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Abstract

Bluetongue virus (BTV), with a genome of ten double-stranded RNA segments (51-510),
is an emerging animal pathogen causing major economic losses in livestock worldwide.
BTV replication involves RNA-RNA and RNA-protein interactions, with RNA-binding
proteins, VP6 and NS2 playing key roles in genome assembly and RNA packaging. To
explore the dynamics of RNA segment interactions and the roles of VP6 and NS2 in RNA
complex formation, we used RNA fluorescence in situ hybridization chain reaction (HCR),
along with site-specific mutagenesis and reverse genetics. We found that RNA segments
interact sequentially, from the smallest (510) to the largest (S1), forming a single complex
that includes the entire genome. This process is independent of VP6 or NS2, although
NS2 enhances the assembly of larger segments. Additionally, we show that VP6 binds to
+ssRINAs before their incorporation into viral assembly factories (inclusion bodies/VIBs).
These findings reveal that RNA-RNA interactions, rather than primary replicase proteins,
govern the sorting and recruitment of genome segments. Our data offer new insights
into BTV RNA packaging, showing that genome segments destined for packaging and
dsRNA synthesis are segregated through complex formation, distinct from +ssRNAs used
in protein synthesis, including those encoding the replicase complex.
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1. Introduction

Bluetongue virus (BTV), a significant and emerging animal pathogen, is the prototype
of the Orbivirus genus (22 species and more than 130 serogroups) within the subfamily Se-
doreoviridae of Reovirales (16 distinct genera) [1]. Reovirales members include viruses that
infect a wide range of vertebrates, including humans and animals, and plants. A unique
feature of the Reovirales members is that their genomes are made up of double-stranded
RINA segments (dsRNAs, 9-12 segments). All members are nonenveloped viruses with
icosahedral capsids, made up of concentric protein layers. To understand how dsRNA
segments are differentiated for selection and packaging from host RN As within the Reovi-
rales, we used BTV as a model virus. The BTV genome comprises 10 dsRNA segments,
ranging in size from 3.95 kb to 0.8 kb, grouped into three size classes: large, medium,
and small [2,3]. It encodes seven structural proteins (VP1-VP7) and four non-structural
proteins (NS1, NS2, NS3/NS3A and NS4), with the structural proteins forming a complex
icosahedral virion consisting of an outer capsid (VP2, VP5) and an inner core (VP1, VP3,
VP4, VP6, and VP7) [3-7]. The final product of BTV disassembly is the transcriptionally
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active core particle in which the resident RNA polymerase has been activated. The ten
genomic dsRNA segments are transcribed simultaneously and repeatedly to generate ssR-
NAs, each of which is released into the cytoplasm through discrete channels at the core
apices [8]. These transcripts serve as mRNAs for viral protein synthesis but later also as
ssRNA templates for progeny dsRNA synthesis. Of the five core proteins, the three minor
proteins, VP1 (polymerase), VP4 (capping enzyme), VP6 (RNA packaging protein) and the
major protein VP3 (forming the innermost layer), together with the NS2 protein, form the
primary replicase complex [9,10]. NS2 is a phosphorylated protein, and phosphorylation
of NS2 is responsible for the formation of viral inclusion bodies (VIBs) that serve as the
virus assembly sites in the cytoplasm. NS2 has a strong affinity for single-stranded RNA
(ssRNA) [11].

During BTV replication, newly synthesized transcripts (+ssRNA) segments are first
packaged into assembling viral cores, which subsequently act as templates for synthesizing
genomic dsRNA segments [12]. Previous in vitro evidence indicated that BTV RNA packag-
ing is driven by the formation of complex RNA networks, a process which follows a specific
sequence, starting with the smallest segment, S10, which initiates RNA-RNA interactions
with other small segments to form an initial complex (57-510). Medium-sized (54-56) and
larger ssSRNAs (S1-S3) are then progressively recruited, resulting in the complete genome
complex being packaged into the capsid [13-15]. Although NS2 is not necessary for in vitro
ssRNA complex formation or core assembly [12,13,15], it is essential for virus replication
in infected cells [9,16]. Reverse genetics (RG) studies demonstrated that both NS2 and
VP6 are essential for BTV replication as modified BTV strains lacking NS2 or VP6 failed to
replicate in normal cells but were able to propagate in NS2- or VP6-expressing helper cell
lines [16,17]. Moreover, when VP6-deficient viruses are grown in complementary helper
cells and used to infect normal cells, viral proteins are synthesized and assembled into
empty particles lacking the viral genome [16]. Despite these findings, the precise functions
of NS2 and VP6 in virus replication remain unclear. While both are believed to play critical
roles in RNA recruitment and packaging in infected cells, it is also hypothesized that they
may have additional functions, such as facilitating the packaging of viral RNA into the
capsid during assembly.

To examine the mechanism of BTV RNA recruitment and packaging, we adopted an
RNA fluorescence in situ hybridization chain reaction (HCR) technique tailored for BTV
RNAs [13]. HCR [18-20] is an isothermal nucleic acid hybridization signal amplification
technique that has gained significant attention due to its enzyme-free operation and suit-
ability for ambient conditions. It is an alternative to traditional RNA fluorescence in situ
hybridization (FISH) and has been increasingly adopted for a broad range of applications.
Its enhanced sensitivity, enzyme-free amplification, and adaptability make it particularly
effective for viral RNA detection and localization [21-24], and it has been used successfully
to image viral RNAs [25-28]. We demonstrated elsewhere its high sensitivity and specificity
in localizing transfected BTV viral RNAs within BSR cells [13]. HCR ensures that multi-
ple probes bind simultaneously to the targeted BTV RNA segments, thereby producing
high-intensity fluorescence signals and enabling precise localization of viral RNAs within
infected cells. Using this technique together with site-specific mutagenesis and reverse
genetics-based virus recovery, we demonstrate for the first time in BT V-infected cells how
BTV RNA +ssRNAs segments are selected for packaging and what roles are played by VP,
the RNA packaging protein, and NS2/VIBs, the virus assembly protein and assembly site.
This study of RNA-RNA interaction in infected cells, RNA-protein interactions and larger
RNA complex formation provides valuable insights into the BTV assembly pathway and
RNA recruitment/packaging mechanisms. Moreover, it offers a foundation for exploring
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assembly processes in other dsRNA viruses, helping to determine the sequential order of
genome packaging and core/capsid formation.

2. Materials and Methods
2.1. Cell, Virus, Plasmid, Mutagenesis and Antibody

BSR (BHK-21 cells subclone, ATCCa CCL10TM), BSR-NS2 (BSR cells stably expressing
NS2/segment 8 of BTV) and BSR-VP6 (BSR cells stably expressing VP6/segment 9 of BTV)
cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Sigma, St. Louis, MO,
USA) supplemented with 10% fetal bovine serum (FBS, Sigma, St. Louis, MO, USA) at 37 °C
with 5% CO,. Medium for BSR-NS2 and BSR-VP6 was also supplemented with puromycin
(7.5 ng/mL). The wild-type Bluetongue virus (BTV-WT), Bluetongue virus serotype 1
South African reference strain (GenBank accession numbers FJ969719 to FJ969728) was
used for this study. The 10 genome segments were first cloned into the pUC19 plasmid
with T7 promoter and RNA transcripts sequentially prepared using the mMACHINE
T7 transcription kit (ThermoFisher, Waltham, MA, USA). The three mutant viruses were
generated by site-directed mutagenesis on BTV segment 8 or 9 as previously described,
the start codons (ATG) of S8 were changed to GTG, preventing translation of NS2 for
BTV-ANS2 [13], a calcium-binding site mutation (DDDE250-253AAAA) was introduced
to prevent the formation of viral inclusion bodies (VIB) for BTV-AVIB [29], and the Entry-
Competent-Replication-Abortive (BTV-ECRA) vaccine strain was designed with large
deletions in an essential BTV gene encoding the VP6 protein (segment S9) of the internal
core [16,30]. The antibodies produced in the laboratory were used for the detection of viral
protein NS2 (guinea pig) and VP6 (rabbit). Hoechst 33342 and Alexa 488-, 546-conjugated
secondary antibodies were purchased from Life Technologies (ThermoFisher, Waltham,
MA, USA).

2.2. Reverse Genetics, Plaque Assay and Viral RNAs Transfection

The wild-type and mutant viruses were recovered and reproduced (either from BSR,
BSR-NS2 and BSR-VP6 cells) by reverse genetics as previously described [31]. The plaque
assay was undertaken with WT and mutant viruses to determine their titers. Viruses were
diluted and applied to BSR, BSR-NS2, or BSR-VP6 cell monolayers at a multiplicity of
infection (MOI) of 0.01 to 0.1, then overlaid with 1.2% Avicel. After 3 days, cells were fixed
with formaldehyde, and plaque sizes were assessed. For colocalization analysis of BTV viral
RNAs lacking both NS2 and VP6 in the host cytoplasm by HCR, BSR cells were transfected
with all 10 BTV viral +ssRNA segments. The start codons (ATG) of segments S8 and S9
were mutated to GTG to prevent translation without significantly affecting nucleotide
structure. Each +ssRNA segment (100 ng per well) was transfected into 12-well plates using
X-TremeGENE HP DNA Transfection Reagent (Roche, Basel, Switzerland) according to the
manufacturer’s instructions. Cells were incubated at 37 °C with 5% CO, for 20 h prior to
the HCR assay.

2.3. Fluorescence In Situ Hybridization Chain Reaction

RNA fluorescence in situ hybridization chain reaction (HCR) was performed fol-
lowing established protocols [13]. This two-step method employs initiator-tagged “Tar-
get” probes (30 oligonucleotides per RNA segment), designed using an online tool
(https:/ /www.biosearchtech.com, accessed on 22 October 2022), to bind and cover positive
viral RNAs. An enzyme-free polymerization step then uses fluorescently labeled hairpin
probes (H1 and H2) that form nicked double helices upon activation by the initiator strands
(Supplementary Figure S1). All oligonucleotide probes were synthesized by Integrated
DNA Technologies, Inc., Coralville, IA, USA (see Supplementary Table S1). Cells were
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plated on poly-lysine-coated coverslips (VWR International, Radnor, PA, USA) at a density
of 2 x 105 cells/well (12-well plate) and incubated overnight at 37 °C with 5% CO;. Cells
were then infected with BTV wild-type and mutant viruses at specified time points and
MOIs. After infection, cells were washed with ice-cold PBSM (1 x PBS, 5 mM MgCl,), fixed
with 4% paraformaldehyde in PBSM for 10 min at room temperature, and permeabilized
with 0.1% Triton X-100 in PBSM for 10 min. After pre-incubation in pre-hybridization buffer
(2% SSC, 10% formamide) for 20 min, hybridization buffer containing probes (5 ng/pL for
the first step, 60 nM hairpin DNA for the second) was applied. The first hybridization was
carried out in a humidified chamber at 37 °C for 5 h or overnight, followed by two washes
with 10% formamide in 2x SSC at 37 °C. Hairpin probes were annealed in a thermocycler
(95 °C to 25 °C) before the second hybridization, which was performed at 25 °C for 5 h or
overnight. After nuclear staining with 0.5 ng/mL Hoechst 33342, coverslips were mounted
in ProLong Gold antifade media (Invitrogen, Carlsbad, CA, USA) and examined by mi-
croscopy. For samples used for both immunofluorescence and HCR analyses, cells were
first blocked with 1% BSA in PBSM for 1 h at RT after fixation and permeabilization. The
coverslips were then subjected to primary and secondary antibody staining in 1% BSA in
PBS, followed by another fixation step with 4% paraformaldehyde for 10 min. The cells
were then washed once with PBSM and equilibrated with 10% formamide 2x SSC for
10 min before the in situ hybridization procedures. The entire experimental workflow is
shown in the schematic overview illustrated in Supplementary Figure S2.

2.4. Image Acquisition and Analysis

Cells were imaged using 300 nm steps along the z-axis over a range of approximately
4.5 um with a Nikon Ti2 wide-field microscope (Nikon Corporation, Minato-ku, Tokyo,
Japan). The system was equipped with a 60x oil-immersion objective, 25 mm large wide-
field-of-view (FOV) fluorescence capability, LED fluorescence and diascopic light sources,
high signal-to-noise DAPI, GFP, and DS Red filters, as well as a high-sensitivity, large FOV
monochrome CMOS camera. Quantification of the fluorescent photographs was performed
at the same threshold and contrast adjustment. Images were analyzed in NIS-Elements 6.

2.5. RNA Complex Pull-Down Assay

BSR cells were infected with BTV at an MOI of 5.0. The cells were lysed at 5 h
post-infection with RNA complex buffer (20 mM Tris-HCl pH 7.5, 200 mM KCl, 5 mM
magnesium acetate, 1 mM DTT, Protease inhibitor (Merck, Darmstadt, Germany), RNase
inhibitor (ThermoFisher, Waltham, MA, USA), 0.1% Triton X-100 [32] and the nucleoli
removed by centrifugation. The supernatant was mixed with streptavidin agarose beads
(Novagen, Darmstadt, Germany) coated with a biotin-labeled primer, which annealed the
coding region of BTV-1 51, S6, or S10 (Supplementary Table S2). The beads were incubated
with poly-A RNA first to decrease non-specific binding. After 30 min incubation at 28 °C,
the beads were washed three times with excess buffer, followed by 1 min heating at 80 °C to
release the RNA. The eluted RNA samples were then subjected to qRT-PCR to measure the
quantities of ten segments from each kind of bead. Genomic dsRNA extracted from BTV
was used as the equal molar ratio standard for qRT-PCR. cDNA synthesis was performed
using the SuperScript™ III Reverse Transcriptase Kit (Invitrogen, Carlsbad, CA, USA),
following the manufacturer’s instructions. qPCR was carried out with PowerUp™ SYBR™
Green Master Mix (ThermoFisher, Waltham, MA, USA), and the primers used are listed in
Supplementary Table S3.
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3. Results

3.1. Identification and Visualization of Intersegments Interaction and RNA Complex Formation in
BTV-Infected Cells

BTV RNA segments interact with each other in vitro and form RNA complexes that
are important for RNA packaging. To investigate whether such RNA complexes are formed
during virus replication in the infected cells, we used a highly efficient RNA fluorescence in
situ hybridization chain reaction (HCR) technique tailored for BTV RNAs [13]. Following
hybridization of specific oligonucleotide probes to the +ssRNA segments of the virus,
an enzyme-free polymerization reaction is used to amplify a strong fluorescent signal
(Supplementary Figure S1). HCR analysis was performed on BSR cells infected with
wild-type BTV (BTV-WT) at a multiplicity of infection (MOI) of 100 and analyzed 8 h
post-infection (hpi). Two probe sets, labeled with Cy3 (green, 550 nm) and Cy5 (red,
670 nm), targeting the BTV RNA segments S6 and 510, were employed (Figure 1A and
Supplementary Figure S1B). Since S7-510, the four smaller RNA segments form complexes
first [15], which then recruit S6, 510 and S6 probes for the identification of the RNA complex
formation. Quantitative measurements revealed that over 80% of Cy3 and Cyb5 spots
colocalized within the cells (Figure 1B), indicative of complex formation in infected cells.
Two control experiments were undertaken to validate the results further. For the positive
control, two probe sets targeting different regions of the same RNA segment (S10) and
labelled with Cy3 and Cy5 were used. In BSR cells infected with BTV-WT and analyzed
at 8 hpi, S10 RNA was detected by both probes (Figure 1A). As expected, quantitative
results showed over 90% colocalization of Cy3 and Cy5 spots (Figure 1B), supporting the
specificity of the analysis. To ensure that colocalization efficiency was not influenced by
high concentration of viral RNA, a negative control was performed using labeled probes
targeting the highly expressed cellular 3-actin mRNA (ActB) and viral RNA S10. In BSR
cells infected with BTV-WT and hybridized with Cy3-labeled probes for ActB and Cy5-
labeled probes for S10 at 8 hpi, minimal colocalization of these RNA species was observed
(Figure 1A). Quantitative analysis confirmed a low colocalization percentage of <22%
(Figure 1B). These results validate the specificity and sensitivity of the HCR technique and
establish robust positive and negative controls for the quantitative analysis.

To substantiate that the RNA segments indeed form RNA complexes in the infected
cells, we designed a biotinylated oligos-based pull-down assay, similar to the one previously
used for an in vitro study [15]. At 5 h post-infection, when viral proteins were synthesized
at low levels only, the RNA-RNA interactions and RNA complex formation were detected
by pulled-down beads assay using three representative RNA segments (51, S6, or S10), as
described in Methods. The qRT-PCR data clearly identified BTV RNA complexes (Figure 2).
The beads coated with each of the three RNA segments pulled down the remaining nine
RNA segments almost at equal efficiency, indicating that complexes containing all segments
exist in the early stage of virus replication.

3.2. NS2 Is Not Essential for BTV RNA Complex Formation Although It Facilitates Colocalization
of Larger RNA Segments in Infected Cells

To investigate the correlation between NS2 and RNA packaging in infected cells,
two mutant BTV viruses were generated through site-directed mutagenesis of segment 8,
the NS2 encoding BTV RNA segment, as previously described. The start codons (ATG)
of segment 8 were altered to GTG, preventing the translation of NS2 in BTV-ANS2 [13].
Additionally, a calcium-binding site mutation (DDDE250-253AAAA) was introduced to
block the formation of viral inclusion bodies (VIB) in BTV-AVIB [29]. Rescue of the two
mutant strains BTV-AVIB and BTV-ANS2, was only successful in an NS2-complementing
cell line (BSR-NS2) (Figure 3A). To investigate the colocalization kinetics of different viral
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RNA species during the BTV replication, we visualized S10 and S6, two of the earliest
RNAs to be recruited, but also, importantly, segment S1, which our previous in vitro
studies have shown is the last segment to be incorporated, marking completion of the set
of segments comprising the genome. We performed HCR and colocalization analysis on
three viral +ssRNA segments: S1 (large-sized), S6 (medium-sized), and S10 (small-sized),
in the wild-type (BTV-WT) and two mutant strains (BTV-AVIB and BTV-ANS2) at 20 hpi
with a MOI 5.0. Viral RNA segments were detected using HCR with S1 labeled in blue
(Atto-488, 499 nm), S6 in green (Cy3, 550 nm), and S10 in red (Cy5, 670 nm). Colocalization
analysis revealed yellow spots, indicating overlap between Cy3 and Cyb5 signals, while pink,
purple, or white spots represented colocalization among Atto-488, Cy3, and Cy5 signals
(Figure 3B). Pearson’s correlation coefficients were calculated to quantify colocalization
among viral RNAs 51, 56, and S10 in the cells infected with WT and two mutant BTV
strains. The results revealed the highest colocalization efficiency between S6 and S10 for all
strains, with Pearson’s correlation coefficients ~90%, with WT showing a slightly higher
colocalization efficiency compared to BTV-AVIB and BTV-ANS2 (Figure 3C). BTV-ANS2
still exhibited colocalization, although it affected the efficiency between S1 and S10, as well
as S1 and S6, with a Pearson’s correlation coefficients 65%. However, BTV-AVIB (but still
retaining NS2) showed significantly higher colocalization efficiency between these RNA
pairs (Figure 3C). These findings suggest that while VIBs and NS2 are essential for BTV
replication in BSR cells [9], viral RNA segments can still form complexes in the cytoplasm
independently of these structures. These findings of in vivo infected cells are consistent
with the previous in vitro studies [13,15] and also indicate that while NS2 is not required
for assembling smaller RNA segments, it may influence the assembly of larger BTV RNA
segments. Furthermore, the observed instability of the S1 segment in the absence of N52—
coupled with its failure to colocalize with other segments—indicates that NS2-mediated
recruitment is a prerequisite not only for the structural organization of the larger segments
but also for their metabolic stabilization within the cytoplasmic environment.

3.3. Smaller Segments of BTV Viral RNAs Form Complexes Prior to the Larger Segments

To investigate the sequence of RNA complex network formation during BTV replica-
tion, BSR cells were seeded in 12-well plates and infected with either BTV-WT (Figure 4A)
at an MOI of 100 or the mutant strain BTV-ANS2 (Figure 4C) at an MOI of 5.0. Because viral
RNA replication is initially slow but becomes sequestered into VIBs by 6-8 hpi—hindering
quantification and colocalization—a high MOI was used for BTV-WT to capture early-stage
RNAs before sequestration. In contrast, the absence of VIB formation in BTV-ANS2 enabled
analysis at later time points using a lower MOIL. Cells were fixed at various time points
post-infection for HCR and colocalization analysis. BTV S1 (blue, Atto-488, 499 nm), S6
(green, Cy3, 550 nm), and 510 (red, Cy5, 670 nm) were detected using HCR. Colocalization
analysis revealed yellow spots (overlapping Cy3 and Cy5 signals), while pink, purple, or
white spots indicated colocalization of Atto-488, Cy3, and Cyb5 signals. The number of
colocalized spots for all viral RNA segments increased over time in both BTV-WT and
BTV-ANS2-infected BSR cells (Figure 4A,C). Pearson’s correlation coefficients remained
consistently higher for the smaller viral RNA segments, S6 and S10, across nearly all
post-infection time points in both BTV-WT and BTV-ANS2-infected cells, albeit with a
decrease at 7 hpi and 8 hpi in BTV-WT-infected cells, due to segment entry into assembled
VIBs (Figure 4B,D). Additionally, BTV-ANS2 exhibited lower complex formation efficiency,
with significantly lower Pearson’s correlation coefficients for larger segments compared to
BTV-WT (Figure 4B,D), confirming that smaller BTV RNA segments assemble into com-
plexes before larger ones. These findings highlight the critical role of NS2 in facilitating the
assembly of larger RNA segments.
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Figure 1. In situ hybridization chain reaction (HCR) and colocalization analysis of Bluetongue virus
(BTV) in BSR cells. (A) BSR cells were infected with wild-type Bluetongue virus (BTV-WT) at a
multiplicity of infection (MOI) of 100 for 8 h in 12-well plates, then fixed and incubated with probes
targeting cellular mRNA or BTV +ssRNA segments for HCR and colocalization analysis. Uninfected
BSR cells served as the mock control (row a). For the negative control (row b), cells were incubated
with probes targeting cellular mRNA B-actin (ActB, green, Cy3, 550 nm) and BTV +ssRNA segment
510 (red, Cy5, 670 nm). The positive control (row c) utilized Cy3- and Cyb5-labeled probes targeting
different regions of segment S10 to validate colocalization and HCR. For (row d), probes labeled
with Cy3 and Cyb5 were used to target BTV RNA segments S6 and 510. Hoechst 33342 was used to
stain cell nuclei. Colocalization analysis revealed yellow spots, indicating the overlap of Cy3 and
Cyb signals. (B) Pearson’s correlation coefficients were quantified to assess colocalization between
Cy3 and Cyb5 spots for each experiment. Analysis was conducted across five images from separate
replicates, representing over 100 cells per experiment. The error bars represent standard deviations.
Unpaired Student’s t-tests were performed to compare the colocalization analysis between each
experiment group. ***: {-test p value < 0.005.
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Figure 2. RNA complexes containing all segments could be pulled down from the BT V-infected cell
lysate. BSR cells were infected with BTV-1 at an MOI of 5.0 for 5 h. Beads coated with an S1-, S6-, or
510- specific oligos were incubated with the cell lysate for 30 min to interact with BTV RNAs in the
lysate; bound RNAs were then sequentially extracted. The amount of each interacting RNA segment
was determined by qRT-PCR using primers specific to the indicated segment, correlated to an equal
molar ratio of BTV genomic RNA as a standard, as described in [15]. The RNA copy number per ml
of infected cell lysate was shown in log10. Standard deviation from multiple individual experiments

was calculated and shown as error bars.

3.4. VP6 May Play a Key Role in BTV Viral RNAs Assembly Prior to Recruitment into VIBs

VP6 has been identified as a crucial component of the primary replicase complex and
is hypothesized to play a role in recruiting and packaging BTV RNA [9,10]. To confirm the
correlation between VP6 and RNA packaging, BSR cells were infected either with BTV-WT,
or BTV-AVIB, or BTV-ANS2 at a multiplicity of infection (MOI) of 5.0 for 20 h in 12-well
plates, and colocalizations of RNAs and viral proteins were examined using HCR and
immunofluorescence. Viral +ssRNA segments 510, S6, and S1, as well as cellular mRNA
ActB, were detected using HCR (red, Cy5, 670 nm). Immunofluorescence localized the viral
structural protein VP6 (green, Alexa-546, 561 nm) and NS2 (blue, Atto-488, 499 nm). Yellow
spots indicate colocalization between Alexa-546 and Cyb5 signals, while pink, purple, or
white spots represent colocalization between Atto-488, Alexa-546, and Cyb5. The results
showed that the VP6 protein colocalized with BTV viral +ssRNA segments S1, S6, and 510 of
the RNA complex, as well as with cellular mRNA ActB, in BSR cells infected with BTV-WT,
BTV-AVIB, or BTV-ANS2 (Figure 5). This confirms VP6 as a general RNA-binding protein
consistent with previous in vitro studies [9,17,33]. Notably, VP6 colocalized with both viral
+ssRNA and VIBs in BTV-WT-infected cells and with defective VIBs in BTV-AVIB-infected
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cells but did not colocalize with non-aggregated NS2 protein (Figure 5). Additionally,
VP6 colocalized with viral +ssRNA and VIBs but was absent from VIBs associated with
cellular mRNAs (Figure 5). These findings suggest that VP6 binds viral and cellular RNAs
independently of NS2 and that its colocalization with VIBs likely reflects binding to the
viral +ssRINA accrued there. To confirm this, BSR cells were infected with the BTV-ECRA
mutant strain [16], which has large deletions in segment S9 preventing VP6 translation,
at an MOI of 5.0 for 20 h. Colocalization analysis of viral RNA segments S1, 56, and 510
(detected using HCR) demonstrated that viral RNA complexes still formed and entered
VIBs despite the absence of VP6 (Figure 6). These findings indicate that VP6 can associate
with viral +ssRNA before they enter VIBs, and that it may play a role in RNA recruitment
and early assembly, although it is not essential for RNA entry into VIBs. This suggests that
BTV RNA packaging into VIBs can occur through alternative mechanisms, emphasizing
the complexity of the BTV replication process.
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Figure 3. Colocalization analysis of viral RNAs in BSR cells infected with wild-type and mutant
BTV using HCR. (A) Plaque assay results for BTV-WT and two mutant strains (BTV-AVIB and BTV-
ANS2) in BSR and BSR-NS2 cell lines. (B) BSR cells were infected with BTV-WT, BTV-AVIB and
BTV-ANS2 at an MOI of 5.0 for 20 h in 12-well plates. Uninfected BSR cells served as a negative
control. Viral RNA segments S1 (blue, Atto-488, 499 nm), S6 (green, Cy3, 550 nm), and S10 (red,
Cy5, 670 nm) were detected using HCR. Colocalization analysis showed yellow spots indicating
overlap between Cy3 and Cy5 signals, while pink, purple, or white spots represented colocalization
of Atto-488, Cy3, and Cyb5 signals. Hoechst 33342 was used to stain cell nuclei. (C) Quantification of
Pearson’s correlation coefficients for colocalization between viral RNAs S1, S6, and S10. Six images
from independent replicates, covering over 120 cells per experiment, were analyzed. The error bars
represent standard deviations. Unpaired Student’s t-tests were performed to compare colocalization
analysis between wild-type (BTV-WT) and mutant (BTV-AVIB and BTV-ANS?2) strains. ns: unpaired
t-test no significance. *: t-test p value < 0.05. **: t-test p value < 0.01.
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Figure 4. Colocalization analysis of viral RNAs in BSR cells infected with BTV-WT and BTV-ANS2
at different post-infection time points. BSR cells in 12-well plates were infected with BTV-WT (A,B)
at a multiplicity of infection (MOI) of 100 or with BTV-ANS2 (C,D) at an MOI of 5.0, and fixed at
various time points post-infection for HCR and colocalization analysis. Uninfected BSR cells served
as a negative control. Viral RNA segments S1 (blue, Atto-488, 499 nm), S6 (green, Cy3, 550 nm), and
510 (red, Cy5, 670 nm) were detected using HCR. Panel (A) shows representative HCR images of
BTV-WT-infected cells, revealing colocalization of viral +ssRNA segments as yellow (Cy3 + Cy5),
pink/purple, or white spots, indicating partial or complete overlap of signals. Corresponding
quantitative analysis in panel (B) presents Pearson’s correlation coefficients for S1, S6, and S10 RNA
colocalization across time points in BTV-WT-infected cells. Panel (C) shows the same HCR analysis
as in panel (A), performed on BTV-ANS2-infected cells at a lower MOI, with similar visualization
of RNA colocalization. Panel (D) provides the quantitative Pearson’s correlation analysis for BT V-
ANS?2 infection, as shown in panel (C). For all conditions, five images per sample from independent
replicates, covering over 100 cells per experiment, were analyzed. Error bars represent standard
deviations. Statistical comparisons for colocalization analysis between BTV-WT and BTV-ANS2 were
performed using multiple t-tests. No significant differences (p > 0.1) were observed for BTV-WT
between S1 + S6 and S6 + S10 at 6 hpi, nor between S1 + S6 and S1 + S10 at 4 and 8 hpi. Similarly, no
significant difference (p > 0.1) was found for BTV-ANS2 between S1 + S6 and S1 + S10 at 8 hpi. For
all other experimental groups and time points, differences were statistically significant (p < 0.05 or
p <0.01).
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Figure 5. BTV structure protein VP6 colocalized with viral and host RNAs. BSR cells were infected
with BTV-WT, BTV-AVIB and BTV-ANS2 at an MOI of 5.0 for 20 h in 12-well plates. Uninfected BSR
cells served as a negative control. Cell nuclei were stained with Hoechst 33342. Colocalization of
RNAs and viral proteins was examined using HCR and immunofluorescence. Viral +ssRNA segments
510, S6, and S1, as well as cellular mRNA (-actin (ActB), were detected using HCR (red, Cy5, 670 nm).
Immunofluorescence localized the viral structural protein VP6 (green, Alexa-546, 561 nm) and the
non-structural protein NS2 (blue, Atto-488, 499 nm). Yellow spots indicate colocalization between
Alexa-546 and Cyb5 signals, while pink, purple, or white spots represent colocalization between
Atto-488, Alexa-546, and Cy5. Five images from separate replicates, encompassing over 100 cells per
experiment, were analyzed.
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Nucleus

Merge

Figure 6. BTV viral RNAs enter VIBs independently of VP6. BSR cells were infected with mutant
strains (BTV-ECRA) at an MOI of 5.0 for 20 h in 12-well plates. Viral RNA segments S1 (blue, Atto-488,
499 nm), S6 (green, Cy3, 550 nm), and S10 (red, Cy5, 670 nm) were detected using HCR. Colocalization
analysis showed yellow spots indicating overlap between Cy3 and Cy5 signals, while pink, purple, or
white spots represented colocalization of Atto-488, Cy3, and Cyb5 signals. Hoechst 33342 was used to
stain cell nuclei. Five images from individual replicates, encompassing over 100 cells per experiment,
were analyzed.

3.5. Complete Set of RNA Genome Selection for Packaging Do Not Require Either VP6 or NS2

To investigate whether BTV +ssRNA segments can form RNA complexes in the host
cell cytoplasm in the absence of both NS2 and VP6, BSR cells were transfected with all
10 BTV viral +ssRNA segments. The start codons (ATG) of segments S8 and S9 were
mutated to GTG, preventing translation without significantly altering nucleotide structure.
Using HCR, RNA segments S1 (blue, Atto-488, 499 nm), S6 (green, Cy3, 550 nm), and S10
(red, Cy5, 670 nm) were detected in the cytoplasm. Despite the absence of NS2 and VP6,
RNA complexes still formed in the cytoplasm. Pearson’s correlation coefficients remained
high (~80%) for the smaller RNA segments S6 and 510, while larger segments, such as S1,
showed lower correlations (~60%), mirroring the patterns observed in BSR cells infected
with BTV-ANS2 (Figure 7). These results, consistent with previous in vivo assays (infected
cells), further support the notion that RNA packaging into a complex is an innate feature of
the sequence but that it may be enhanced by the virally encoded RNA-binding proteins.
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Figure 7. Colocalization analysis of BTV viral RNAs in the absence of both NS2 and VP6 in the host
cell cytoplasm by HCR. BSR cells were transfected with all 10 BTV viral +ssRNA segments. The
start codons (ATG) of segments S8 and S9 were mutated to GTG, preventing translation without
significantly altering nucleotide structure. (A) Viral RNA segments S1 (blue, Atto-488, 499 nm),
S6 (green, Cy3, 550 nm), and S10 (red, Cy5, 670 nm) were detected by HCR in the cytoplasm.
(B) Quantification of Pearson’s correlation coefficients for colocalization between viral RNAs S1, S6,
and S10. Five images from individual replicates containing more than 200 cells were analyzed for each
experiment. The mean standard error bars are shown. Unpaired Student’s t-tests were performed
to compare the colocalization analysis between each experiment group. ***: t-test p value < 0.005,
**%: t-test p value < 0.001.
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4. Discussion

The selection of viral genomes from the pool of cellular nucleic acids and their subse-
quent packaging within the virus capsid are two critical processes in virus-infected host
cells. The findings presented in this study provide, for the first time, how multipartite BTV
genomic RNAs are assorted in infected cells by RNA-RNA interactions to form a specific
RNA network. Utilizing the HCR technique for in situ hybridization and colocalization
analysis, it was possible to show the dynamic nature of BTV +ssRNAs interactions within
infected BSR cells. Our results from BT V-infected cells confirm the viral RNA segments
indeed interact with each other to form the RNA complex of ten segments as previously
observed in our in vitro studies [13,15].

Our current in vivo findings are consistent with our earlier in vitro studies, which
support a model where BTV RNA packaging is orchestrated through the stepwise formation
of a complex RNA-RNA interaction network. This process appears to follow a defined
sequence, beginning with the smallest segment, S10, which initiates interactions with other
small segments to form an initial complex (57-510). Medium-sized segments (54-56) and
eventually the larger segments (51-S3) are then recruited in a hierarchical manner, leading to
the complete genome complex ready for encapsulation. However, the observed association
patterns in vivo, such as S6 colocalizing with both 51 and S10 at a similar level, while S1
and 510 show weaker direct association, suggest that the assembly pathway may be more
dynamic or flexible within the cellular environment than what is captured in simplified
in vitro systems. It is possible that S6 functions as a central scaffold or bridging segment,
facilitating transient or stage-specific interactions between small and large segments, even
if those segments are not simultaneously colocalized. These findings raise the possibility
of alternative or parallel assembly routes and intermediate complexes that may form
depending on spatial constraints or temporal regulation within the cytoplasm. Exploring
whether larger segments interact directly or form subcomplexes before engaging with
the initial S7-510 complex remains an open question and will be an important focus of
future investigations.

Further, in BSR cells infected with the NS2-deficient mutant BTV-ANS2, we observed
RNA segments could still form complexes in the absence of NS2, although there was a
reduction in the colocalization efficiency of viral RNA segments, especially between large
and small RNA segments. This finding aligns with previous reports demonstrating that
NS2 facilitates the formation of viral inclusion bodies (VIBs), which serve as scaffolds for
RNA recruitment [29,34]. Thus, although VIBs and NS2 are not directly involved in RNA-
RNA interaction and complex formation, they are key components for the efficient assembly
of the viral genome, particularly for larger RNA segments, despite being dispensable for
the initiation of RNA complex formation.

Our study provides new evidence supporting a key role for VP6 in BTV RNA pack-
aging and assembly. VP6, a structural protein previously identified as a core component
of the BTV replicase complex [17,33], was found to colocalize with both viral and cellular
RNAs independently of NS2 and VIBs in cells infected with mutant strains (BTV-AVIB
and BTV-ANS2), and also to associate with VIBs in wild-type BTV (BTV-WT) infection.
This pattern suggests that VP6 associates with the RNA network prior to the formation
of VIBs. Interestingly, VP6 was only recruited to VIBs in the presence of viral RNAs but
not cellular RNAs, implying a selective mechanism that favors viral RNAs. Furthermore,
VP6 binds viral RNAs early in infection, indicating its involvement in the initial stages of
RNA packaging and suggesting it may act as a checkpoint to regulate RNA complex forma-
tion and prevent potential cytotoxicity. These findings, consistent with previous in vitro
studies [10,17,33], highlight the multifunctional role of VP6 in the BTV replication cycle.
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Direct confirmation of RNA-RNA interactions and RNA network formation do not
require NS2 or VP6 was further demonstrated in cells transfected with all ten BTV +ssRNA
segments, where RNA complexes still formed with high efficiency (~80%) for smaller
segments (56-510), while larger segments such as S1 showed less efficiency (~60%), similar
to results observed in BTV-ANS2 infections. These findings suggest that BTV RNA segment
interactions are driven by intrinsic RNA-RNA affinities, with smaller segments initiating
complex formation followed by the incorporation of larger segments (e.g., S1). This sup-
ports the notion of a sequential RNA-RNA interactions and packaging model, consistent
with earlier in vitro studies [13,15]. The use of the HCR technique enabled precise localiza-
tion and quantification of these interactions, suggesting that RNA-RNA interactions and
RNA complex formation facilitate the initial stages of genome packaging. The hypothesis
is that specific secondary structures or “packaging signals” within the segments likely
mediate these interactions. Notably, results obtained from in vivo infected cells indicate
that while RNA complex formation occurs independently of NS2, the presence of NS2
enhances assembly efficiency, particularly of the larger RNA segments, suggesting that
NS2 might play an important role in concentrating RNAs and orchestrating the formation
of the complete genome structure during virus replication.

Altogether, our findings support a model in which BTV RNA segments are assorted
via highly specific intersegment interactions while VP6 associates with the interacting
RNA segments and RNA complexes. The VP6-RNNA complexes are recruited to VIBs via
NS2, the major component of VIBs, within which core assembly and RNA packaging
are orchestrated by RNA—protein and protein—protein interactions. VP6 may play a role
in directing these RN As into viral inclusion bodies (VIBs). NS2, in turn, functions as a
scaffolding protein within VIBs, organizing and concentrating viral RNAs and proteins to
facilitate core assembly. Both VP6 and NS2 appear to enhance and stabilize the packaging
process rather than initiate it and may also serve a protective function, probably necessary
for shielding viral RNAs from degradation.

In summary, our findings reveal that BTV RNA packaging is governed by a complex,
stepwise mechanism. While smaller RNA segments appear to initiate complex formation
early, NS2 facilitates the recruitment and coordination of larger segments within the assem-
bly factories. The VIBs and VP6 bind viral +ssRNAs early in infection, potentially guiding
them into VIBs for packaging into the assembling inner capsid (VP1, VP3, VP4, VP6) and
subsequent core formation. These findings are highly significant for BTV but also offer
broader implications for the packaging strategies of other dsSRNA viruses with segmented
genomes. Despite these advances, our study has limitations. This study marks the first
application of HCR in dsRNA virus research, where it demonstrated high sensitivity and
specificity in detecting BTV RNAs, both in transfected and infected BSR cells. However,
its application is currently limited to fixed-cell imaging, restricting its use for real-time
RNA tracking. Although live-cell imaging approaches have been developed in studies of
other viruses to provide dynamic insights into RNA interactions [35], their application in
BTV and related viruses has been limited to protein tracking in live infected cells [36], with
RNA tracking techniques remaining largely underdeveloped. Additionally, colocalization
analysis alone does not establish direct evidence of interaction. Probe accessibility may also
influence RNA detection efficiency, and validation in primary cells or animal models is
needed to confirm our findings. Nevertheless, HCR is a powerful tool for investigating viral
RNA interactions in infected cells. Future research should further dissect the molecular
interplay between viral proteins and RNA segments, particularly the precise role of VP6 in
RNA recruitment, to better understand the viral packaging mechanism.
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