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ABSTRACT Flaviviruses include a diverse group of medically important viruses that

cycle between mosquitoes and humans. During this natural process of switching

hosts, each species imposes different selective forces on the viral population. Using

dengue virus (DENV) as model, we found that paralogous RNA structures originating

from duplications in the viral 3=untranslated region (UTR) are under different selec-

tive pressures in the two hosts. These RNA structures, known as dumbbells (DB1 and

DB2),were originally proposed to be enhancers of viral replication. Analysis of

viruses obtained from infected mosquitoes showed selection of mutations that

mapped in DB2. Recombinantiruses carrying the identi“ed variations con“rmed

that these mutations greatly increase viral replication in mosquito cells, with low or

no impact in human cells. Use of viruses lacking each of the DB structures revealed

opposite viral phenotypes. While deletion of DB1 reduced viral replication about 10-

fold, viruses lacking DB2 displayed a great increase of “thess in mosquitoes, con“rm-

ing a functional diversi“cation of these similar RNA elements. Mechanistic analysis

indicated that DB1 and DB2 differentially modulate viral genomeyclization and

RNA replication. We found that a pseudoknot formed within DB2 competes with

long-range RNA-RNA interactions that are necessary for minus-strand RNA synthesis. Citation de Borba L, Villordo SM, Marsico FL,

Our results support a model in which a functional diversi“cation of duplicated RNA garbal,ledaJM’ AT C2y sl He,
allarés HM, Lequime S, Lambrechts L, Sanchez

elements in the viral 3=UTR is driven by host-speci“c requirements. This study pro- Vargas |, Blair CD, Gamarnik AV. 2019. RNA

vides new ideas for understanding molecular aspects of the evolution of RNA viruses  structure duplication in the dengue virus 3=

. . . UTR: redundancy or host speci“city? mBio
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he Flavivirusgenus includes a large number of emerging and reemerging human

pathogens that are transmitted by arthropods, including dengue (DENV), Zika
(ZIKV), yellow fever (YFV), and West Nile (WNV) viruses. Dengue is the most prevalent
arthropod-borne viral disease around the world. It is endemic in more than 100
countries, with about 390 million infections each yearlj. In 2016, Latin America faced
the worst DENV and ZIKV epidemics, and since 2017, YFV became, once more, a threat
for South America, despite the existence of an effective live attenuated vaccir®.(

The DENV genome is a single-stranded RNA molecule of positive polarity that
contains a great deal of information in RNA structures that function as signals to
enhance, suppress, or promote viral replication (for review, see referer®e Natural
sequencevariations in these RNA structures can be determinants for viral epidemio-
logical “tness, pathogenesis, host adaptation, and transmission between mosquitoes
and humans @...10). Although a great deal has been learned in the last decades about
how these RNA signals function during "avivirus infections, little is known about their
molecular mechanisms of action.

The DENV 5e untranslated region (UTR) includes two essential elements for genome
replication: (i) the promoter for RNA synthesis, known as stem-loop A (SLA), and (ii)
cyclization sequences that mediate long-range RNA-RNA interactioh&)( The general
organization of the DENV 3=UTR is similar to that in other "aviviruses, containing
essential elements for viral replication, and accessory RNA structures that participate in
both modulating viral processes and controlling host antiviral responses (for review, see
reference12). An intriguing feature of the 3=UTRof "avivirus genomes is the evolu-
tionary conservation of sequence repeats and duplicated RNA structuré&8(14). In the
caseof DENV, the 31JTR contains two almost identical stem-loop structures (SLI and
SLII), two similar dumbbell elements (DB1 and DB2), an essential small hairpin (sHP),
and the 3=stem-loop (3=SL) common to all "aviviruses 15...21). The two pairs of
duplicated RNA elements (SLI-SLII and DB1-DB2) acquire stable secondary structures,
including pseudoknot (PK) interactions that have the ability to stall genome degrada-
tion (22, 23). In DENV infections, SLI and SLII are responsible for the generation and
accumulationof noncoding viral RNAs as products of incomplete genome degradation,
known as subgenomic "avivirus RNAs (sfRNAS), 24). These sfRNAs play important
rolescounteracting antiviral responses in mosquito and human cell2%...28; for review,
seereferencesl19, 29, and 30).

Thebiological signi“cance of maintaining two almost identical RNA structures in the
3=UTR of "aviviruses is enigmatic. Redundant functions, as replication enhancers, were
proposed for the two DB elements 31, 32). However, predictions of distinct folding
intermediatesof DB1 and DB2 suggested possible distinct function82). Interestingly,
an extensive pan-"avivirus sequence analysis proposed that repeated motifs and
duplications were associated with the viral evolutionary process of acquiring multiple
hosts (for review, see referenc@3). More recently, experimental data obtained studying
the function of the duplicated SLs in DENV supported a model in which RNA duplica-
tion allows the virus to accommodate mutations bene“cial in one host (mosquitoes)
but deleterious in the other (humans), conferring robustness during host switching).

Previousstudies have determined other requirements for different viral RNA struc-
tures for DENV replication in the two hosts5, 34...36). These observations raised
important questions regarding the mechanisms by which viral RNA structures work in
mosquitoes and humans and about the implications of the genetic variations in the=3
UTR in host adaptation, transmission, and pathogenesis. In this regard, in regions of
endemicity and hyperendemicity, cocirculation of different DENV genotypes or sero-
types can lead to strain displacements, often associated with different transmission
kinetics and clinical outcomes37...40), highlighting the relevance of understanding the
reasonsfor genome sequence variability in natural settings. Interestingly, sequence
variability at the 3« UTR of DENYV isolates was recently correlated with distinct epide-
miological “tness @).

Here, using DENV as a model, we found that each of the duplicated DB RNA
structures in the viral 3¢ UTR is under different selective pressures in adult mosquitoes.
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Function of Duplicated Dumbbells in the DENV Genome

Sequence analysis of DENV RNA populations showed adaptive mutations mapping in
only one of the two DB structures. Using recombinant viruses with the identi“ed
mutations, a great advantage for viral replication in mosquito cells was associated with
alterations in the DB2 sequence. Mechanistic analysis indicated that the two DB
elements differentially regulate genome cyclization, which is a conformation required
for viral RNA synthesis. We previously showed that sequences within DB1 hybridize
with a region present in the capsid coding sequence, promoting genome cyclization
(34). Now, we present experimental evidence showing a competition between a
sequenceat the top loop of DB2 and a core cyclization element for tertiary interactions.
Our data support a model in which superimposed sequences involved in local RNA
structures and long-range RNA-RNA interactions regulate different viral RNA confor-
mations that are relevant for infection. Although we experimentally worked with DENV,
these overlapping RNA signals were found in the genomes of all mosquito-borne
"aviviruses (MBFV), suggesting a widely conserved mechanism. We conclude that the
duplicated DB structures present in the DENV 3+ UTR have redundant activities in both
hosts but evolved divergent sequences with host speci“c functions. These results
provide new ideas that shed light on "avivirus evolution and host adaptation.

RESULTS

DENV adaptive mutations associated with mosquito infection. To study the
signi“‘cance of DENV 3«-UTR variability in host adaptation, we sequenced viral RNA
populations obtained from infected Aedes aegyptand Aedes albopictusnosquitoes.
Extracts from pools of “veA. albopictusmosquitoes 14 days postinfection (dpi) were
used for titrations and to infect fresh mosquitoes (passage 1 [P1pig. 1A). Viruses
obtained from the second passage were harvested at 14 dpi (P2). Genomes from the
original stock (input) and viral genomes obtained in P1 and P2 from two independent
experiments were used for 3e--UTR amplicon sequencing by next-generation sequencing
(NGS) and cloning. We searched for mutations that were absent in the input population
but showed increased frequencies from P1 to P2. Four mutations with increased
frequencies were detected above the threshold of 0.5% of the populatiorFig. 1A).
Thesemutations (delG284, delG287, A289G, and InsC345) mapped in the DB2 structure
(Fig. 1B). Although mutations were also detected in DB1, no positive selection on any
of them was observed from P1 to P2Kig. 1A). Because there is a special interest in
understanding the function of RNA structure duplication in "avivirus genomes, and a
deletion speci“cally introduced into DB2 results in attenuation of promising DENV
vaccine candidates41,42), we further investigated the biological signi“cance of these
nucleotide variations.

To evaluate the relevance of the variants selected in mosquitoes, recombinant
viruses carrying the identi“ed point mutations were designed in the context of a
reporter DENV infectious cDNA clone, and replication was tested in a mosquito cell line.
Mutant viral RNAs were transfected along with a wild-type (WT) RNA and a replication-
defective control with a mutation in the polymerase NS5. Viral replication was assessed
by measuring luciferase activity as a function of timeF{g. 1C). The virus with the
insertion InsC345, which debilitates formation of the PK that stabilizes DB2d. 1B),
showeda 4-fold increase in luciferase expression with respect to WT virus. The mutants
with the other three mutations, delG284, delG287, and A289G, which alter DB loop and
DB stability, had between 2- and 3-fold increased viral replication with respect to WT.

We conclude that mutations positively selected in adult mosquitoes that affect DB2
structure result in enhanced RNA replication in mosquito cells. Therefore, we used this
model to understand mechanistic aspects and functions of the adaptive mutations.

Distinct evolution of the two DB elements present at the 3 =UTR of DENV
isolates. Based on the selection of advantageous mutations in mosquitoes in one of
the two DBs, we examined the evolutionary relationship between the duplicated RNA
structures in different DENV serotypes. To this end, we employed a tree alignment
model algorithm, RNAforester 43), to compute pairwise alignments between DB
secondarystructures folded according to previous biochemical and covariation analy-
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FIG 1 DENV adaptive mutations associated with replication in mosquitoes. (A) (Left) Experimental design
of DENV adaptation in adult mosquitoes. (Right) Mutations identi“ed in the input and passages P1 and
P2. Red stars indicate mutations that showed increased frequencies from P1 to P2. (B) Location of
adaptive mutations in the viral 32JTR. The secondary structures of the two DBs are shown. Nucleotide
variations are indicated in red. (C) Replication of recombinant reporter DENVs carrying the identi“ed
mutations. The plot shows viral replication measured by luciferase activity as a function of time post-RNA
transfection into mosquito cells. The luciferase values (in arbitrary units [a.u.]) are meanstandard
deviations (representative results of three independent experiments).P  0.05;*** P  0.001.

ses. Results from individual comparisons were used to generate a similarity matrix that
was plotted in dendrograms using UPGMA (the unweighted pair group method using
average linkages)Kig. 2A). This method allows determination of the relative similarity
between two models of secondary structures by estimating the number of changes
necessary to convert one structure to another. Thus, it was possible to determine how
similar two structures are, independent of their sequence identity. The results indicate
that the DB1 elements from different DENV serotypes are more alike between them
than DB1 and DB2 from the same serotypé-ig. 2A). The same observation was valid
for DB2, supporting a divergent evolutionary path and specialization of each structure
after duplication.

The sequence conservation of the two DBs was also analyzed using different
genotypes of all four DENV serotypes. A conservation analysis per site for each structure
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FIG 2 Sequence and structure analysis of the two DB elements. (A) Fan dendrogram indicating the distance of DB structures from different DENV
serotypes. The corresponding circle plot for each sequence is shown with arcs denoting base pairs. (B) Comparison of the natural sequence
variability of DB1 and DB2 for different DENV2 genotypes. Asian | genotype was used as a reference. Variability of the DB sequences is indicated
in red. The size bar indicates number of nucleotide substitution per site.
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showed 75% and 63% identity for DB1 and DB2, respectively. For example, in the case
of DENV2, a higher sequence variability of DB2 was observed when genotypes from
different geographic regions were comparedKig. 2B). In this analysis, an Asian |
genotype was used as a reference and compared to Cosmopolitan, American, Asian-
American, Asian I, Sylvatic African, and Sylvatic Asian genotydag.(2B). The obser-
vation that DB2 displays more sequence variation than DB1 within the same serotype
suggests that the two paralogous RNA elements are under different selective pressures
in nature, which could be associated with the selection observed in mosquitoes
(Fig. 1A).

Contrasting functions of the two DB RNA structures during DENV replication.

The “nding that DB2 displays more natural sequence variation than DB1 in different
DENYV isolates and that adaptive mutations in mosquitoes mapped to DB2 suggested a
possible diversi“cation of functions of the duplicated RNA structures. To examine
this possibility, we designed deletions of each or both DB structures in mutated
genomes andevaluated viral replication in mosquito cells. Viral RNA from the mutants
(DENV DB1, DENV DB2, and DENV DB1-Eify. 3A]) or controls was transfected into
mosquito cells, and replication was assessed as a function of time. DENV DB1 showed
about 10-fold reduction in luciferase expression by 72 hpk{g. 3B), in agreement with
previousobservations (34). However, deletion of DB2 resulted in about 8-fold increased
viral replication with respect to WT virus. These results were unexpected because until
now the DB elements were considered enhancers of viral replication. In addition,
deletion of both DB structures ( DB1-2) resulted in a near-lethal phenotype, with a
reduction of viral replication of more than 100-fold Fig. 3B), indicating that although
deletion of DB2 enhanced replication, the lack of both DB structures showed a
synergistic negative effect on viral “tness. These results indicate that the duplicated
RNA elements bear opposite functions during viral infection in the mosquito, but
certain structural elements are redundant, and at least one copy is necessary (essential)
for viral replication. The phenotypes were con‘rmed by deleting each of the DB
elements in a DENV2 infectious clone and evaluating viral RNA accumulatibig( 3C)
and production of infectious particles (Fig. 3D). The results indicate that deletions of
DB1lor DB2 display opposite effects on DENV RNA accumulation in mosquito cells and
deletion of both RNA structures greatly reduced viral RNA synthesidd. 3Cand D).

Toevaluate whether the phenotype observed with DENVs carrying DB deletions was
host speci“c, the mutant viral RNAs and controls were transfected into A549 human
cells. The deletion mutants DENV DB1 and DENV DB2 showed a subtle but signi“cant
reduction or increase of viral replication, respectivelyrig. 3E). Although deletion of
each DB impacted replication in the same manner as that observed in mosquito cells,
the magnitudes were markedly different. The deletion of both DBs ( DB1-2) reduced
viral replication in human cells about 400-fold, supporting the idea of the requirement
for at least one copy for viral replication. Together, the results indicate a diversi“cation
of functions of the two homologous RNA structures that is host speci“c in magnitude
(Fig. 3F). In addition, at least one copy of a cruciais-actingsignal that is duplicated
appears to be required in both hosts.

The duplicated SL and DB structures in the 3¢ UTR of "aviviruses are capable of
stalling genome degradation by the 5=-exonuclease XRN1 that results in sSfRNA accu-
mulation (22). To evaluate whether deletion of DB2 could result in alteration of STRNA
accumulation,we analyzed their production in transfected cells by Northern blotting. In
this regard, as previously reported, the replication of viruses with SL2 deletions resulted
in the generation of shorter species of sfRNAs (Fig. 3G), which was associated with
increased‘tness in mosquitoes but a reduction of “tness in human cellsg). DENV DB2
generateda large amount of the expected sfRNA, which differed in size from the WT
sfRNA1 by 70 nucleotides (nt), due to the deletiorF{g. 3G). DENV DB1 produced a
similar sSfRNA1e, but in very small amounts associated with lower levels of viral genome
accumulation (Fig. 3G). The results suggest that viruses that lack either of the DB
elementsretain the ability to halt genome degradation at SLI.
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FIG 3 Divergent functions of the two DB structures. (A) Schematic representation of the DENV genome showing the RNA structures
in the 5=and 3=UTRs. (B and E) Replication of DENV reporter mutants carrying deletions of individual DBs ( DB1 and DB1) or both
(DB1-2) in mosquito and human cells, respectively. Plots shoRenillaluciferase activity as a function of time post-RNA transfection.

(C and D) Replication of WT DENV or mutants with DB deletions, using the original infectious DENV2 16681 clone. Luciferase values
are means standard deviations (representative results from three independent experiments). (C) RNA accumulation. The plot
indicates number of viral genome copies as a function of time in mosquito cells. (D) Production of infectious particles is expressed
as PFU/ml. (F) Impact of the deletion of each DB on viral replication in mosquito and human cells. (G) Accumulation of sfRNAs in
mosquito cells. Shown is a Northern blot using a radiolabeled probe that recognizes the viral RNAJFR. Different sSfTRNA species

are indicated on the left (sSfRNA1-4 and sfRNA1=). (H) Schematic representation of the del30 deleted sequence in DB2 and infectious
particles produced in mosquito cells (top) and replication of the DENV del30 reporter mutant in mosquito and human cells along
with the WT. Luciferase values are means standard deviations (representative results from three independent experiments). (1)
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Asterisks indicate different sizes of SfTRNA1 because of the DB deletions. The plot on the right shows the ratio of sSfRNA to gRNA for
each mutant.
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FIG 4 Mutually exclusive local and long-range RNA interactions. Shown is a schematic representation of
linear and circular conformations of the DENV genome. Cyclization elements are indicatedari-3=UAR
(blue), 5=and 3=CS (purple), 5and 3=DAR (gray), and C1-DB1 (red) in both structures (top linear and
bottom circular). DB2 is indicated in green. In boxes, the sequences of pseudoknot (PK-IV) that overlap
the 3=CS are shown for both forms,linear (PK-IV) and circular (5=-8S).

A deletion within DB2 is an attenuating mutation of a live vaccine candidate, DENV
delta30 (del30), which is currently in advanced clinical trialdZ). Because our obser-
vations support the idea that deletion or speci“c mutations in this structure enhance
DENV2 replication in mosquitoes, we examined the replication of DENV2 del30 in
mosquito and human cells. Full-length RNAs of the WT and del30 mutant were
transfected, and viral replication was evaluated. Interestingly, the del30 mutated ge-
nome showed about 2-fold reduction of replication with respect to WT virus in both cell
types, measured by reporter virus replication and infectious particles produced in
mosquito cells Eig. 3H). Because del30 replication in human cells was shown to
produce a defective ratio of sSfRNAs to viral genomet4), the ratio of these viral RNAs
were analyzed in infected mosquito cells using the del30 mutant and viruses with the
complete deletion of each of the DB elements. Due to the different replication kinetics
of the DB mutants, cells were infected with different multiplicities of infection (MOI) and
harvested at different times after infection to obtain suf‘cient amounts of viral RNA,
and the ratio of sSfRNA to genomic RNA (gRNA) was estimated for each virus using
speci“c radiolabeled probes Fig. 3l). This analysis indicated that del30 displays a
signi“cant reduction of sfRNA production in the infected mosquito cell. In addition, a
reduction of this ratio and the detection of an uncharacterized small RNA (sfRNAx) were
observed with the DB1 mutant (Fig. 3I).

Theresults support the idea that, although certain mutations or complete deletion
of DB2 result in increased viral replication in mosquito cells, del30 in the context of
DENV2 RNA is slightly attenuated in these cells, as had been observed earlier for vaccine
candidates inAedessp. mosquitoes 45, 46).

Mutually exclusive structures due to overlapping sequences in DB2-PK and 3 =
CS modulate viral RNA replication. To investigate the mechanism by which DB2
modulates viral replication, we analyzed the elements known to govern DENV RNA
synthesis. The sequence at the top loop of DB2 forms a PK that stabilizes the RNA
structure, but this PK includes nucleotides within the essentiak8onserved sequence
(3=CS) Fig. 4). This CS is complementary to the=&S,and the long-range RNA-RNA
interaction 5=-3€S is an essential cyclization element for DENV RNA replicatRin47).
The two secondary structures, local DB2-PK and long-range-8=CS, are mutually
exclusive: one is present in the linear form of the viral genome and the other in the
circular form, respectively Kig. 4). Thus, we hypothesize that the DB2-PK structure
modulates genome cyclization.
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FIG 5 DB2 sequence negatively regulates genome cyclization. (A) Immuno”uorescence of mosquito cells
transfected with RNA from WT and recombinant viruses carrying the mutations Mut Cyand Mut Cyc in

the 5=-34JAR sequence, as indicated. (B) Schematic representation of mutations identi“ed in the recovered
viruses. In the case of Mut Cyg the location of the mutations in linear and circular forms of the RNA is
shown. In the case of Mut Cyc, the location of mutations in the circular form is shown, indicating both the
complementary region and disruption of DB2 PK. (C) (Left) Design of mutation to disrupt the DB2 PK
(MutPK). (Right) Replication of DENV reporter mutants in mosquito cells. Luciferase activity measurements
as a function of time are shown for each case. The luciferase values are meanstandard deviations
(representative results from three independent experimentsy*, P 0.01.

We have previously shown a tight regulation of the equilibrium between circular
and linear forms of the genome for viral infectivity and analyzed hundreds of DENV
mutants that disrupted/restored genome cyclization in mammalian cell$48). To ex-
amine the possible involvement of DB elements in modulating cyclization in mosquito
cells, we tested mutant DENVs in which the equilibrium between linear and circular
forms of the genome was drastically displaced, expecting a stronger selective pressure
than in human cells. The mutants used, Mut Cycor Mut Cyc , increase or decrease
complementarity between the ends of the viral genome, respectivelyF{g. 5A). Viral
RNAswere transfected into mosquito cells, and propagation was evaluated by immu-
no”uorescence as a function of time. Both Mut Cyc and Mut Cyc RNAs were
replication impaired; however, 16 days after transfection, replicating viruses were res-
cued from cell cultures Fig. 5A). For sequencing the genomes of recovered viruses, RNA
was isolated, the viral genomes were circularized by end-to-end ligation after decap-
ping, and both the 5=and 3=ends of the same genome were sequenced in single
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amplicons. The main revertant virus from cells transfected with Mut Cytiad a mutation
that (i) reduced by 1 bp the upstream AUG region (UAR) complementarity (reducing
cyclization) and (ii) increased stability of the 3SL by 1 bp (increasing stability of the
linear form) Fig. 5B). Interestingly, revertant virus from Mut Cyeransfected cells had
two point mutations that (i) reformed a base pair in UAR, increasing cyclization, and (ii)
introduced one mutation in the top loop of DB2, disrupting the PK interaction that
competes with cyclization Fig. 5B). This pseudorevertant virus with a mutation dis-
rupting DB2-PK that compensates for reduced cyclization was particularly informative.
This observation links a local RNA structure with long-range interactions.

In order to con“rm our hypothesis that formation of the PK of DB2 competes with
genome cyclization and negatively regulates viral RNA replication, a recombinant virus
was designed impairing formation of the PK (Mut-PK=ig. 5C]). This mutant RNA was
transfectedalong with controls into mosquito cells, and replication was evaluated as a
function of time. Disruption of the PK resulted in about 10-fold increased viral repli-
cation, showing a similar phenotype to that observed with the DENV DB2 mutant
(Fig. 5C). These results support a role of the DB2-PK on genome cyclization, providing
apossible explanation for the selection of mutations in mosquitoes that destabilize this
structure.

Mapping 3=UTR mutations identi“ed in a previous intrahost study with DENV1-
infected mosquitoes. An intrahost diversity study inAedes aegyptnosquitoes infected
with DENV1 has recently been reported. This work investigated viral population ex-
pansions after the initial infection, shown to be randomly founded by a few tens of
viruses 49). Deep sequencing of viral genomes obtained from midgut and salivary
glands of individual mosquitoes at different time points postinfection identi“ed a
number of single nucleotide variants (SNVs). Here, we analyzed the original data
focusing on viral 3=-UTR SNVs that reached frequencies above 10% in the mosquito
organs. Eleven such SNVs were found and mapped to the predicted RNA structures
(Fig. 6). In SLI, one mutation was detected in a variable element, while in SLII, the
identi“ed mutation disrupted the RNA structure. This observation is in agreement with
previous host adaptation studies that showed increased “tness in mosquitoes of DENV
with mutations disrupting speci“cally SLII ). Within DBI and DBII elements, 2 and 6
mutations were identi“ed, respectively. One mutation in DBI mapped to a bulge, and
the other mapped to the top loop, maintaining or even enhancing PK interaction (a UG
base pair was replaced by a CGFif. 6B). In DBII structure, from the six mutations
identi“ed, three did not change the predicted RNA structure, one partially opened the
stem, and the other two directly disrupted PK formation. These two substitutions
occurred at each side of the PK, in the top loop and in the sequence downstream of
DBII Fig. 6B). Interestingly, this last mutation, located in the only nucleotide of the PK
that is outside the 3=-CS sequence (position 1063d. 6B]), was almost “xed in the
entire viral population in a midgut sample (99.2%), consistent with a replication
advantage of a viral genome that released the competition between PK and long-range
RNA-RNA interaction.

Although the adaptive nature of these mutations has not been directly tested, this
study supports the concept that mutations in DBII disrupting PK interaction may
provide a viral “tness advantage in the mosquito. It also shows that this type of
variations can spontaneously arisén vivo and increase in frequency in the viral
population in mosquitoes.

Conserved overlapping RNA signals in MBFV genomes. Taking into account that
cyclization of the viral genome is a common feature of all "aviviruses, we also analyzed
the relative distribution of the DB structures and cyclization signals in different "avivirus
3=UTRs. MBFVs include a large number of human pathogens that are divided into

seven groups: the DENV group (DENVG), Japanese encephalitis group (JEVG), YFV group
(YFVG), Kokobera virus group (KOKVG), Aroa virus group (AROVG), Ntaya virus group

(NTAVG), and Spondweni virus group (SPOV&R)( The 31JTRof all these viruses bears
a conserved DB structure, and in most, the structure is duplicateBig. 7). Exceptions
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FIG 6 Mapping single nucleotide variations in the viral 38 TR from intrahost analysis in DENV1-infected mosquitoes (A)
Distribution along the viral 3=UTR of mutations identi“ed in an intrahost analysis using. aegyptimosquitoes. The plot
represents the frequency of mutations identi“ed indicated in they axis and the position in a reference DENV1 genome
(GenBank accession n¢1G316481) shown in thex axis.Colors indicate each of the de*ned RNA structures along the 3=
UTR, as indicated on the right. Sequence variations detected in viruses included in the blood meal are also shown in the
plot by open circles and on the right, indicating the position, nucleotide change, and frequency for each case. For SNVs
detected in several samples, only the highest frequency is indicated. (B) Location of the mutations identi“ed with

frequencies above 10% on the secondary structure of the DENV1LBER. As a reference DENV1, GenBank accession no.

HG316481was used. Arrows indicate the position of the substitutions, including the frequency, the nucleotide change, and
the source,midgut (MG) or salivary gland (SG). The green circle indicates a mutation found at a frequency of 99% that
disrupts DB2-PK formation.

are members of the YFVG and members of the SPOVG (including Zika virus). In these
two cases, the single DB is preceded by a pseudo-DB ( DB, lacking conserved DB
structural blocks), but forming a PK with sequences downstream of the DB structure
(Fig. 7). An interesting feature in MBFV 83 Rss the distinct distribution of the PKs that
stabilize the two DB elements. In most cases, formation of both PKs results from pairing
of sequences present in the top loops of the DBs with unstructured sequences located
downstream of DB2. In contrast, in the four DENV serotypes, DB1 PK is formed with
sequences located upstream of DBFg. 7). Interestingly, analysis of cyclization signals
in each case indicates that, regardless of the location of the PKs, in all MBFVs analyzed,
sequences involved in genome cyclization €CS) overlap PK sequences that stabilize
DB2 Fig. 7). This conserved property shared among all MBFVs supports a regulatory
role of overlapping sequences with contrasting functions in the viral B3UTRs. Special
attributes were observed in RNA structures present in the YFV genome. In this case,
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FIG 7 Conserved distribution of DB PK and cyclization elements in the genomes of mosquito-borne "aviviruses (MBFVs). Dumbbell structures of selected viruse

from each subgroup of MBFV are shown. Locations and complementary bases that form PKs are indicated in blue. YFV and ZIK\DBswith PKs that are
indicated in gray. Complementary sequences between the &nd 3=ends of the genome that involve DB PKs are shown (5=k3eractions). Estimated®values

show the reliability of indicated long-range RNA-RNA interactions, which were compared with a randomly sampled alignment. The distance tree was drawn

using the neighbor-joining method of all complete genome sequences for each virus available in GenBank.

both PK sequences (stabilizingDB and DB structures) overlap cyclization elements,
suggesting an additional function of the DB element in regulating genome confor-
mation of this particular virus.

DISCUSSION

In these studies, we found that paralogous viral RNA structures originating from
duplicationsin the 3=UTR of "avivirus genomes are under different selective pressures
in different hosts. The data support the hypothesis that duplicated DB elements,
present in most MBFV genomes, conserve redundant functions, but also have evolved
divergent host-speci“c activities that modulate viral RNA replication. Our work provides
mechanistic details by which DB structures regulate viral genome conformation by
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