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Abstract

How do segmented RNA viruses correctly recruit their genome has yet to be clarified. Bluetongue virus is a double-stranded RNA virus with
10 segments of different sizes, but it assembles its genome in single-stranded form through a series of specific RNA-RNA interactions prior to
packaging. In this study, we determined the structure of each BTV transcript, individually and in different combinations, using 2’-hydroxyl acylation
analysed by primer extension and mutational profiling (SHAPE-MaP). SHAPE-MaP identified RNA structural changes during complex formation
and putative RNA-RNA interaction sites. Our data also revealed a core RNA-complex of smaller segments which serves as the foundation
("anchor’) for the assembly of a complete network composed of ten ssRNA segments. The same order of core RNA complex formation was
identified in cells transfected with viral RNAs. No viral protein was required for these assembly reactions. Further, substitution mutations in the
interacting bases within the core assemblies, altered subsequent segment addition and affected virus replication. These data identify a wholly
RNA driven reaction that may offer novel opportunities for designed attenuation or antiviral therapeutics.
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Introduction

Genome selection and packaging are fundamental processes
in virus life cycles that are crucial to produce new infectious
particles. For single-stranded RNA (ssRNA) viruses, it is com-
monly accepted that genome selection is initiated through a
specific interaction between viral proteins and the genomic
RNA. The discrimination between cellular and viral RNA is
achieved by recognition of well-defined cis-acting RNA se-
quences or structures within the viral genome (1-8). An addi-
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tional challenge arises for RNA viruses with multi-segmented
genomes, where genome packaging requires the incorpora-
tion of at least one copy of each segment to ensure of the
progeny particles are infectious. For viruses with segmented
ssRNA genomes, such as the eight-segmented Influenza virus,
each RNA segment interacts individually with nucleocapsid
proteins before or during genome packaging (9-12). How-
ever, the precise packaging mechanism remains unclear, al-
though it likely involves RNA-protein, protein-protein and
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RNA-RNA interactions. For viruses with segmented double-
stranded RNA (dsRNA) genomes, the mechanism must differ
since dsSRNA segments are not packaged but are synthesised
within a procapsid by the viral polymerase from ssRNA tem-
plates that are already packaged (13,14). Current data sug-
gests specific ssSRNA structures and intermolecular interac-
tions are likely to guide the assembly of a packaging compe-
tent ssSRNA complex that is subsequently selected into capsid
structures (15-17).

To elucidate the RNA-RNA interactions and packaging
mechanisms for dsRNA viruses, we used Bluetongue virus
(BTV), a segmented dsRNA virus, as a model virus. BTV is an
animal pathogen and is the prototype of the Orbivirus genus
(29 related serogroups; 140 members) in the family Reoviri-
dae (15 distinct genera), which consists of viruses that infect a
wide range of hosts including humans (e.g. rotavirus), animals
and plants (18). All members are nonenveloped viruses with
icosahedral capsids, made up of concentric protein layers. A
unique feature of this family members is that their genomes
are multipartite dsSRNAs (up to 12 segments), the replication
and packaging of which remains subject to investigation.

For BTV, the outer capsid is made up of VP2, the cell sur-
face binding protein, and VPS5, the cell membrane penetration
protein. Both proteins are attached directly to the next layer,
made up of VP7, which forms the outer layer of the inner cap-
sid. Underneath the VP7 layer is another layer formed by VP3,
which surrounds the viral polymerase complex (PC) of three
enzymatic proteins, VP1, VP4 and VP6 and the genome of ten
RNA segments (S1-510). BTV RNA segments vary in sizes
(3.95-0.8 kb), but each shares common short 5’ and 3’ un-
translated regions (UTRs) of variable length, including highly
conserved hexanucleotides at either end (19).

Upon entry into the cytoplasm, the outer capsid layer is
detached to release the double-layered inner capsid. The in-
ner capsid does not disassemble further, but triggers the tran-
scription of each dsRNA segment, synthesizing 10 positive
single-stranded RNAs (+ssRNAs) repeatedly that are extruded
through specific capsid channels into the cytoplasm (20-23).
These transcripts serve as templates for viral protein synthesis,
and also later act as templates for progeny genomic dsRNA
formation. The molecular mechanisms of ssSRNA packaging
and replication are not precisely known. Using sequential
in vitro transcription and translation of BTV +ssRNAs, we
showed that the 10 +ssRNA segments of BTV associate with
the PC prior to encapsidation by VP3, followed by the ad-
dition of the VP7 layer leading to the formation of a stable
double-layered inner capsid (24). Further, we showed that the
packaged +ssRNA segments within these cell-free assembled
particles, serve as templates for dsSRNA synthesis, producing
a complete equimolar set of genome segments (14). Notably,
we discovered that the +ssRNA transcripts assemble sponta-
neously into an RNA interaction network in the absence of
any viral protein prior to being packaged into the assembling
particles (14,17). Correspondingly, the disruption of certain
RNA-RNA interactions could inhibit packaging and virus in-
fectivity (15,25,26).

The RNA-RNA interaction observed for co-synthesised ss-
RNA mixtures could be predicted by a bespoke bioinformatics
model, and the specific interactions among the smaller RNA
segments were validated experimentally (15). The concept of
multipartite genomic RNA segments selection via an RNA
network prior to or during packaging is appealing as it ob-
viates the need for the assembling virus to recognize multiple
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RNA molecules. However, direct experimental evidence for
the points of contact among the interacting segments is lack-
ing. Neither the sequences nor any structural changes that ac-
company them during the formation of the complex is known,
and whether the complex forms by sequential steps or by all
segments coalescing together at one time is also unclear.

In this study, we investigated RNA structural changes dur-
ing the assembly of a complete set of ten BTV ssRNA tran-
scripts and addressed whether a defined sequential order
was required. For this, we used selective 2’-hydroxyl acyla-
tion analysed by primer extension and mutational profiling
(SHAPE-MaP) to define the RNA structure of each BTV seg-
ment at nucleotide resolution (27-30). Each BTV transcript,
individually and in different combinations, was subjected to
SHAPE-MaP. Comparisons of the SHAPE-MaP profiles of
each segment individually and in the presence of different
combinations of RNA segments, revealed structures within
each RNA segment and unique stable ‘core’ RNA network
consisting of only a few RNA segments, that acts as the anchor
for the selection of the remaining segments. Similar profiles of
RNA-RNA interactions and complex formation were found
in the cell’s cytoplasm following transfection of synthetic fluo-
rophore labelled BTV transcripts confirming that their forma-
tion is independent of viral protein interaction. Further, using
a combination of nucleotide substitutions, a cell-free in vitro
RNA packaging assay (CFA) (14) and the in vivo BTV reverse
genetics system (RG) (31) we validated the critical structures
of different core RNA segments as being required for the gen-
eration of infectious BTV.

Materials and methods

Virus, plasmids, RNA transcript synthesis and cell
culture

BTV-1 (GenBank accession numbers FJ969719 to F]969728)
was used for this study. The 10 genome segments were firstly
cloned into pUC19 plasmid with T7 promoter and RNA
transcripts sequentially prepared using the mMACHINE T7
transcription kit (Thermo). BSR cells (BHK-21 subclone,
ATCC® CCL10™) were grown in Dulbecco’s modified Ea-
gle’s medium (DMEM) (Sigma) supplemented with 5% fetal
bovine serum (Sigma) at 37°C with 5% CO,.

Mutagenesis

Mutations introduced into BTV plasmids by site-directed mu-
tagenesis using the primers listed in Supplementary Table S1.
Mutations were confirmed with Sanger sequencing.

SHAPE-MaP

BTV genomic transcripts were modified either individually
or in different combinations of complexes. The complex for-
mation procedure was described previously (17). In brief, an
equimolar ratio of BTV RNA transcripts was denatured at
80°C for 1 min, immediately chilled and then mixed with fold-
ing buffer (50 mM sodium cacodylate pH 7.5, 100 mM KCl
and 10 mM MgCl,) for 30 min at 30°C. SHAPE modification
was performed as described (30,32). In brief, 2 ug of RNA was
treated with 100 nM 1-methyl-7-nitroisatoicanhydride (1M?7)
for 5 mins at 30°C after the folding reaction. Two additional
control reactions were performed: an untreated control, where
RNA was incubated with 5 ul of dimethyl sulfoxide (DMSO),
and a denatured control, where RNA was incubated at 95°C
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for 2 min and then treated with 100 nM 1M7 at 95°C. RNAs
were then purified, and cDNAs were generated with Super-
Script II (Thermo Fisher Scientific) using MnCl, containing
reverse transcriptase buffer (1 mM deoxynucleotide triphos-
phates, 10mM dithiothreitol, 50 mM Tris-HCI [pH 8.0], 75
KCI, and 50 mM MnCl,). Second strand synthesis was per-
formed using the NEBNext mRNA second strand synthesis
module (NEB) according to the manufacturer’s protocol. The
DNA was then fragmented, tagged, amplified, and barcoded
using a Nextera XT DNA library preparation kit (Illumina)
according to the manufacturer’s directions. Sequencing was
then performed on a SP flow-cell on a NovaSeq sequencer
(Illumina).

SHAPE data processing and analysis

SHAPE probing was performed in duplicate for all samples,
analysed with ShapeMapper2 (v2.1.5) using the default pa-
rameters with raw Fastq data for the denatured, untreated
and treated datasets together with appropriate reference se-
quences. The normalized mean reactivity (Norm profile) of
those replicates was used for further data analysis. ASHAPE
reactivity values were calculated by subtracting the values of
smaller complex from the larger complex producing a delta
(A) value. This was performed with the deltaSHAPE software
(v1.0) using the no-show and all parameters to produce map
files. Outputs were plotted using the Plotly (Python) library.
RNA structure predictions were calculated using the rf-fold
module of RNA Framework (33). The match between SHAPE
reactivities and the predicted RNA secondary structure was
calculated using the receiver operator characteristic area un-
der the curve (ROC-AUC) score function of the Sklearn
python library. The similarity of shape reactivity profiles, and
hence structure, between segments within different complexes
was calculated by principal component analyses (PCA) us-
ing the PCA function from the Sklearn package (v1.3.0). To
quantify the overall structural change within a segment dur-
ing complex formation we calculated the mean absolute dif-
ference per position between two samples. Specifically, we cal-
culated the average absolute difference between the single seg-
ment compared to the S7-S10 complex, the S7-510 compared
to S6-510 complex and the S6-510 compared to S1-S10 com-
plex. To quantify the similarity of reactivity profiles between
all complexes we calculated the pairwise Pearson correlation.
Calculations were performed with NumPy (Python), and fig-
ures were generated with Plotly (Python).

Fluorescence in-situ hybridization chain reaction

RNA fluorescence in-situ hybridization chain reaction (HCR)
was performed according to published protocols with some
modifications (34,35). The HCR is a two-step in-situ hy-
bridization technique. In the first step, a mixture of probes
with initiator nucleotide tails (30 oligonucleotides per RNA
segment) which encompass the sequences of negative sense vi-
ral RNA segments thereby targeting the positive viral RNAs,
referred to as ‘Target’ probe. In the second step, an isother-
mal enzyme-free polymerization method was employed that
uses two special detection hairpin nucleotide probes with flu-
orescent tags (36): H1 and H2 (probes were synthesized by
IDT Inc.; Supplementary Table S2). These hairpin molecules
are present in solution until the introduction of the initiator
strands of the target probes, which trigger a cascade of hy-

Nucleic Acids Research, 2024, Vol. 52, No. 14

bridization events, yielding nicked double helices analogous
to alternating copolymers.

Each viral ssRNA segment was transfected at 100 ng per
well in a 12-well plate using X-TremeGENE HP DNA Trans-
fection Reagent (Roche), in accordance with the manufac-
turer’s instructions. The cells were incubated at 37°C with
5% CO; for 16 h before being washed once with ice-cold
PBSM (1 x PBS, 5 mM MgCl,), followed by fixation with 4%
paraformaldehyde in PBSM for 10 min at room temperature
(RT). After a brief wash with ice-cold PBSM, the cells were
permeabilized with 0.1% Triton X-100 in PBSM for 10 mins
at room temperature. The cells were then washed with PBSM
and incubated in Pre-hybridization buffer which includes 2
x SSC (300 mM NaCl, 30 mM sodium citrate) with 10%
formamide for 20 min before hybridization. The hybridiza-
tion buffer was preprepared with 10% dextran sulphate (Cay-
man Chemical Company), 2 mM vanadyl ribonucleoside com-
plexes (VRC, New England BioLabs), 0.02% RNase free BSA,
50 mgE. coli tRNA, 10% formamide and 2 x SSC, then mixed
with the oligonucleotide probes, to a final concentration of
Sng/ul for the first hybridization step, and 60 nM of hairpin
DNA pairs for the second hybridization step.

The first hybridization was carried out in a humidified
chamber at 37°C for a minimum of 5 h or overnight. The sam-
ples were then washed twice with 10% formamide in 2 x SSC
for 30 min at 37°C. Prior to the second hybridization, the an-
nealing step for the hairpins was performed in a thermocycler
from 95°C to 25°C, the two HCR hairpins were then annealed
separately. The second hybridization was then performed at
25°C or at room temperature for 5 h to overnight in a humid-
ified chamber. Nuclear staining using 0.5 mg/ml of Hoechst
33342 (Thermo Fisher Scientific) was then performed and the
coverslips were mounted in ProLong Gold antifade mounting
media (Invitrogen). The cured samples were subjected to mi-
croscopy examination.

Image acquisition and analysis

Cells were placed on a Zeiss LSM 880 microscope equipped
with a 63x, 1.4 numerical aperture oil-immersion objective
(Zeiss) and a digital camera. Quantification of the fluorescent
photographs was performed at the same threshold and ad-
justment of contrast. Images were exported as tiff format and
analysed with Fiji.

Reverse genetics and plaque assay

Mutant RNA segments were produced from the mutant T7
cDNA, together with the other 9 BTV genome segments to
transfect BSR cells, as described by Boyce ef al. (31). Cyto-
pathic effect (CPE) was monitored after 3 days, and the mu-
tations in the recovered viruses were confirmed by RT-PCR
and sequencing. WT and mutant viruses were diluted, applied
to BSR cell monolayers at a multiplicity of infection (MOI)
of 0.01-0.1, and overlayed with Avicel as described by Ma-
trosovich et al. (37). After 3 days, the cells were fixed with
formaldehyde and stained with crystal violet, the plaque size
monitored.

In vitro cell-free RNA packaging assay

The BTV in vitro cell-free RNA packaging assay has been
described previously (14). Briefly, the 10 segments of ss-
RNA, either with mutant segment or all wild type, were incu-
bated with in vitro expressed VP1, VP4 and VP6 for 30 min,
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followed by the addition of VP3 and VP7 sequentially with a
1.5 h incubation after each addition. The samples were then
subjected to a 15-65% sucrose gradient, the 40% sucrose
band was collected, treated with RNase One to remove the
unpackaged RNAs, and the packaged RNA was quantified
by qRT-PCR, detecting S6 as representative, as previously de-
scribed (17).

Results

Identification of BTV RNA secondary structures
changes during initial complex formation

RNA-RNA interactions and complementarity between the
segments are considered the key mechanism for BTV to recruit
and assemble the correct set of genomic segments (17,26). Pre-
viously, based on a series of biochemical data of BTV RNA-
RNA interactions assays, we modelled the dynamic associa-
tion of five smaller BTV RNA segments (S6-510) (15). Using
this bespoke computer model, we predicted that the interac-
tions among these segments occur in three stages, an initial
S7 + S8 + S9 complex of three segments (Stage 1), then its as-
sociation with the smallest S10 segment (Stage 2), and subse-
quently its association with S6, which is slightly larger than the
S7 segment (Stage 3) (Figure 1). At each stage, specific inter-
acting sites were predicted based on the energy threshold and
further, several putative interacting sites were confirmed by bi-
ological data. However, it was not computationally tractable
to reveal the exact changes occurring in each segment during
the formation of each complex or to model the association of
the larger segments.

To address these, we used SHAPE-MaP to interrogate RNA
structure at single nucleotide resolution and with high accu-
racy. For this, in vitro transcribed RNA of each segment (S7-
§10) was individually probed with 1M7, reverse-transcribed
to cDNA and sequenced to identify the changes correspond-
ing to regions of ssSRNA. SHAPE-MaP data of two indepen-
dent experiments for S7-S10 showed almost identical chem-
ical reactivity profiles indicating that BTV segments assem-
ble into unique reproducible conformations. Based on the
SHAPE-MaP data, we then generated RNA secondary struc-
ture models using RNA framework, revealing the formation
of extensive secondary structure within each RNA segment
(Figure 2 and Supplementary Figure S1). Notably, we calcu-
lated the correlation co-efficient between the SHAPE reac-
tivities and the RNA structure predicted in the absence or
presence of SHAPE-MaP data. For this, we used the ROC-
AUC score, which is commonly used to statistically evaluate
the correlation of SHAPE reactivities with single stranded re-
gions. A score of 0.5 signifies a random association of the two
variables, whereas 1 indicates a perfect match. Without the
inclusion of SHAPE data, the ROC-AUC scores were 0.71.
0.66,0.67 and 0.68 for S10, S9, S8 and S7, respectively. With
SHAPE data, the ROC-AUC scores increased to 0.83, 0.72,
0.81 and 0.79 for S10, S9, S8 and S7, respectively. Therefore,
the inclusion of SHAPE data substantially enhances the cor-
relation between the structure predictions and experimental
data, suggesting our structural models are an accurate repre-
sentation of the folded molecule.

To identify structural changes in each segment during the
Stage 1 complex formation, S7, S8 and S9 were incubated
together and then subjected to SHAPE-Map analysis (38).
The SHAPE reactivity measurements of each segment in the
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complex were then compared with the individual RNA seg-
ments. Using ASHAPE, which compares chemical probe reac-
tivity measurements between two conditions after considering
measurement errors at each nucleotide, statistically significant
changes in SHAPE reactivity were identified, which both in-
creased and decreased SHAPE reactivity, indicating extensive
secondary structure rearrangements occurred upon complex
formation. Globally, these ASHAPE changes were enriched in
single stranded regions (Figure 3A, Supplementary Figure S2).
The data confirmed that the secondary structures among the
segments were altered upon complex formation and possi-
bly, new RNA-RNA interactions were formed. The struc-
tural changes upon Stage 1 complex formation were exten-
sive, as reflected in the large inter-quartile ranges (IQRs) of
0.152, 0.164 and 0.533 for segments S7, S8 and S9, respec-
tively (Figure 3B). To further confirm this, we performed av-
erage absolute deviation analysis, which showed consistency
with the IQR data, demonstrating high deviation from the sin-
gle segment data to that obtained with the Stage 1 complex
(Figure 3C). Further, two independent experiments showed
highly similar SHAPE patterns in the complex. Specifically, the
ASHAPE profile of S7 suggests distinct interactions with S8
and S9 in the complex. At least 199 of the 1156 nucleotides
of S7, dispersed over the whole segment, were considerably
different in the Stage 1 complex compared to the individual
segment (Figure 3). Indeed, the ASHAPE profile for S7 re-
vealed numerous protections in a previously mapped single
stranded loop, suggestive of new intermolecular interactions
with S8 and S9 in the complex. Similarly, S8 and S9 exhibited
significant ASHAPE changes upon complex formation, which
were distributed evenly across each segment. For S8, 229 of
the 1125 nucleotides changed, higher than the other segments
(Figure 3). Interestingly, these changes were enriched at the
5’ end of the segment, between nts20-100, and the region
spanning nts340-450. In contrast, S9 exhibited fewer changes,
with only 111 of the 1049 nucleotides significantly changing
in the complex, with the majority of those changes located
between nts275-397(Figure 3A, Supplementary Figure S2).

To examine if the previously predicted interacting sites
coincide with the newly identified changes by SHAPE-MaP
analysis, we compared each segment of the Stage 1 com-
plex of S7-S9. Of the computer predicted 6 interacting sites
in S7 (nts172-187, nts233-242, nts377-388, nts478-489,
nts701-710 and nts119-1133 respectively), four overlapped
the regions of significant ASHAPE change. Of the other two,
one (nts377-388) is in the vicinity of a significant ASHAPE
site (nts393-411), while the other (nts478-489) is located
between two ASHAPE sites (nts473-475 and nts493-497).
These data suggest that previous predictions of RNA interac-
tion sites were broadly consistent with the chemical data ob-
tained for S7 but lacked the same level of definition. The sim-
ilarity between the two methods was less obvious for S8 and
S9. There were three predicted sites in S8, but none overlapped
the actual data, although two sites (nts85-98 and nts456-469)
were located close to the sites identified by ASHAPE (nts100-
107 and nts448-451). Together, the modelling predictions of
interacting sites in mixtures of RNA segments indicated sites
which, in some cases, matched those determined experimen-
tally and in other cases gave locations close to those obtained
by experimentation.

We next investigated if the addition of S10 would modify
the SHAPE profiles of the smaller segments when they form
the S7-510 complex (Stage 2). We found that indeed S10 in-
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Figure 1. A schematic flow chart of computer predicted BTV RNA complex formation. The three stages of BTV S6-S10 RNA segment assembly

predicted by computer analysis (15) is presented as a cartoon.

duced substantial structural changes in each of the other three
segments, with 199, 229 and 111 nucleotides demonstrating
significant ASHAPE changes in S7, S8 and S9 respectively due
to complex formation (Figure 3, Supplementary Table S3). As
expected, extensive structural rearrangements within S10 also
occurred during Stage 2 complex formation, as indicated by
a high IQR of 0.44 in the ASHAPE analysis (Figure 3). Out
of 822 nucleotides of S10, 171 were altered, reflecting struc-
tural rearrangements as well as interactions between S10 and
the three other (S7-S9) segments. Multiple clusters of longer
sequences were identified along the S10 transcript, such as
nts47-61, nts21-131, nts374-392, nts534-545 and nts773-
787. Despite significant SHAPE reactivity changes in all seg-
ments, the magnitudes of these changes were lower than at
Stage 1, with IQRs of 0.095 (57), 0.089 (S8) and 0.104 (S9)
and higher in S9 than in S7 or S8 (Figure 3B). When S6 was
added to form the Stage 3 complex (S6-S10), the IQRs were
not significant (0.066-0.077), which was also confirmed by
the average absolute deviation values, suggesting less impact
by S6 on the smaller segments (Figure 3B, C). These data are
consistent with the S7-S10 complex serving as a robust foun-
dation for the sequential recruitment of the larger segments
with little further structural rearrangement.

The trans- and cis-interactions in the complete BTV
genome complex
We next analysed the SHAPE-MaP data of the two larger com-
plexes, namely, the S3-S10 complex (addition of the three
larger segments) and S1-S10 (the complete set of ten seg-
ments) (Figure 3A). Addition of the larger segments to the S6—
$10 complex showed a relatively minor impact on the SHAPE-
MaP reactivities of S7-S10, when compared to the Stage 1
complex (Figure 3B, C). This was confirmed by a correlation
analysis of the SHAPE data among different complexes, which
showed extensive similarity between the three different com-
plexes, but lower similarity between any complex and any
individual segment (Supplementary Figure S3). These results
demonstrate that the initial interaction between the smaller
segments is concomitant with large structural rearrangements
and that addition of the large segments caused little further
structural change, consistent with the Stage 1 complex serv-
ing as the foundation for the assembly of larger complexes.
It has been reported that S10 plays a particular role in
genome packaging (14,16,17). As S10 also affected the S7-
S9 complex extensively, we examined if a key mutation in
$10 would affect the SHAPE-MaP structural profile of S1-510
complex. We used the S10 mutant previously shown not to en-

gage in vitro RNA complex formation (15). The mutant has
changes in nts21-41 (5>-GCUAUCCGGGCUGAUCCAAA-
3 — 5-GUUGAGUGGCUUAAUACAGA-3’) which disrupt
S6-S10 complex formation when assayed by gel electrophore-
sis mobility shift assay (EMSA), and also to be lethal to in-
fectious virus recovery by reverse genetics (15). We incubated
mutant S10 ssRNA together with the other nine wild-type ss-
RNA segments (S1-S9) to form the complete genome com-
plex followed by SHAPE-MaP analysis. When the data was
compared with the wild-type S1-S10 complex, the SHAPE sig-
nals were significantly altered not only in S10, but also in the
other segments (Supplementary Figure S4, Figure 4). To ex-
amine further the similarities of the different complexes, we
used principal component analysis (PCA) (Figure 4A). PCA
plots for each segment of S7-S10 showed that the SHAPE pro-
files of the single transcripts were distanced from any multi-
segmented complexes, consistent with the previous analysis.
However, the SHAPE reactivity signals of the complete com-
plex with mutant S10 were distinct from all other complexes
(Figure 4A). Distribution analysis also showed that the ad-
dition of mutant S10 caused significant changes in the inter
quartile ranges (Figure 4B). This data suggests that BTV RNA
assembly is dynamic and that a change in a critical region of
one key segment can significantly impact the contacts among
all other segments in the complex.

BTV RNA-RNA interactions and formation of
complexes follow the similar sequential order in
the host cells.
To determine if BTV ssRNA segments form similar RNA
complexes in the host cell cytoplasm, we next employed in-
situ hybridisation chain reaction (HCR). We used 30 tar-
geting probes whose binding to each RNA segment was
first tested by using linearized fluorophore-labelled oligonu-
cleotides (Supplementary Table S2, Supplementary Figure S5).
First, segments S7 and S9 were labelled with Atto488 (green)
and CyS5 (far red) fluorophores respectively. Then BSR cells
were transfected with different RNA segment combinations,
either labelled S7 + labelled S9 only (Figure 5A), or in pres-
ence of unlabelled S8 (Figure 5B), or in presence of unlabelled
S8 + unlabelled S10 (Figure 5C). To avoid expression of BTV
RNA binding proteins NS2 and VP6, which might influence
any RNA-RNA interactions, the start codons (ATG) of S8 and
S9 were changed to GTG, preventing translation while not im-
pacting the nucleotide structure significantly.

Although S7 and S9 could co-localize when expressed to-
gether, colocalization was much more obvious in the presence
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Figure 2. The SHAPE profiles of BTV S7, S8, S9 and S10. (A) SHAPE-MaP data and secondary structure predictions for BTV segments S7-S10. Models
were obtained using TM7 reactivities as soft constraints for in silico folding using the rf-fold module of RNAFramework. 1TM7 reactivities for each
nucleotide position are show in the bar chart using a continuous colour scale (0 white, 0.3 yellow, 0.7 orange, 1 red). Arc plots show consensus
structure. (B) S7-S10 consensus (ensemble) secondary structure, generated by RNAfold integrating SHAPE data.
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Figure 3. The ASHAPE profiles of S7-S10 in different stages of RNA complex. (A) Line plots showing the ASHAPE values of S7-S10 in single form and
in different complexes (S7-S9, S7-S10, S6-S10, S3-S10 and S1-S10). These values indicate the difference in SHAPE values between single and primary
complex or two different complexes, where the reactivity values from one complex are subtracted from the other. The red peaks indicate increases of
SHAPE signals in the larger complexes and blue valleys indicate decreases. (B) Boxplots showing the distribution of values displayed in (A). A wider
distribution indicates more extreme values between the two complexes compared. The interquartile ranges (Q3 minus Q1) are indicated. (C) Average
absolute deviation of SHAPE reactivity profiles during complex formation. Shown is the average per position reactivity change as the size of the
complexes increase. Error bars indicate the standard deviation of the average per position reactivity change.
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Figure 4. The ASHAPE profiles change when mutant S10 is included. (A) Plots of the principal component analysis using the SHAPE-MaP reactivity
values as features. Reactivity profiles from complexes that have a greater degree of similarity cluster near each other. Complexes that cluster separately
have differential profiles. (B) Boxplots showing the distribution of values as described in Figure 3. The inter-quartile ranges (Q3 minus Q1) are indicated.
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Figure 5. Viral ssRNAs fluorescence in-situ hybridization chain reaction (HCR) and colocalization analyses. In-situ HCR carried out in BSR cell monolayer
fixed using multiple hairpin nucleotide probes. Two colour fluorophores were conjugated to the hairpin nucleotide probes: the Atto488 (496 nm, green)
and Cy5 (670 nm, farred) are independent detectors for the viral + ssRNA S7 and S9. (A) S7 + S9, (B) S7 + S8 + S9, (C) S7 + S8 + S9 + S10, (D)

S7 + S8 + S9 + mutant S10 (mutS10), (E) S8 + S10 as negative control and (F) no RNA transfected (Mock). (G) The colocalization efficiency is calculated
by dividing the number of colocalized spots (yellow) by the number of uncolocalised spots (green and red). The yellow spots show the colocalization
between Atto488 and Cy5 spots, which are indicated by white arrows. A total of 15 images from different fields containing more than 150 cells were
analyzed for each experiment. The mean standard error bars are shown.
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Table 1. Virus recovery of mutations (shown in bold) at S6-S10 RNA possible interacting sites identified by the ASHAPE

ASHAPE dataset Segment

Sequence (wild type and mutated)

Matching
computer Virus
prediction recovery

Single vs S7-S9 S7
5

[148-156] No No
-AACUUUACGAG- 3’

GACACUGAGGG

Single vs S7-59 S7
5

[377-388] Yes No
-ACCAGCGCGUCA- 37

UccGGCUAGACA

Single vs S7-S9 S7

[478-489] Yes No

5’ -GUGGUCCGGAUA-3’
GCGGGCCAGACA

Single vs S7-S9 & S7-S9 vs §7-S10 S7

[974-985] No No

5’ -UUAUACUGUUUUA-3"
AUACACAGUACUC

Single vs §7-59 S$7 (3’ UTR)

[1119-1133] Yes No

5’ -UAUGUGACCCAUUCA- 3’
UACGUUACUCACAGU

§7-810 vs $6-S10 S7 (3’ UTR)

[1102-1116] No No

5’ -GUGUCGGUUGUGGGA-3’
ACACAAAAAACCCGA

Single vs S7-S9 S8

[85-98] Yes No

5’ -AUGCGAGAGCGAUCG-3"
GUGUGGGGCAAUUGC

Single vs §7-89 S8

[168-180] Yes No

5’ -AUCCGGAACCUAA-3'
ACccUcaGeceGan

Single vs $7-S9 S8

[343-353]

No Attenuated

5’ -ACAACAUAAUG-3’
UcaGeaCanaCa

Single vs S7-S9 S8

[378-390] No

Attenuated

5’ - AGUAUUGUAAAGG-3 "
AAUACUGCAAGGG

Single vs S7-S9 S9

[274-281] No No

5’ -AGUGGGAUC-3"
CGUAGGCAG

Single vs §7-510 & S$7-510 vs S6-S10 S10

[374-392] No

Attenuated

5’ -UAUAAUACAUAUGACAUUAC- 3’
GAUCAUCCcACAUGACGCUUU

§7-810 vs S6-S10 $10 (3’ UTR)

[748-761] No No

5’ -GUAGAGUGGUUGAU-3 '
GUAGCAACCAACGU

Single vs $6-510 S6

[296-310] Yes Yes

5’ -AGCUUUUCCCAACCA-3"
AUCUUUCAGCCAGCC

Single vs $6-510 S6

[1123-1136] Yes Yes

5’ -GUGUUCGCCAUUCA-3’
AUCAGUCccUuUAa

Single vs $6-510 S6

[1281-1295] Yes No

5’ -UUCACAUUCACCGCU-3’
UCCAUAUACAUAGAU

of S8 (~18%) and strongest (~32%) when all four segments
were transfected in a mixture. Further, when we used the S10
nts21-41 mutant RNA instead of wild-type S10 RNA (Fig-
ure 5D), the complex formation ratio dropped considerably
(~13%) (Figure 5G). To establish the specificity of the HCR,
we used two negative controls, one with no fluorophore-
labelled S8 and S10 transcripts (Figure SE) and the other with
no transcript (Figure 5F), both of which showed no signals of
hybridization/RNA complex formation.

These data indicate that S7-S10 transcripts form complexes
in the cytoplasm of cells similar to those observed in the in
vitro assays described. The HCR data is not only consistent
with the SHAPE data described, but also the i vitro data pre-
viously published (15).

Determination of importance of the structural
changes of RNA complexes in virus replication
SHAPE-MaP data demonstrated that a considerable number
of RNA base-pairing interactions changed during complex
formation. More importantly, many of these changes were
observed at consecutive nucleotides, which could potentially
form RNA binding motifs. A number of these motifs over-
lap or are in juxtaposition to the putative trans-acting sites
previously predicted by computer modelling (15) (Table 1,
Supplementary Table S3). To investigate their biological im-
portance, we selected 13 sites among the smaller segments
(§7-510), each of which showed significant changes of SHAPE
signals during complex formation. These sites, which were be-
tween 7 and 18 nucleotides in length based on the previous
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Figure 6. The impact of mutating the SHAPE identified RNA interacting sites on virus recovery. (A) Mutations were introduced to the indicated RNA
interacting sites and virus recovery was performed. Plaques of the virus (if recovered) carrying the mutation are shown. As an example, the location of
S10 nts748-761 is indicated in 5" and 3'UTR of S10 secondary structure. (B) Mutations were introduced to the indicated sites with no SHAPE signal
changes between different stages. Plaques of the virus (if recovered) carrying the mutation are shown.

computer analysis (15), were then subjected to mutagenesis
and their impact on virus recovery re-assessed by reverse ge-
netics (RG). BTV RG has been successfully used previously
to determine the functional effects of mutations in virus repli-
cation (31), showing that, for example, silent mutations (i.e.
change of nucleotides but not amino acids), have a lethal ef-
fect on virus replication, consistent with a role for nucleotide
sequences in genome packaging (15,17,39).

Of the 13 selected sites for mutagenesis, six sites were tar-
geted in S7, four in S8, one in S9 and two in S10. When silent

mutations were introduced into these sites, the majority failed
to recover virus, indicating they are critical for replication (Ta-
ble 1, Supplementary Figure S2). However, two S8 mutations
could recover virus although both were attenuated (Figure
6A). For the two sites in S10, one (nts748-761) hindered virus
recovery while the other generated attenuated virus. It is note-
worthy that this region of S10 is located in the long 3>-UTR
of $10, which has previously been shown to be critical for
BTV genome packaging and virus replication (17,26). Sepa-
rately, we also introduced three mutations into the larger S6
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Table 2. Virus recovery of mutations (shown in bold) in S7-S10 sites with no SHAPE changes in S7-S10

ASHAPE dataset Segment

Sequence (wild type and mutated)

Virus recovery

Single vs §7-89 S7

[251-266] Yes

5’ -ACCGAUAUCUCCAGAU-3"
UccAAUCAGCccUGaC

Single vs $7-S9 S7

[635-650]

Attenuated

5’ -AGGCGUGACUGUUAGC-3"
UGGAGUAACCGUCUCU

Single vs S7-S9 S8

[306-319] Yes

5’ -UUGAGGGUGUCAGUG-3’
UCGAAGGAGUGUCAG

Single vs S7-S9 S9

[423-438] Yes

5’ -AGAAGAGAUUGCUCGC-3"
AGGAAAUAGCAAGAGC

Single vs $7-59 $9

[514-525]

Attenuated

5’ -CGCAGUCUCCAG-3"'
AGAUCACUACRA

Single vs $7-510 S10

[240-260] Yes

5’ -AGAAGGCUGCAUUCGCAUCGU-3’
AAAAAGCAGCCUUUGCUAGUU

segment, of which only one influenced virus growth (Table 1;
Supplementary Figure S6).

Sites that remained comparatively unchanged during com-
plex formation were also examined for their importance for
virus replication. Regions identified with lower ASHAPE sig-
nals during Stage 1 and Stage 2 (standard deviation < 0.2,
Supplementary Figure S2 and supplementary data) were
mostly located in loop structures which may be part of intra-
molecule interactions that did not change in the presence of
other RNAs. Of these regions, six were selected in S7-510
to represent non-reactive sequences, two from S7 (nts251-
266; nts635-650), one from S8 (nts306-319), two from
S9 (nts423-438; nts514-525) and one from S10 (nts240-
260). All six sites were subjected to mutagenesis introduc-
ing silent mutations to alter the nucleotide sequences with-
out affecting the reading frame. All six mutations still recov-
ered viruses although in two cases, S7 nts635-650 and S9
nts514-525, smaller plaques were produced. (Table 2, Fig-
ure 6B). Overall, regions with lower ASHAPE values were
less important for virus viability than regions with high
ASHAPE values, consistent with a correlation between the
ASHAPE value and an essential viral function, such as genome
packaging.

To further confirm that the failure of virus recovery associ-
ated with high ASHAPE signals was due to genome packag-
ing, we utilised an in vitro RNA packaging assay to measure
how the identified mutations influenced ten RNA segment
packaging (14,17). Three sites (S7 nts974-985, S9 nts274-
281 and S10 nts748-761), identified by SHAPE and shown
to be critical for virus recovery, were tested using the previ-
ously established iz vitro transcription/translation-based cell-
free assembly (CFA) assay as described in Methods. The RNA
packaged into protein capsids was measured by qRT-PCR
(Figure 7). Mutation of S9 nts274-281 led to a 10-fold de-
crease in RNA packaging; mutation of S7 nts974-985 a 100-
fold decrease, and mutation of S10 nts748-761 a greater than
500-fold decrease. These data confirm that the disruption of
RNA interacting sites, which interferes with RNA complex
formation, also leads to failed RNA packaging, consistent
with the suggestion that the RNA:RNA interaction mapped
in this work is a necessity for physical incorporation of RNA
into assembling capsids.

Discussion

How RNA viruses with segmented genomes, correctly pack-
age their complete genomes has been a long-standing ques-
tion. One attractive hypothesis is that the single stranded
form of the genomic segments utilize specific RNA-RNA in-
teractions to form a network for assembly rather than rely
on a sequential packaging of each segment into the newly
assembling capsid (15,17,25,26). The paradigm is influenza,
the current model of which is that a network of sequence
specific interactions among the viral ribonucleoproteins re-
sults in a supramolecular complex that is incorporated di-
rectly into budding viral particles (11,29,40-42). For BTV and
other related viruses, the mechanism is likely to differ as pack-
aging can be initiated by a single segment (17) and no seg-
ment is complexed with a ribonucleoprotein. Previous EMSA
data have suggested that the smaller segments (S7-S10) of
BTV form complexes that are critical for genome packaging
(15,26).

In this study, we provide the first direct evidence of how
these smaller segments participate in the RNA assembly of
the ten segments of the BTV genome. We discovered that large
scale rearrangements among the four smallest segments (S7-
S$10) of BTV are essential to the establishment of a robust
core RNA complex, with each of the four segments under-
going significant changes prior to the sequential recruitment
of the remaining larger RNA segments. The selection of the
four smaller segments also enhanced their interactions with
each other in the absence of larger segments. While incom-
ing larger segments still altered the core complex, the scale of
the changes was significantly lower than the changes which
occurred during core formation. This scenario is evident for
all smaller segments, particularly during the formation of the
S7-89 complex, which had the largest impact on SHAPE sig-
nals. Additionally, S10 alone significantly altered the SHAPE
signals when it was added to the S7-S9 complex. In contrast,
when the larger S6 was added to the S7-S10 complex, the im-
pact on each of the four smaller segments was insignificant.
The data confirm our earlier findings that an essential com-
ponent of the BTV genome complex is a core formed by the
four smaller segments. We confirmed biological relevance by
showing that mutations introduced into the interacting sites
present in the smaller segments were largely not tolerated for
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Figure 7. The impact of mutating the SHAPE identified RNA interacting sites for in vitro RNA packaging efficiency. Mutant segments as indicated were
used in the in vitro CFA assay. The packaged RNA was quantified and the result of three individual experiments are shown. The mean standard error

bars are shown.

virus growth whereas changes in the larger segments, such
as S6, allowed virus recovery in most cases. These in vitro
data were further substantiated by in vivo in-situ hybridiza-
tion data, which confirmed that complexes of S7-S9 and S7-
$10, form in the cytoplasm of transfected cells. This data con-
firms that such interactions are independent of any viral pro-
tein, re-enforcing their mechanistic distinction from the virus
models which use virally encoded proteins to sort and package
the genome (3,8,12,43).

When comparing the SHAPE data obtained here with the
previously predicted interacting sites (15), most predicted sites
either coincided with, or were in the vicinity of, the regions
identified by SHAPE-MaP. Interestingly, certain predicted in-
teraction sites in the S7-S9 complex, were identified by the
SHAPE data only when S10 was present, stressing again the
unique contribution made by S10 to the S7-S10 complex. Be-
ing shorter, the S7-510 transcripts will emerge sooner from the
transcriptional active core following infection, possibly relat-
ing to our observed distinction between Stage 1 and Stage 2
complexes. How the choice is made between engaging a ribo-
some for translation or entering an RNA:RNA complex for
packaging is not known but it is likely to involve concentra-
tion and cellular environment, notably the formation of the

liquid-liquid phase separation (LLPS) structures by viral en-
coded NS2 (44). Alternately, Stage 1 and 2, which were based
on energy calculations in our previous study (15), may not
reflect the cellular situation.

The SHAPE-MaP profiles revealed both decreases and in-
creases in reactivities during complex formation, which is sug-
gestive of global RNA structural rearrangements. Our attempt
to virus recovery demonstrated that both annealing (RNA-
RNA) and releasing (of RNA-RNA interaction) can be func-
tionally important, as in both scenarios the interaction sites
were shown to be critical. It was evident from the changes dur-
ing RNA complex expansion that some regions were involved
in multiple steps in the process. For example, S8 nts410-430
had its SHAPE signal increased at Stage 1, whilst the same
region had a decreased signal at Stage 2. Similarly, S8 nts520-
540 had a decreased signal at Stage 2, but at Stage 3, it had
an increased peak. S10 nts740-760, a region in the 3’-UTR
previously shown to be critical (26), had significant changes
at every stage, from single segment addition to S7-510, to S6—
$10, to S3-S10 and the complete S1-S10. This suggests that
it is less the formation a stable secondary structure that is im-
portant for packaging but the adoption of the flexibility that
allows the recognition of other segments. Consistent with this,
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the recent SHAPE-MaP analysis of rotavirus, a member of the
Reoviridae virus with 11 genome segments has shown that ro-
tavirus non-structural NSP2, a chaperone protein (equivalent
to BTV NS2), did not significantly change the SHAPE profile
of a mixture of 11 genome transcripts but increased their flexi-
bility to allow interaction (45). This data is consistent with the
data above, that the secondary structures of RNA are not sig-
nificantly altered by viral proteins, unless or until the forma-
tion of the LLPS structures that sequester them for assembly
(44,46).

How viral proteins recognize correctly collated ssRNAs
complexes remains unclear, but a role for the smallest BTV
structural protein, VP6, and the inner capsid protein VP3 has
been reported (47). Further, we recently confirmed a role for
VP6 in packaging BTV S10 ssRNA into the assembling VP3
capsid (48). Although further studies will be required to de-
fine the finer details of the RNA packaging process of BTV, the
data we presented in this study, elucidates a vital stage of the
Orbivirus genome assembly process and provides key infor-
mation for the studying of other viruses with segmented RNA
genome.
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