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Chikungunya Virus (CHIKV)

•Family Togaviridae / genus Alphavirus; mosquito-borne (Aedes spp.) 

•Single-stranded (+) sense RNA virus 

• “Chikungunya” (Makonde language): “Disease that bend up the joints” 

•Chikungunya fever: febrile illness, arthralgia, rash, rarely causes hemorrhagic complications 

•Enzootic in tropical and subtropical regions of Africa 

•First outbreak described 1952 in Tanzania 

•No vaccine available
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Alphavirus Genome Organization

• Non-segmented, single-stranded, (+)-sense RNA genomes of 11-12kB length 

• Capped and polyadenylated 

• AV genomes appear to host cells as mRNA for immediate translation upon entry into the cytoplasm
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Part I: Phylogeography
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CHIKV Epidemic Spread

Fr
ick

m
an

n 
et

 a
l.,

 V
iru

se
s 

(2
01

9)

!6

Viruses 2019, 11, 550 2 of 8

often associated with temporary outbreak events [9], leading to temporally increased infection risks in
contrast to arbovirus infections such as dengue fever, with continuously increasing case numbers [7,8].
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Curaçao; 9. Saint Martin; 10. Puerto Rico; 11. Jamaica. Arrows with year dates indicate global spread 

of CHIKV as described by Young, 2018 [7]. Map colorings show infestations of countries and areas 

with relevant arthropod vectors according to Rezza and Weaver, 2019 [8]. Information on CHIKV 

lineages were adapted from Weaver and Lecuit, 2015 [4]. Map template source: Petr Dlouhý, 

Wikimedia Commons. 
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CHIKV transmission can be monitored at the Centers of Disease Control and Prevention [9]. 

Chikungunya fever disease is associated with elevated body temperature, rash, and severe, often 

long-lasting polyarthralgia [10,11] with considerable impact on soldiers’ health and ability to fulfil 

their duty on deployment. Persistent synovitis as described for a US soldier deployed to Central 
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This narrative minireview concentrates on and summarizes experiences of international military 

medical services with the epidemiology of chikungunya infections in deployed personnel and 

Figure 1. Countries or regions with chikungunya virus (CHIKV) endemicity and/or outbreaks mentioned
in this review in the order of appearance (black dots and numerals 1–11). 1. Réunion; 2. Malay
Archipelago; 3. Makonde/Tanzania; 4. Thailand; 5. Vietnam; 6. Southern Sudan; 7. Belize; 8. Curaçao;
9. Saint Martin; 10. Puerto Rico; 11. Jamaica. Arrows with year dates indicate global spread of CHIKV
as described by Young, 2018 [7]. Map colorings show infestations of countries and areas with relevant
arthropod vectors according to Rezza and Weaver, 2019 [8]. Information on CHIKV lineages were
adapted from Weaver and Lecuit, 2015 [4]. Map template source: Petr Dlouh˛, Wikimedia Commons.

Accordingly, apart from the impact on local populations as well as on travelers, CHIKV also poses
a threat to soldiers or peace-keeping forces who are deployed in areas of endemicity and exposed due
to their professional outdoor activity. Up-to-date maps of areas of autochthonous CHIKV transmission
can be monitored at the Centers of Disease Control and Prevention [9]. Chikungunya fever disease is
associated with elevated body temperature, rash, and severe, often long-lasting polyarthralgia [10,11]
with considerable impact on soldiers’ health and ability to fulfil their duty on deployment. Persistent
synovitis as described for a US soldier deployed to Central America may occur [12]. In line with
the symptoms, the term “chikungunya” is derived from the term “kungunyala” of the Makonde
language, meaning “to become contorted” [1,13]. The early symptoms of chikungunya fever are
clinically indistinguishable from other febrile tropical virus infections such as dengue fever [11]. This
circumstance makes di↵erential diagnosis rather challenging, since on-site surveillance in the field on
deployment requires sophisticated mobile diagnostic equipment or high-level host nation support.

Certainly, CHIKV is not the only viral agent with potentially harmful e↵ects on the health of
deployed soldiers. Basically, deployed soldiers are exposed to the same infection risks as civilian
travelers or deployed civilian health care workers, with transmission routes ranging from smear
infections, like in the case of viral gastroenteritis, to viral infections transmitted by stings, bites, or
droplets from arthropods or other animals or human-to-human infections including sexually transmitted
viral diseases [14,15]. Only a few viral infection risks associated with traveling or deployments are
vaccine preventable, such as the arthropod-borne yellow fever and Japan B encephalitis, tick-borne
encephalitis, as well as rabies or hepatitis A and B infections [16].

This narrative minireview concentrates on and summarizes experiences of international military
medical services with the epidemiology of chikungunya infections in deployed personnel and preventive
approaches for the deployment situation. The literature review was based upon PubMed/Medline



Updated CHIKV Phylogeny

• 590 CHIKV genomes 

• iq-tree / SH-aLRT
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CHIKV Phylogeography ECSA-IOL
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CHIKV Phylogeography ECSA-MASA
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Conserved RNAs in Viral 3’UTR: ZIKV
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Conserved RNAs in Viral 3’UTR: ZIKV
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5' 3'
ΨDBSL1 SL2 DB 3'-SL

• Accumulation of short flavivirus RNA (sfRNA) upon infection 

• Stable decay intermediates produced by partial exoribonuclease degradation 

• Xrn1 is efficiently stalled at conserved xrRNA structures

EXCURSION



Conserved RNAs in Viral 3’UTR
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• Accumulation of short flavivirus RNA (sfRNA) upon infection 

• Stable decay intermediates produced by partial exoribonuclease degradation 
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Abstract: Untranslated regions (UTRs) of flaviviruses contain a large number of RNA structural
elements involved in mediating the viral life cycle, including cyclisation, replication, and
encapsidation. Here we report on a comparative genomics approach to characterize evolutionarily
conserved RNAs in the 30UTR of tick-borne, insect-specific and no-known-vector flaviviruses in silico.
Our data support the wide distribution of previously experimentally characterized exoribonuclease
resistant RNAs (xrRNAs) within tick-borne and no-known-vector flaviviruses and provide evidence
for the existence of a cascade of duplicated RNA structures within insect-specific flaviviruses.
On a broader scale, our findings indicate that viral 30UTRs represent a flexible scaffold for evolution
to come up with novel xrRNAs.

Keywords: flavivirus; non-coding RNA; secondary structure

1. Introduction

Flaviviruses are small, single-stranded positive-sense RNA viruses that are typically transmitted
between arthropod vectors and vertebrate hosts. They are endemic in tropic and sub-tropic regions
and represent a global health threat, although humans are considered dead end hosts in many cases.

The genus Flavivirus within the Flaviviridae family comprises more than 70 species, which are
organized into four groups, each with a specific host association: Mosquito-borne flaviviruses (MBFVs)
and tick-borne flaviviruses (TBFVs) spread between vertebrate (mammals and birds) and invertebrate
(mosquitoes and ticks) hosts, whereas insect-specific flaviviruses (ISFVs) replicate specifically in
mosquitoes and no-known-vector flaviviruses (NKVs) have only been found in rodents and bats,
respectively. This natural host-range-based classification is in good agreement with sequence-based
phylogenetic clustering, mainly because all flaviviruses share a common genome organization [1].
Conversely, epidemiology, disease association [2] and transmission cycles [3] are fundamentally
different among different flavivirus groups.

Emerging and re-emerging MBFVs such as Dengue virus (DENV), Japanese encephalitis virus
(JEV), West Nile virus (WNV), Yellow fever virus (YFV) or Zika virus (ZIKV) are the causative agents
of large-scale outbreaks that result in millions of human and veterinary infections every year [4].
Likewise, tick-borne encephalitis virus (TBEV), Powassan virus (POWV) and other members of the
tick-borne serocomplex are neuropathogenic agents that cause a large number of infections every year,
resulting in a massive incidence increase since the 1970ies [5]. Consequently, much research effort has
gone into studying MBFV and TBFV biology, biochemistry and phylogeny [6]. The two remaining
groups, ISFVs and NKVs, however, have received limited attention in the research community, mainly
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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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RNA Covariation as Evolutionary Trait
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USUV.10 CCACGGCUCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72
USUV.11 UCACGGCCCAAGCGAACAGACGGUGAUGCGA-ACUGUUCGUGGAAGGACUAGAGGUUAGAGGAGACCCCGUGG 72

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

C
C
A
C
G
G

CC

C
AA

GCGAACAG
A

C
GGU

G
A
U
G
C

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

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

f types of pairs:
1 2 3 4 5 6

allowed pairs:

incompatible
pairs in column

0

1

2

A-U
U-A

G-C
C-G

G-U
U-G



• 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)

!19

RNA Covariation as Evolutionary Trait
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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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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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KSIV|264-335 UAUGAAGGCCCCUGGAG--AGAUCCAGG-AGGGGGGAGAGAGGAAAAUUGGCAGCCUCUCUCAGGAGAUUUC--CUC 72
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RNA Covariation as Evolutionary Trait

C
C
A
C
G
G

CC

C
AA

GCCAUGAG
A

_
G_U

G
A
U
G
U

G A _
A
C U 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

GC

G

((((((((...((((((((..............))))))))....))......((((......))))))))))
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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RNA Covariation as Evolutionary Trait
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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

~ 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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RNA Covariation as Evolutionary Trait
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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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RNA Covariation as Evolutionary Trait
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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

.........10........20........30........40........50........60........70......
Seq. Conservation:
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RNA Covariation as Evolutionary Trait
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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

.........10........20........30........40........50........60........70......
Seq. Conservation:

Y1

allowed pairs:

incompatible
pairs in column
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RNA Covariation as Evolutionary Trait
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((((((((...((((((((..............))))))))....))......((((......))))))))))
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

~ 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:
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RNA Covariation as Evolutionary Trait
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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

~ 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

.........10........20........30........40........50........60........70......
Seq. Conservation:

Y1

allowed pairs:

incompatible
pairs in column
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RNA Covariation as Evolutionary Trait
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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

~ 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:
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RNA Covariation as Evolutionary Trait

((((((((...((((((((..............))))))))....))......((((......))))))))))
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

.........10........20........30........40........50........60........70..
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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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CHIKV 3’UTR: Sequence Repeats

!31FIG. 2. Schematic representation of repeated sequence elements (RSE) and lengths of 39-NTRs of 35 alphaviruses (adapted from Strauss and
Strauss, 1994). Both the lengths of the repeats and the overall lengths of the 39-NTRs have been drawn to scale. The downward-pointing arrow
indicates the stop codon of the structural protein gene region. Different types of shading indicate repeats of unique sequence. Repeats consisting
of two or three distinct motifs are indicated by different types of shading. The open triangles preceding the poly(A) tail indicate the highly conserved
19-nt sequence.

105THE 39-NTRs OF ALPHAVIRUSES

Pfeffer et al., Virology (1998) 
Repeat Sequence Elements



CHIKV 3’UTR: Sequence Repeats

!32FIG. 2. Schematic representation of repeated sequence elements (RSE) and lengths of 39-NTRs of 35 alphaviruses (adapted from Strauss and
Strauss, 1994). Both the lengths of the repeats and the overall lengths of the 39-NTRs have been drawn to scale. The downward-pointing arrow
indicates the stop codon of the structural protein gene region. Different types of shading indicate repeats of unique sequence. Repeats consisting
of two or three distinct motifs are indicated by different types of shading. The open triangles preceding the poly(A) tail indicate the highly conserved
19-nt sequence.

105THE 39-NTRs OF ALPHAVIRUSES

Chen et al., PLoS Pathog. (2013)  
Lineage-specific Direct Repeats (DRs)

Pfeffer et al., Virology (1998) 
Repeat Sequence Elements (RSEs)



CHIKV 3’UTR: Sequence Repeats

!33

Chen et al., PLoS Pathog.(2013) 
Lineage-specific Direct Repeats (DRs)

Pfeffer et al., Virology (1998) 
Repeat Sequence Elements (RSEs)

Do they form RNA structures ?



CHIKV 3’UTR

!34

WA

ECSA-IOL

ECSA-MASA

AUL-Am

AUL-As

AUL-Cbn

• 110 full length CHIKV 3’UTRs 

• Variable length (510nt — 930nt) 

• Structural alignments + Covariance models 

• Thermodynamic modelling based on ViennaRNA Package



CHIKV 3’UTR: Conserved RNA Structures
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(((((((((.........)))))))))
KF318729.1/688-714 GAGAUGUUAUUUUGUUUUUAAUAUUUC 27
KT327163.2/862-888 GAGAUGUUAUUUUGUUUUUAAUAUUUC 27
JF274082.1/472-498 GAGAUGUUAUUUUGUUUUUAAUAUUUC 27
KY038946.1/472-498 GAGAUGUUAUUUUGUUUUUAAUAUUUC 27
AY726732.1/540-566 GAGAUGUUAUUUUGUUUUUAAUAUUUC 27
MF001517.1/685-707 GAGAUGUUAUUUUGUUUUUAA----UC 23

.........10........20......

Conserved Sequence Element (CSE)
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AUL-Am

AUL-As

AUL_Cbn

Y-a CSE

Y-a CSE

Y-a CSE

Y-a Y-b CSE

Y-a Y-b CSE

Y-a Y-b CSE

CHIKV 3’UTR: Conserved RNA Structures
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.(((((((.....(((......((((.....)))).(((...((((...)))).....))).......)))...))))))).
KY038946.1/363-444 CGGAAGAGAUGUAGGUACUUAAGCUUCCUAAAAGCAGCCGAACUCACUUUGAGAUGUAGGCAUAGCAUACCGAACUCUUCCA 82
KF318729.1/395-476 CGGAAGAGAUGUAGGUACUUAAGCUUCUUAAAAGCAGCCGAACUCGCUUUGAGAUGUAGGCGUAGCACACCGAACUCUUCCA 82
MF001517.1/392-473 CGGAAGAGAUGUAGGUACUUAAGCUUCUUAAAAGCAGCCGAACUCGCUUUGAGAUGUAGGCGUAGCACACCGAACUCUUCCA 82
KT327163.2/569-650 CGGAAGAGAUGUAGGUACUUAAGCUUCUUAAAAGCAGCCGAACUCGCUUUGAGAUGUAGGCGUAGCACACCGAACUCUUCCA 82
KF318729.1/580-660 UGGAAGAGACGUAGGUAC-UAAGCUUCUUAAAAGCAGCCGAACUCACUUUGAGAUGUAGGCAUAGCAUACCGAACUCUUCCA 81
MF001517.1/577-657 UGGAAGAGACGUAGGUAC-UAAGCUUCUUAAAAGCAGCCGAACUCACUUUGAGAUGUAGGCAUAGCAUACCGAACUCUUCCA 81
KT327163.2/754-834 UGGAAGAGACGUAGGUAC-UAAGCUUCUUAAAAGCAGCCGAACUCACUUUGAGAUGUAGGCAUAGCAUACCGAACUCUUCCA 81
JF274082.1/363-444 CGGAAGAGAUGUAGGCACUUAAGCUUCCUAAAAGCAGCCGAACUCACUUUGAGAAGUAGGCAUAGCAUACCGAACUCUUCCA 82
AY726732.1/431-512 GAGAAGAGACGUAGGUAUUUAAGCUUCCUAAAAGCAGCCGAACUCACUUUGAGACGUAGGCAUAGCAUACCGAACUCUUCCA 82

.........10........20........30........40........50........60........70........80.
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CHIKV 3’UTR: Conserved RNA Structures

Stem-loop a (SL-a)
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.((...((((.((((..((.....(.(((.(....).))).).))...)))).))))...))
KF318729.1/3-64 UGACAACUAGGUAUGAAGGCAUACGCGUCCCUAAAGAGACACACCGCAUAUAGCUAGGAAUC 62
MF001517.1/3-64 UGACAACUAGGUAUGAAGGCAUACGCGUCCCUAAAGAGACACACCGCAUAUAGCUAGGAAUC 62
KT327163.2/3-64 UGACAACUAGGUAUGAAGGCAUACGCGUCCCUAAAGAGACACACCGCAUAUAGCUAGGAAUC 62
JF274082.1/3-64 UGACAAUUAAGUAUGAAGGUAUAUGUGUCCCCUAAGAGACACACUGUACAUAGCAAAUAAUC 62
KY038946.1/3-64 CGACAACUAAGUAUGAAGGUAUAUGUGUCCCCUAAGAGACACACUGUACAUAGCUAAUAAUC 62
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CHIKV 3’UTR: Conserved RNA Structures

Stem-loop b (SL-b)
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..(((((((((((.(....).)))))...))))))....
KF318729.1/171-209 AGGUAUAUGUGUCCCCUAAGAGACACACCAUAUAUAGCU 39
MF001517.1/168-206 AGGUAUAUGUGUCCCCUAAGAGACACACCAUAUAUAGCU 39
KT327163.2/168-206 AGGUAUAUGUGUCCCCUAAGAGACACACCAUAUAUAGCU 39
KT327163.2/345-383 AGGUAUAUGUGUCCCCUAAGAGACACACCAUAUAUAGCU 39
JF274082.1/149-187 AGGUAUACGUGUCCCCUAAGAGACACAUUGUAUGUAGGU 39
KY038946.1/149-187 AGGUAUACGUGUCCCCUAAGAGACACAUUGUAUGUAGGU 39
AY726732.1/184-222 AGGUAUAAGUGUCCCCUAAGAGACACAUUGUAUGUAGGU 39
AY726732.1/54-92 AGGUAUAUGUGCCCCUUAAGAGGCACAAUAUAUAUAGCU 39
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CHIKV 3’UTR: Conserved RNA Elements
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CHIKV-Cbn Accessibility
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CHIKV 3’UTR Overview
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CHIKV 3'UTRs

AUL-Cbn specific duplication
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Summary
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SL-a UR SL-b UR UR SL-Y CSE

SL-a UR SL-b UR UR SL-Y CSE
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500 9007000 250

CHIKV 3'UTRs

AUL-Cbn specific duplication

• Lineage-specific non-coding RNA architecture 

• Conclusive mapping of RSEs / DRs to structured and unstructured regions 

• Individual lineages show varied replication potential in mosquito / vertebrate cells 

• CHIKV 3’UTR stem-loops do not stall exoribonucleases 

• A-rich unstructured repeats are likely sponge RNA-binding proteins like HuR 

• Whether or not miRNAs are encoded needs to be established
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Chikungunya virus (CHIKV), a mosquito-borne alphavirus of

the family Togaviridae, has recently emerged in the Americas

from two originating continents, Asia and Africa. Historically,

CHIKV circulated as at least four lineages worldwide with both

enzootic and epidemic transmission cycles. To understand the

recent patterns of re-emergence and the current status of the

CHIKV spread, updated analyses of the viral genetic data and

metadata are needed. Here, we performed phylogenetic and

comparative genomics screens of CHIKV genomes, taking ad-

vantage of the public availability of many recently sequenced

isolates. Based on these new data and analyses, we derive a

revised phylogeny from full open reading frame nucleotide se-

quences. Within this phylogeny we propose the presence of sev-

eral distinct lineages in Africa which were once considered a sin-

gle lineage. In parallel, we performed thermodynamic modeling

of CHIKV untranslated regions (UTRs). This work revealed

evolutionarily conserved RNA structures, in particular in the

3’ UTR. We provide evidence for the duplication of non-coding

RNAs (ncRNAs) in recently emerged American isolates of the

Asian CHIKV lineage and propose the existence of lineage-

specific duplicated ncRNAs in different CHIKV lineages.
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Introduction
Chikungunya (CHIKV) is a mosquito-borne virus that be-
longs to the Alphavirus genus, which encompasses mainly
arthropod-borne viruses (arboviruses), and is believed to have
a marine origin (1, 2). The first isolation of CHIKV was
in 1952 in the Newala district of Tanganyika, a British ter-
ritory that is now part of Tanzania (3, 4). CHIKV has
caused multiple outbreaks in all continents except Antarc-
tica, most recently in Europe and Central and South America,
totalling several dozen countries (5–8). CHIKV infects mul-
tiple human tissues, causing a febrile illness, which is typi-
cally characterized by myalgia, polyarthralgia, polyarthritis,
and rashes (9). Several vaccine candidates are currently in
preclinical or clinical development (10).
CHIKV had not been associated with life-threatening symp-
toms before an outbreak in 2005 on La Réunion island off
the East African coast (11), which demonstrated a drastic ex-
pansion of the disease spectrum. In La Réunion and after,
higher morbidity has been associated with CHIKV infection,
including neurological issues, such as visual and hearing loss,

paralysis, Guillain Barré Syndrome (GBS) and renal com-
plications (9, 12, 13). Recent mutations that change protein
structure have been attributed to increased infectivity and out-
breaks as the virus becomes better adapted to vector mosquito
species, for example A. albopictus, the only suitable agent for
transmission in La Réunion island (14). Species of the Aedes
genus, in particular A. albopictus, A. aegypti, and A. polyne-
siensis, are immune carriers of CHIKV, capable of transmis-
sion to humans (15).

Chikungunya phylogeny. CHIKV is a virus for which four
major lineages have been proposed: Asian Urban (AUL), In-
dian Ocean (IOL), East, Central and South African (ECSA),
and West African (WA) (16, 17). Despite these notions, the
origin and the history of how CHIKV spreads inside of Africa
remains elusive. This gap in our understanding is due to un-
dersampling and the presence of confounding factors such as
co-circulating Dengue and Yellow Fever viruses, which make
use of serology data difficult. The presence of CHIKV in syl-
vatic mosquitoes, such as Aedes africanus, Aedes furcifer and
A. taylori, and non-human primates in Uganda and Tanzania
suggests that the virus may have originated in Central or East
Africa (5). While the AUL has historically been constrained
in Southeast Asia, there have been recent outbreaks in the
Americas (14). The IOL, circulating in India and surround-
ing regions, has being mainly restricted to cause outbreaks
in South and Southeastern Asia although it has caused recent
outbreaks in Europe. The WA lineage is entirely isolated.
Research indicates that the sylvatic, enzootic cycle endured
by non-human primates and mosquito vectors is the predomi-
nant transmission cycle of CHIKV in Africa, whereas in Asia
an urban cycle characterized by mosquito-human-mosquito
transmission dominates viral spread (18). Volk et al. (19) ob-
served distinct nucleotide substitution rates between enzootic
and urban CHIKV transmission cycles. These data suggest
that the transmission dynamics of the two cycles are distinct.
This distinction is possibly due to the differences in the ex-
trinsic incubation time in various hosts. Transmission events
from the sylvatic cycle cause human epidemics in the urban
cycle (15).
The ECSA lineage has had a unique history as it gave rise
to the IOL. ECSA has also been identified by genotype in a
recent outbreak in Brazil (8, 19). The vast territory in Africa,
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