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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
O encapsidation. Here we report on a comparative genomics approach to characterize evolutionarily
cnsenreiter, oracker an oitfinger BRSO e e,

) ") - ") J =ee Our data support the wide distribution of previously experi i i
resistant RNAs (xrRNAs) within tick-borne and no-known-vector flaviviruses and provide evidence

u for the existence of a cascade of duplicated RNA structures within insect-specific flaviviruses.
" On a broader scale, our findings indicate that viral 3'UTRs represent a flexible scaffold for evolution
- to come up with novel xrRNAs.
Keywords: flavivirus; non-coding RNA; secondary structure
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1. Introduction

are small, singl ded positi 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 (MBEVs)
and tick-borne flaviviruses (TBFVs) spread between vertebrate (mammals and birds) and invertebrate

(mosquitoes and ticks) hosts, whereas i pecifi iruses (ISFVs) replicate sp in

itoes and tor flaviviruses (NKVs) have only been found in rodents and bats,
respectively. This natural host-range-based ion is in good with sequence-based
phylogenetic clustering, mainly because all flaviviruses share a common genome organization [1].
Conversely, epidemi disease association [2] and ission cycles [3] are

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-bore 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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a Tick-borne flaviviruses

................ KAMV *

o KFDV 1 T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

L. ALKV {  TxrRNA2 T.SL6 xrRNA-like Flavi_CRE

NEGY —— S — (- »

R TxRNAT | VI S WY Fiavi GRE |
SGEV —— TN BTV S S TR Fiev CRE

— - TBEV —/~ 300 nt T.xrRNA1 T.SL6 T.xrRNA2 TSL6  xrRNA-like Flavi_CRE

——~--OHFV I T.xrRNA2 T.SL6 xrRNA-like Flavi_CRE

....... LGTV S TxRNA2 TSL6  xrRNA-iike Flavi_CRE
........ DTV —m—| T.xrRNA2 T.SL6 xrRNA-like Flavi CRE
.......... POWVW T.xrRNA2 ) xrRNA-like Flavi_CRE
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types of pairs:

2 4 5 6

d s e e n)))n> ...... 1)) ...F
SGEV|261-306 CCCCCC 'Cﬁ:lc | GACAAGGCCGAACII CCAAAGGGGAG-G

TBEV|532-577 CCCCCU- UGAUAAGGCCGAAC UGAAAGGGGAG-G

46
46
LIV|268-312 CCCCCC-GCCCCAUGACAAGGCCGAAC GIAGIAUUAAAGG -GAG-G 33 0

LGTV|339-381 ccccuu—lcslc GAGAAGGCCGAACUGGGCGU-—--UAUAAGGAG-G incompatible

OHFV|179-222  CCCCCC- ' UG-GAAGGCCAAACAUGGUGEAUG-AAGCGARA-G 41 airs in column 1 . . . .
KFDV|164-204  CCAAAA- AGAGAAGGCCGAACUGGGAGGCC————— AUGAA-G 41 p

ALKV|165-205 CCAAAG—ICUICIIGAGAAGGCCGAACIIGIAGICC ————— AUGAA-G 41

DTV |248-294 CAAAAGI ICIIG—GAAGGCUCACCIIG!GU GGCCAUUCUAGAG 47 2

POWV|249-293  CCAAAAG G-GAAGGCUCACC GGCCGUU-UAG-G 45

TYUV|341-386 CUUUC--CAUGAGAGGAGACGGUCAACUCUCAUGGAACAAGAAGACCG 46

NEGV|129-174 CCCCCCCUGGCCAGAAAAAGGGGGGGCAAACAGGCC—-AGGCGUGAAG 46

KSIV|233-270  CUGAC---CAUCECU-CAAGGCCGAGUBGGAUGC—————~— GUAUGAAG 38 . A-U G-C G-U

Seq. Conservation:

e A (CCCC . COCCCCCCCCaeaa))))))))
POWV|291-361 CAUAA---
DTV |290-354 U CAUAA---
LGTV|377-449 G GGGAAACC
TBEV|573-645 G GCACGCU
SGEV|300-372 G GCACGCU
LIV|306-378
KSIV|264-335

) ..

Seq. Conservation:
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a Classic Insect-specific flaviviruses

------ CLBOV

............ MECDV [JEV Taipin]

— KRV IxRNAT]/~ 250 nt/—ERAC N R/~ 300 nt/ERE-
.  TERRRRRE AEFV/ —/~300nt | xrRNA1 xrRNA-like xrRNA-like ISFV.3SL

——-CFAV
~-PaRV ——— NxRNA | [ NxRNA |——— N.xrRNA xrRNA-like xrRNA-like ISFV.3SL
L oeriiirenes OCFVPT—m_*
e CxEV IRa " IRa | [ 1Ra | [ 1Ra |

e QBV [ Ra | [ Ra iR iRe iR HERED
L eaem—— MSFV iR Ra ] Re | [ iRa
b3
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Repeat element a (I.Ra)
(((ene- CCCCOCCCC e ))) -

b CxFV, QBV, MSFV

3 46

46
\ 41
5 42
2 50
5 51
53
5 45
56

CxFV|66-111

CxFV|185-230
CxFV|298-338 ‘ 3

CxFV|[418-459 ABC----GCA-————————
QBV|56-1 - -
OBV |155

QBV|301-
QBV|431-475

| Jo)
@
@

o) J

\BGGCGCACAGGAUCGAGUAU

o
0.0
O
0.0

O
O

ey
T“ug
g,
an,
Tag,
“ay
"aa,
"aa,
aa,
"aa,
“ay
"

OOC<>r
1
OOIT/IVC

00
Yo
C
®,,°

LooPCor»oc<o<
. 1 11

Q0O HC<®

- > T

QBV|535-590
MSFV|56-105
MSFV|155-205
MSFV|[301-355
MSFV|433-477

CxFV
CxFV
CxFV

|113-159 -C

|231-276 CC

| 339-384
CxFV|460-508
QBV|206-250
QBV|354-398
OBV |[476-526
MSFV|206-250
MSFV|356-400
MSFV|478-528

Seq. conservation

CC
CC
CC
CC
CcC
CC
CC

AAAGCUGGAC--GCU-~~-

)

C

C

e f ¢

05 f 5 -8 ABCU

-205 sGGUGUGUGUUU--CAC--GC S8A ‘ I
353 ; 3 SBA QU

E

C

C

C

GGGUUU————
GAGUUA----

ACGUGUGCAU--CAC--GU

3 HHGUGG ACGAC! ‘

)))
\

ce)))))) ) )
CCACG GA
UCAGG GA
CCAUG GARG-GC
CCGAC GAARG-GC
CCGUG
CCGUG
CCGA
CCGUG
CCGUG

CAARG-GC
GABG-GC

GCHTGCHTGCHZG
¢
()
Q

3'SL

5' —— P —————

Repeat |
(CxFV only)
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Repeat Il

Repeat Il

Repeat IV
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PaRV xrRNA-like element

U@
d PaRV S % e (e e (e 1))) e ((((eeenaenennn ))))))))
oy PaRV| 175 530 -— A AG UUU—— - G———UUU A UC 22
ol® 151-106 c GC G l G CACGCUC 56
» PaRV - — CAGCAGAGCU—---- ——-AUUCACGCU
chfse g0y PaRV|270-329  -- —AUC CAACAG UUAUGH.A— G---CCUCACGCAC 60
5 Gece® ‘e Parv|365-427  -- —--UUU GAACGAC UAAGU UB--GAGC-—-GACACUCC 59
G, Sesd, PaRV|490-549  -UGHGCA----- CAACAAlﬁic:UAAc::-A UG- -AGUAGCGUC 59
G-c®  TCGT L 100 eeeena200een... 30, ..., 40. ... .... 50, ...
Y=-@
0-0 Seq. conservation
O=0
ox2 __.l_LJ|.J|-I..J.l_.lhljil_JhiluilIL_l...l.l._
o=@
-0
0-0 . N.xrRNA N.xrRNA N.xrRNA xrRNA-like | | xrRNA-like 3'SL 3
B 28 T e ——
5'-". Elements 1,2,3: NKV-xrRNA like Elements 4,5: xrRNA like
€ KRv, AEFV, CFAV
I.xrRNA1 CCCLUC I (L )))) >>) I.xrRNA2 ((((( AR (((( ......... >>)) )))
CFAV|53-88 CAUGACGAA AEFV|520-555 CCUGACGAA
KRV |[199-234 CAUGACGCA CFAV|139-174 UUA CGUGACGCA
AEFV|382-417 AUA CCUGACGAC KRV |795-830 CCUGACGCA
Seq. conservation II-J-LIIIIILI.I-III.I Seq. conservation Iﬂl--J-.-ILIIIHIIILIJ
.u G Ac .U G Ac
CG :3 cG g
~ . ~
S = A 5| | xrRNA | xrRNA2 3'SL | xrRNA2 3'SL 3
uCs uCs
fRUE T &MY ¢ (KRV only)
ARYAC,_ U O YAC._®
G=C G-.
5. G=C 5.G-C
|.XrRNA1 |.XrRNA2
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a Dual-host affiliated Insect-specific flaviviruses
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b JEV_hairpin JEV_hairpin Flavivirus_DB Flavi_CRE 3'
: (EPEV only) :

S

-------------
---------------
......................................
----------------
--------

C EPEV|10-64  AAAAAGUEMBGECAGAAAA-—-—-- c -C 55 ¢ R
EPEV|92-139 AAAGAGUBEBEBGCECGAGAA--—-——-—- C -G 48 c-G
oOR CHAOV|36-88  UGAGAGUEEBEEECU--AAA----- C :,;; AUGAUA-GUAGAC 53 G=0
G LAMV|34-86  UGGGAGUEEBEBGEECU--AAA----- CBBCGG-AUGAUA-GUAGAC 53 cUAG 0-0°F1
15 U NHUV|78-139 CAGGAUGAAACCUBSCHEBCUCUAUGGAAGCUAAGU -G 62 A ° %6 [
A A DONV|22-81 CUCACGAAUGUGABSCHEEEG-GAUGGGA-CUAGA GC-G 60 ©G& Gg 0-0f F
o) R MMV |51-110 CUCAAGACAUUGABBCHESCG-GAUGGGA-CUAGA GC-G 60 e® e /! JUAg °-0
O=R BJV|68-128 C-GGCUUAUGCUUBSCEBBUCUAUGGAAACUAGGEG 61 0,78 1 @@° G-CTCAL A —rsj
-0 NANV|61-116  AUGAAGUEBEMEBEECUU-AAG----- CEBECGUAUGAGA-CUAUC 56 oR8 s Le®" oco AGG o-o
-0 NOUV|61-115  ACGAAGUMMEBGECCU-AAC----- C UUAAGAUG CUAAA 55 ®"r% ARL -t -
C=G o eeeeeeen 1002000 30 40l 00 e \é e® 5'-9_YR.0R0. a=y
A=U Seq. Conservation: G C)O c @
_030-0 ...IIIHI..J-._JIILJI..LI-.lllhl.nJ g o iS
G=C G:Y
5 U CCCCCCCCCCCC D)) ) e (e 1)))))))) e &%
®~ ~C-G CHAOV|131-206 GGG CAU -UGEBGUACUAGC CCAARAAU 76 o-o
@CR=-vY LAMV |131-206 GAG UGC G-CABGUACUAGC UCAARAAU 76 s
G=C NHUV |250-323 AGU GCG G-GCBGGACUAGU CUGCUGAG 74 U-A
A=U DONV |[141-221 GGG GAU CUCBGGACUAUC CCAAARAU A
C=G MMV |171-251 CUCBGGACUAUC CCAAARAC U-A
UG-y NANV | 200-27% GACUAG UCAUUAUU g g o-o
. = NOUV | 293-34 -ACUAG —————————— -
5-@@RRA° RRO | .
Seq. Conservation: é-:
R=Y
0=0
EPEV|214-316 | CAGUAU i 103
CHAOV | 227-325 1 CAGCGC } 99
LAMV |227-326 j C CAGCAC GAAAAA { 100
NHUV | 345-449 : CAGAGC i 105
DONV |244-342 CAGAGC | I 99
MMV |274-372 CAGAGC | 99
NANV|[294-395 | CAGAGC 1 102

e Consenatn -ﬂllJ“l-l.-.-lJ-.lll..I.-.l-.l -_-llll-H-L_l-ﬂ-_l_luﬁ-l

michaelwolfinger.com Figure from doi:10.3390/v11030298



a Tick-borne related NKVs

......... RBV N.xrRNA E -
MMLV TS FavicRe |
- - MoDV—{ R o
~APOTV—  NxRNA DB-like NXrRNA Flavi_CRE
b 5! N.xrRNA Flavivirus DB Flavi CRE 3!
(]

YR_F:(G (RBV only) o E“R vve
G=C A G o sYR Ra-e®
:::A YU\;.G .OO-OO OC¢E§
S LN °70 R
SR St S L S
"og-co" 0%%eeG c Cn_ 04 s ROO oo
R=Y 0000 W LLAaR Y R-v"Og s O o6
36 § Tohe®® ®a-cO 2V 0.0 os
Goy 0ot ®"ec -y o-U oR e:2
® Y Y=R -0 v-@
‘o-0° -0 e o :-e
-0 -0 -0 -0
-0 -0 -G V]

R-Y 5-rvY Yoee® Aoy Eioc

g AU -V LD

-0 E:EYA
59" =

€ Mosquito-borne related NKVs, TABV, CLuV
«-CLuV Flavi_CRE
TABYV—— NxRNA N.xrRNA *
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DB-like
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ALKV |84-149

((.

(CCCCCeeeee(

(CCCCa ..
AC-GACGAA-CUGUGGCAGCACAECAUU-

--UGBUG-AC

l

NKV xrRNA

@O
o ©O Y Up
"~v () Ge
S2 Q..Y Ry
‘.-'. ..jR::’
F‘~.\/ /3 Ab(iq
RY‘R S3 .. ;.CC
(@) o) C
() OO
L1 A ORGGRO" Oy
C oV R o %
CCY L3 °-0
.G-Y. ® YR e-o
-0 R@® s-e000° %00
R=Y
-0
o-0 oS
o o
- ~G
Sl -0 RC ACG OAR.
@-0 Ao ETES
@-Y Gg-chA Ccco U
@-0 Y=g Yec
=Y U-A
. R=Y
generic XxrRNA R_C
oo
50" Yo

2))))) ..

TBFV xrRNA1

GCUGGUCGCU

APOIV|13-83
DTV|36-104
DTV|168-231
KFDV|83-1
KSIV|11-7
KSIV|145-2
LGTV[120-1
251
LIV|49-11
LIV|181
LIV|306-378
MMLV|50-112
MODV | 22-84
NEGV|46-110
NEGV|184-254
OHFV|92-162
PaRV|51-106
POWV|36-106
POWV|169-232
RBV|55-117
SGEV|36-100
SGEV|175-245
SGEV|300-372
TABV|[111-171
TABV|[27-92
TBEV|445-515
TBEV|310-374
TYUV|268-325

48
5
16
88
LGTV =322
3
51

8
1
1
1
2
9
81-2
0

5

Seq. conservation

AA-GCGCCUGGAGAGCGACCUUGBACUGUGGGGGUCCA-~~
CA-GGGGGUGAUGUGGCAGCGCALCCA ACA-UC
CC-GACCUAC-UGCGGCAGCACA
AC-GACGAA-CUGUGGCAGCACACCAUU
GA-GGGGCA-CACUGGCAACACACCA-U-
CU-GGACGC-AGGCGGCAGCACACCAUUAACAUCGGUG-AC
AA-UGGUGGGAUGCGGCAACGCALGAGGC----UCGUG-AC!
AG-GGCGCA-UUCCGGCAGCACACCAGUGAGAGUGGUG-AC!
CA-UGGAAUGAUGCGGCACGGCGEGA CAGCG-AC
AG-AGUGCA-CCACGGCAACACGECAGUGAGAGUGGCG-AC]
AG-GGAGG-CCCCCGGAAGCAUGCUUCCGGGAGGAGGGAAG,
—--AUGCGAGUGAGGGCAACUCUGGGAUU~-~-AGCU -
—--AGAGUGUUGAGGGCAACCAGUGGGCU--AGCCACA---
CA-UGGAAUGGUGCGGCAGCGCGEAG
AG-AGUGCA-CCACGGCAGCACGECAGUGAGAGUGGCG-AC

CUUUGGCGG--CAGCAGGAGAUUU----UCUCC

AG-GGUGCC-AAACGGCAACACGECAGUGAGAGUGECG-AC

CA-GGGGAUGGUGUGGCAGCGCA! -CGACA-UCBUG-AC
CU-GGCCCAG-UGCGGCAGCACACU CAGUG-AC!
---CGGUGCUGAGGGGCAACUCUAGGACU-~AGCCUAA~-~-~
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