM influenza A, random repeat 44.20 47.85 49.18 49.29 2.04 94%
CNN+LSTM influenza A, normal repeat gaps 43.53 47.35 49.39 49.39 (49)
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Thank you!
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