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Abstract 15 

Bunyaviruses have a genome that is divided over multiple segments. Genome segmentation complicates 16 

the generation of progeny virus, since each newly formed virus particle should preferably contain a full 17 

set of genome segments in order to disseminate efficiently within and between hosts. Here, we combine 18 

immunofluorescence and fluorescence in situ hybridization techniques to simultaneously visualize 19 

bunyavirus progeny virions and their genomic content at single-molecule resolution in the context of 20 

singly infected cells. Using Rift Valley fever virus and Schmallenberg virus as prototype tri-segmented 21 

bunyaviruses, we show that bunyavirus genome packaging is influenced by the intracellular viral 22 

genome content of individual cells, which results in greatly variable packaging efficiencies within a cell 23 

population. We further show that bunyavirus genome packaging is more efficient in insect cells 24 

compared to mammalian cells and provide new insights on the possibility that incomplete particles may 25 

contribute to bunyavirus spread as well.  26 
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Introduction  27 

Viruses from the genera Phlebovirus (family Phenuiviridae) and Orthobunyavirus (family 28 

Peribunyaviridae), belonging to the order Bunyavirales, are globally distributed and transmitted 29 

between vertebrate hosts by arthropods such as mosquitoes, sandflies, ticks and midges1–4. Several 30 

members of these genera cause severe disease in livestock and humans, threatening animal and public 31 

health and economies5,6. Yet, several fundamental aspects of the viral life cycles remain poorly 32 

comprehended.  33 

 34 

Phleboviruses and orthobunyaviruses have a tri-segmented genome of single-stranded RNA of 35 

negative-sense polarity. The small (S), medium (M) and large (L) segments, named according to their 36 

size, are encapsidated by multiple nucleocapsid (N) proteins to form viral ribonucleoprotein (vRNP) 37 

complexes that associate with the RNA-dependent RNA polymerase (RdRp or L protein). The N protein 38 

is encoded by the S segment, which also encodes a non-structural protein (NSs) in antigenomic-sense 39 

orientation in phleboviruses and in genomic-sense orientation in orthobunyaviruses. The RdRp is 40 

encoded by the L segment, whereas the M segment encodes a polyprotein precursor that is cleaved into 41 

a non-structural protein (NSm) and two glycoproteins (Gn and Gc) that protrude from the envelope of 42 

mature particles and facilitate entry into host cells6–8. Virions are enveloped, spherical particles of 43 

approximately 80-120 nm in diameter9–11. 44 

 45 

From a gene expression perspective, genome segmentation could theoretically facilitate control of viral 46 

gene transcription and translation without requiring various cis-acting elements as viruses with 47 

non-segmented genomes require. Moreover, genome segmentation is generally considered as an 48 

evolutionary advantage because it allows genetic reassortment events, which can potentially result in 49 

increased viral fitness and transmissibility12. However, partitioning of the genome complicates the 50 

genome packaging process of segmented viruses, since packaging of at least one copy of each segment 51 

into a particle is thought to be essential to generate infectious progeny. Considering this, it could be 52 

expected that packaging of segmented viral genomes is a highly selective process. The existence of a 53 

selective packaging mechanism has already been demonstrated for segmented RNA viruses of other 54 

families such as influenza virus and rotavirus13–15. Reverse genetics and electron microscopy studies on 55 

influenza virus showed that the eight genome segments use packaging signals to assemble into a 56 

supramolecular complex with a ‘7+1’ configuration16–19. Fluorescence spectroscopy combined with 57 

pulsed interleaved excitation revealed that rotavirus genome segments form protein-mediated 58 

sequence-specific interactions20. In both cases, RNA-RNA interactions play an important role in the 59 

packaging of the complete genome inside newly formed particles.  60 

           61 

Early reports based on mini-genome systems showed that the 5’ and 3’ untranslated regions (UTRs) of 62 

bunyavirus RNA segments are directly or indirectly involved in the genome packaging process21. 63 
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Certain flexibility in the packaging process was demonstrated by the rescue of a recombinant 64 

Bunyamwera virus (BUNV, genus Orthobunyavirus) with an L segment open reading frame flanked by 65 

M-type UTRs22. Additional work with recombinant viruses revealed the flexibility in the packaging of 66 

Rift Valley fever virus (RVFV, genus Phlebovirus) genome segments, as evidenced by the creation of 67 

multiple two-segmented and four-segmented variants23–25, as well as a variant with reconfigured coding 68 

orientation of the S segment26. More recently, by using single-molecule fluorescence in situ 69 

hybridization (smFISH) we showed that S, M and L vRNPs of RVFV do not co-localize in the cytoplasm 70 

during viral replication. Together with a codon shuffled M-segment variant that retained similar growth 71 

characteristics, no evidence was found for the formation of a supramolecular RVFV vRNP complex, 72 

thereby suggesting that packaging of RVFV genome segments is not a tightly regulated process27. 73 

Despite that the scarce evidence available has provided valuable insights into the genome packaging of 74 

bunyaviruses, our understanding of this process is still very limited. In particular, packaging of 75 

bunyaviruses has only been studied with a few virus species, and few studies have compared genome 76 

packaging in different hosts. Potential host differences in specific steps of the replication cycle may 77 

have important implications for virus transmission between vertebrates and invertebrates. Additionally, 78 

the kinetics and efficiency of generating infectious particles have only been examined at a cell 79 

population level and the potential biological role of incomplete particles (i.e. particles lacking one or 80 

more genome segments) in within- and between-host transmission is currently unknown.     81 

 82 

Here, we use RVFV and Schmallenberg virus (SBV, genus Orthobunyavirus) as prototypes of different 83 

bunyavirus families to study genome packaging in mammalian and insect cells. We describe a 5-channel 84 

FISH-immunofluorescence method that allows simultaneous visualization of progeny virions and each 85 

viral genome segment at single-molecule resolution, directly showing that only a small fraction of newly 86 

formed virus particles contains a full set of genome segments. We further show at a single-cell level that 87 

the packaging efficiency is highly heterogeneous within a cell population and provide direct evidence 88 

of the occasional incorporation of antigenomic-sense segments into virus particles. Finally, we report 89 

major differences between genome packaging efficiencies in mammalian and insect cells. Thus, the 90 

results of this study are in line with our previous suggestion that genome packaging of bunyaviruses is 91 

driven by a non-selective process and highlight host cell differences in bunyavirus life cycles.    92 

 93 

Results  94 

Viral RNA:infectivity ratios differ in mammalian and insect hosts   95 

To study viral replication and the generation of infectious virus progeny in mammalian and insect cells, 96 

we infected Vero E6 (monkey), C6/36 (Aedes albopictus) and KC (Culicoides sonorensis) cells with 97 

RVFV or SBV, quantified in time intracellular and extracellular viral genome segments by RT-qPCR 98 

and determined the virus titer in the supernatant by endpoint titration (Fig. 1a). For both RVFV and 99 
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SBV, the absolute genome segment copy numbers of all three segments were higher in lysates and 100 

supernatants of mammalian cells (Vero E6) compared to insect cells (C6/36 and KC) in the logarithmic 101 

viral growth phase (Fig. 1b-e). Remarkably, the higher genome copies in supernatants of Vero E6 cells 102 

did not always correspond proportionally with higher virus titers. For example, RVFV genome copies 103 

obtained at 48 h post-infection in Vero E6 cells were more than 10 times higher than in C6/36 cells, 104 

whereas the virus titers in both host cell lines were equal (Fig. 1f). Another dissonance was observed 105 

with SBV at 24 h post-infection, where similar genome copies in supernatants of Vero E6 and KC cells 106 

resulted in a titer of infectious virus more than 10 times higher in KC cells (Fig. 1g). After relating viral 107 

RNA copy numbers with virus titers of the supernatants in time, here referred to as vRNA:infectivity 108 

ratios, it became clear that for the generation of RVFV and SBV infectious units, fewer genome 109 

equivalents are needed in insect cells (Fig. 1h, i), suggesting that bunyavirus genome packaging 110 

efficiencies differ between hosts. In addition, genome copies in plasma samples of lambs experimentally 111 

infected with RVFV within the scope of another study28 were determined (Fig. 1j-l). Briefly, lambs were 112 

inoculated via intravenous route with RVFV, followed by daily collection of plasma samples. In these 113 

plasma samples, vRNA:infectivity ratios increased over time, with the lowest ratio observed at 2 days 114 

post-infection (Fig. 1m), coinciding with peak viremia and the onset of symptoms28, demonstrating that 115 

genome packaging efficiencies within a host may differ in time.   116 

 117 

Visualization of newly formed progeny virions at single-particle resolution  118 

To investigate the release kinetics of progeny virions from infected cells, we developed an 119 

immunofluorescence assay using antibodies targeting the surface glycoproteins of RVFV (Gn) and SBV 120 

(Gc). We infected Vero E6 cells, fixed the cells at defined time points and tracked the appearance of 121 

virus particles over time (Fig. 2a). For both RVFV and SBV, detection of the glycoproteins became 122 

evident around 5 ± 1 h post-infection. In the case of RVFV, the Gn glycoprotein signal started to 123 

accumulate in a perinuclear region (Fig. 2b, first panel), consistent with the Golgi apparatus being the 124 

site of virion assembly29. No accumulation of Gc in perinuclear regions was noticed in SBV infected 125 

cells (Fig. 2c). Interestingly, around 7 ± 1 h post-infection with RVFV, localized clusters of symmetric 126 

spots, most likely portraying groups of virus particles trafficking simultaneously from the assembly site 127 

to the extracellular space in vesicles, were detected (Fig. 2b, second panel). As the infection progressed, 128 

a higher number of virus particles (hundreds to a few thousands) both inside and outside infected cells 129 

were detected (Fig. 2b-e and Supplementary Movies 1, 2). Of note, we commonly found infected cells 130 

at different stages of infection despite being fixed at the same time point, probably representing the 131 

intrinsic cell-to-cell variability within a cell population regarding virus entry and viral gene expression. 132 

A plot of fluorescence intensities of individual spots shows a unimodal intensity distribution 133 

characteristic of single particles (Fig. 2f). Likewise, a histogram of the area of the spots also shows a 134 

unimodal distribution, denoting reproducible measurements of single spots within and between images 135 

(Fig. 2g). Importantly, the single-particle detection of newly formed progeny virions not only allowed 136 
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us to investigate the kinetics of virion release, but also enabled us to determine the genomic composition 137 

of individual progeny virions. 138 

 139 

Genome composition of newly formed virus particles  140 

To investigate the genome content of newly formed RVFV and SBV virions in infected cells, we 141 

developed a 5-channel based combined RNA FISH-immunofluorescence method that allows 142 

simultaneous visualization of virus particles and each viral genome segment at single-molecule 143 

resolution (Fig. 3a). Virions were detected as described in Fig. 2 and specific FISH probe sets were 144 

designed to recognize the S, M and L viral RNAs (Supplementary Figs. 1, 2 and Supplementary 145 

Table 1). The method enables the concomitant assessment of viral replication by quantification of the 146 

vRNPs in the cytoplasm (Fig. 3d and Supplementary Fig. 3), as well as the determination of the genome 147 

content of newly formed virus particles through co-localization analysis between the virions and the 148 

vRNPs (Fig. 3b, c, e, f, Supplementary Figs. 3, 4 and Supplementary Movies 3, 4). Importantly, our 149 

assay facilitates linking the genomic content of the virions with the cytoplasmic vRNP content of the 150 

originative cell.  151 

 152 

We used the assay to analyze individual RVFV and SBV infected cells fixed at 8 h post-infection, a 153 

stage in the infection cycle at which release of mature virions is clearly evident (Fig. 3b, c, e, f and 154 

Supplementary Figs. 3, 4) and virus genome replication has not proceeded long enough to impede the 155 

quantification of vRNPs in the cytoplasm due to an overcrowded signal detection (Fig. 3d and 156 

Supplementary Fig. 3). Following analysis, most RVFV and SBV particles were found to be empty, 157 

accounting on average for approximately 55% and 35% of total virions, respectively. In addition, the 158 

fraction of particles containing one segment was between approximately 30%-35%, and the fraction 159 

containing two segments between about 10%-20%. The fraction of particles containing a complete 160 

genomic set was below 10% (Fig. 4a, right panels). Remarkably, we observed great variability in 161 

packaging efficiencies within RVFV and SBV infected cell populations. Within both cell populations, 162 

a subpopulation of cells showed a striking inefficient packaging process, in some cases seemingly 163 

without generating a single infectious particle, whereas other cell subpopulations generated two or more 164 

times higher percentages of particles containing a complete genomic set than the average (Fig. 4a, right 165 

panels).  166 

 167 

Intracellular vRNP content correlates with genome packaging efficiency   168 

Seeking for an explanation to the high variability in genome packaging efficiency within cell 169 

populations, we looked into the vRNP content in the cytoplasm of the individual cells. Quantification 170 

of RVFV vRNPs in infected mammalian cells not only exposed a highly heterogenous cell-to-cell 171 

composition, but also an overall imbalanced content leaning towards higher abundances of the S (42%) 172 

and L (34%) segments compared to the M segment (24%). Quantification of SBV vRNPs in infected 173 
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mammalian cells demonstrated that the overall vRNP content of the cytoplasm approached a theoretical 174 

balance, with abundances near the 33% for all three genome segments. Although the cytoplasm of some 175 

SBV infected cells deviated from the average composition, the cell-to-cell heterogeneity in this 176 

population was less pronounced (Fig. 4a, left panels).  177 

 178 

Next, we evaluated whether an imbalanced cytoplasmic content could be associated with a particular 179 

genome composition of the virions. The correlation analysis made evident that indeed, if a specific 180 

genome segment is more abundant intracellularly, it will be incorporated into a virus particle more often, 181 

and vice versa. A strong positive correlation (Pearson’s coefficients of at least 0.5660 and p < 0.01) was 182 

found for all three genome segments of RVFV and SBV (Fig. 4b). The association between the 183 

cytoplasmic content and the efficiency of incorporating genome segments into virions was further 184 

assessed in a more integrative manner. Based on the frequencies of all three genome segments in the 185 

cytoplasm of individual cells and the fractions of empty, incomplete and complete particles, we 186 

generated a system to score the balance of the intracellular contents as well as the efficiency of genome 187 

packaging, normalizing the scores using the extreme values present in our data set as reference (Fig. 4c). 188 

Surprisingly, our analysis revealed that a considerable number of cells with balanced intracellular 189 

genome contents exhibited an overall inefficient packaging. This indicates that, although the three 190 

different vRNPs will most likely be incorporated into particles in similar numbers if their intracellular 191 

abundance is similar, the three vRNPs are not necessarily co-packaged into the same particle. However, 192 

when we observed relatively efficient packaging, the vRNP content in the cytoplasm was balanced, 193 

implying that a balanced intracellular vRNP content is a pre-requisite for relatively efficient genome 194 

packaging. Accordingly, it also became clear that an imbalanced cytoplasmic vRNP content generally 195 

leads to inefficient genome packaging (Fig. 4c, d).  196 

 197 

Differences in genome packaging efficiencies between mammalian and insect cells    198 

Based on the different vRNA:infectivity ratios we found between mammalian and insect cells 199 

(Fig. 1h, i), we aimed to further evaluate potential host cell differences in genome packaging using our 200 

vRNA FISH-immunofluorescence method on RVFV infected insect cells. Although we managed to 201 

visualize RVFV virions and vRNPs in insect cells (Supplementary Fig. 5), the image acquisition and 202 

analysis process at single-molecule resolution proved to be very challenging due to the elongated 203 

distribution in the z-axis of virion assembly sites. As an alternative, we applied our method to 204 

immobilized virions from virus stocks produced in different host cells and compared the genome 205 

composition of their virions (Fig. 5a-c). In general, virus stocks consist of a heterogeneous population 206 

of empty virions and virions with one, two or three genome segments (Fig. 5d). Interestingly, in 207 

mammalian cells (Vero E6) the S segment was packaged more often than the M and L segments, 208 

whereas in insect cells (C6/36) we observed the opposite (Fig. 5e). Consistent with the analysis of newly 209 

formed virions (Fig. 4a) and our own previous report27, about 50% of total RVFV particles produced on 210 
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Vero E6 cells were empty. On the other hand, empty particles of virus stocks produced on C6/36 cells 211 

accounted for a considerably lower fraction (approximately 30% of total virions), indicating that despite 212 

bunyavirus genome packaging seems to be a largely stochastic process, the incorporation of genome 213 

segments into virions occurs more efficiently in insect cells than in mammalian cells. In addition, in 214 

insect cells the three different genome segments were incorporated into the same virion around 3 times 215 

more often than in mammalian cells (~23% versus ~7%) (Fig. 5d), generating a higher percentage of 216 

complete particles and showing an overall more efficient genome packaging process.      217 

 218 

Visualization of viral complementary RNAs incorporated into newly formed progeny virions     219 

Previous reports have found viral antigenomes, together with mRNA transcripts here referred to as viral 220 

complementary RNAs (cRNAs), in supernatants of bunyavirus infected cells or in purified virions 221 

preparations, as evidence for their incorporation into virus particles26,30–32. Here, we designed FISH 222 

probe sets to specifically recognize the cRNAs of RVFV and directly visualized their packaging using 223 

the vRNA FISH-immunofluorescence method (Fig. 6a, Supplementary Fig. 6 and Supplementary 224 

Table 1). Due to a maximum capacity to properly filter light wavelengths up to 5 different channels, we 225 

assessed the packaging of one viral segment and the corresponding cRNA in pairs. Indeed, all three 226 

RVFV cRNAs were occasionally incorporated into virions (Fig. 6b). Interestingly, we again observed 227 

high cell-to-cell variability in packaging efficiency within the cell populations. Furthermore, the ratios 228 

between the frequencies of incorporation of the viral genomes and the respective cRNAs differed per 229 

segment, resulting in ratios of approximately 4:1, 9:1 and 14:1 for S/cS, M/cM and L/cL, respectively 230 

(Fig. 6c). Although packaging of cRNAs occurs less frequently than that of viral genome segments, the 231 

direct visualization of virions containing cRNAs provides additional evidence of the absence of a 232 

selective mechanism that favors exclusively the incorporation of viral genome segments.  233 

 234 

Discussion 235 

The molecular mechanisms involved in the production of infectious bunyavirus progeny are yet to be 236 

discovered. Remarkably little is known about the principles that drive the genome packaging process of 237 

the multi-segmented bunyavirus genome into virions. Here, we combined smFISH and 238 

immunofluorescence assays to determine the genomic composition of RVFV and SBV virions at 239 

single-particle resolution by simultaneous detection of individual virus particles and vRNPs (Figs. 2, 3 240 

and Supplementary Figs. 3, 4). Notably, we were able to link the intracellular abundance of specific 241 

vRNPs with the composition of progeny virions in individual infected cells and were able to show 242 

striking differences between genome packaging efficiencies in mammalian and insect cells.  243 

 244 

By analyzing individual infected cells and their progeny virions, we not only observed a high cell-to-cell 245 

variability in packaging efficiency, which leads to a highly diverse composition of the progeny virion 246 

population, but also learned that the relative intracellular abundance of the vRNPs can influence, at least 247 



8 

 

partially, overall genome packaging efficiencies (Fig. 4a). Our observations, obtained from single-cell 248 

analysis, are consistent with previous reports on purified virions of RVFV studied at a population level 249 

by Northern blotting, which suggested that the relative abundance of each genome segment in virions 250 

roughly approximated their relative abundances intracellularly33,34. Likewise, we found that a low 251 

relative intracellular abundance of a particular genome segment correlates with a low packaging 252 

frequency of that segment and vice versa. Accordingly, when the overall intracellular vRNP content was 253 

imbalanced (i.e. S:M:L ratio moved away from the theoretical 1:1:1 ratio), virions produced from that 254 

cell rarely contained the three genome segments and packaging was most likely very inefficient 255 

(Fig. 4b). On the other hand, a balanced intracellular vRNP content appears to serve as an essential 256 

precondition for the generation of complete particles, although it does not ensure in all cases an overall 257 

efficient genome packaging (Fig. 4c, d).  258 

 259 

Contrary to other segmented RNA viruses like influenza virus and rotavirus, in which specific 260 

RNA-RNA interactions facilitate co-packaging of all the different viral genome segments20,35,36, a 261 

growing body of evidence supports the notion that bunyavirus genome packaging is rather flexible and 262 

non-selective21. Here, we show that less than 10% of RVFV and SBV progeny virions produced in 263 

mammalian cells contain the three genome segments, meaning that only a minor fraction of produced 264 

virus particles are infectious on their own (Fig. 4a). These results are in line with our previous report27, 265 

which suggested that bunyavirus genome packaging occurs without a specific mechanism that 266 

guarantees a consistent incorporation of all three genome segments into the same particle. In addition, 267 

we showed that the incorporation of S, M and L cRNAs into virions does occur, but not frequently. 268 

Importantly, packaging of cRNAs occurs disregarding whether the corresponding vRNA segment has 269 

or not an ambisense coding strategy (Fig. 6b, c). Although we observed similar non-selective features 270 

regarding genome packaging of tri-segmented bunyaviruses that belong to two different families, the 271 

low particle-to-PFU ratios previously reported for BUNV22 and Crimean-Congo Hemorrhagic fever 272 

virus37 (family Nairoviridae, genus Orthonairovirus) imply that other bunyavirus species may have 273 

evolved towards a more efficient packaging process, but this remains to be studied.       274 

 275 

Phleboviruses and orthobunyaviruses sustain a life cycle characterized by alternating productive 276 

infections between vertebrates and arthropod vectors4, underscoring the importance of studying the virus 277 

biology in both hosts. In an experimental infection study in goats, the source of the virus was found to 278 

cause differences in the course of infection. Insect cell-derived RVFV appeared to be more infectious 279 

than mammalian cell-derived RVFV based on faster peak viremia, infection of peripheral blood 280 

mononuclear cells, induction of fever and cytokine levels38. From our in vitro virus replication 281 

experiments, we noticed that insect cells required fewer genome equivalents per infectious unit 282 

compared to mammalian cells (Fig. 1h, i). Furthermore, we found that in RVFV progeny derived from 283 

insect cells, the relative amount of particles containing a full set of genome segments were about three 284 
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times more compared to mature RVFV virions produced in mammalian cells (Fig. 5d). These 285 

observations strongly suggest that genome packaging occurs more efficiently in insect cells, which 286 

possibly contributes to maintain high viral loads during replication in the arthropod vector to enable 287 

efficient transmission to vertebrates. The reasons behind the more efficient genome packaging in insect 288 

cells are yet unknown, but could be related to the evolutionary origin of the viruses, which has been 289 

suggested to be of arthropod-specific ancestors39. In addition to host differences, the fact that the 290 

vRNA:infectivity ratio in plasma samples from experimentally infected lambs increased over time 291 

indicates that genome packaging efficiency may vary within a single host over the course of infection 292 

(Fig. 1m). 293 

 294 

Interestingly, the bunyavirus genome packaging process investigated here gives rise to a large fraction 295 

of incomplete virus particles lacking one or two genome segments (Figs. 4a, 5d). Recently, a study with 296 

an influenza virus strictly dependent on genome complementation by co-infection demonstrated that 297 

incomplete influenza virus particles contributed to localized within-host spread40. This raises the 298 

intriguing question of whether co-infection by complementing incomplete particles may compensate for 299 

the inefficiency observed in bunyavirus genome packaging. In this hypothetical scenario, where 300 

complete particles are dispensable for a productive infection, bunyaviruses may resemble the life cycle 301 

of multi-partite viruses, which establish a productive infection by independent transmission of a 302 

complementary ensemble of particles each containing a single genome segment41,42.  303 

 304 

Besides the potential role that incomplete particles may play in dissemination of bunyaviruses, 305 

additional strategies that would increase the flexibility also seem plausible as ways to overcome the 306 

bottleneck of an overall inefficient genome packaging process. Incorporating more than three genome 307 

segments per particle increases the probability of packaging at least one copy of S, M and L segments. 308 

Cryo-electron microscopy analyses of RVFV particles43,44 suggest that additional genome segments 309 

would fit within the intra-virion space. Another potential strategy involves the transmission of a large 310 

number of virions in structures known as collective infectious units, which result in a locally increased 311 

multiplicity of infection (MOI)45. It should also be noted, that a flexible packaging process may actually 312 

be best suited for the changing environments faced by the virus during its life cycle between vertebrates 313 

and arthropods. Finally, flexible packaging capabilities in terms of non-selectivity towards specific RNA 314 

sequences also facilitate the occurrence of reassortment events with related viruses, which increases 315 

genetic diversity and favors virus evolution.    316 

 317 

In summary, here we studied genome replication and packaging of prototype bunyaviruses in 318 

mammalian and insect cells, both at a single-particle and single-cell level, as well as at a virion 319 

population and cell population level. Taken together, the evidence presented in this report further 320 
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demonstrates that packaging of bunyavirus genome segments is a flexible, non-selective process and 321 

that genome packaging is more efficient in insect cells compared to mammalian cells.    322 

 323 

Methods 324 

Cell lines 325 

Vero E6 cells (ATCC CRL-1586) were maintained in minimum essential medium (MEM) supplemented 326 

with 5% fetal bovine serum (FBS), 1% antibiotic/antimycotic, 1% MEM non-essential amino acids 327 

(MEM NEAA) and 2 mM L-glutamine at 37°C and 5% CO2. C6/36 cells (ATCC CRL-1660) were 328 

maintained in L-15 medium (Leibovitz) (Sigma-Aldrich) supplemented with 10% FBS, 329 

1% antibiotic/antimycotic, 1% MEM NEAA and 2% tryptose phosphate broth at 28°C. KC cells were 330 

maintained in Schneider’s Drosophila medium supplemented with 10% FBS and 331 

1% antibiotic/antimycotic at 28°C. Cell culture media and supplements were purchased from Gibco, 332 

unless specified otherwise.  333 

 334 

Viruses 335 

Virus stocks of RVFV strain Clone 1346 were obtained after infection of Vero E6 or C6/36 cells at a 336 

MOI of 0.005. Virus stocks of SBV isolate NL-F647 were obtained after infection of Vero E6 cells at a 337 

MOI of 0.01. 338 

 339 

Genome segment-specific quantitative RT-PCR 340 

Mammalian cells (Vero E6) or insect cells (C6/36 for RVFV and KC for SBV) were seeded in 6-well 341 

cell culture plates at 2 x 105 cells/well or 6 x 105 cells/well, respectively, and allowed to attach for 2-4 h. 342 

Cells were subsequently infected at a MOI of 0.01 and after incubation for 3.5 h, the inoculum was 343 

removed and substituted with fresh medium. At defined time points (varied per experiment), samples 344 

from the culture supernatant and cells were collected. In addition to the in vitro experiments, plasma 345 

samples were obtained from another study (lambs #158, #160 and #162) in which lambs were 346 

experimentally infected via intravenous route with a 105 TCID50 dose of RVFV strain 35/7428.  347 

 348 

From 1-2 mL of cell lysate, 200 µL of culture supernatant or 200 µL of plasma, total nucleic acid 349 

extractions were performed with the NucliSENS easyMAG system (bioMérieux) according to the 350 

instructions of the manufacturer. Subsequently, viral cDNA was synthesized with the SuperScript IV 351 

First-Strand Synthesis System for RT-PCR (Invitrogen) using a combination of S, M and L 352 

segment-specific primers (Supplementary Table 2), according to the instructions of the manufacturer. 353 

After the reverse transcription reaction, quantitative PCR amplifications were performed with the Power 354 

SYBR Green PCR Master Mix using 5 µL of 20- or 200-fold diluted cDNA preparations in a total 355 

volume of 25 µL, in combination with a 7500 Fast Real-Time PCR System (Applied Biosystems). 356 

Fragments from each segment were amplified using specific primers (Supplementary Table 3) under the 357 
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following conditions: an initial denaturation step at 95°C for 10 min; 40 cycles of denaturation at 95°C 358 

for 15 s, annealing at 59°C for 30 s and extension at 72°C for 36 s; and a single cycle of denaturation at 359 

95°C for 15 s, annealing at 60°C for 1 min, denaturation at 95°C for 15 s and annealing at 60°C for 15 s. 360 

Data were acquired and analysed with the 7500 Fast System software version 1.5.1. (Applied 361 

Biosystems). Genome copies of each viral segment were finally calculated by intrapolation of the 362 

respective standard curve prepared with 10-fold serial dilutions of the viral segment cloned in pUC57 363 

plasmids starting at 0.1 ng/µL.  364 

 365 

Virus titration 366 

Infectious virus titers of samples from the in vitro replication experiments were determined with an 367 

immunoperoxidase monolayer assay. Vero E6 cells (2 x 104 cells/well) were incubated with 10-fold 368 

serial dilutions (starting at 1:10) of cell culture supernatants for 72 h at 37°C and 5% CO2. After 369 

incubation, cells were fixed with 4% paraformaldehyde for 15 min, washed with PBS supplemented 370 

with 0.5% Tween 80 (PBST), and permeabilized with 1% Triton X-100 in PBS for 5 min. Next, samples 371 

were blocked with 100 µL/well of 5% horse serum in PBS and subsequently incubated in sequential 372 

steps with 100 µL/well of primary and secondary antibodies. Hybridoma 4-D448 supernatant 373 

(1:40 dilution) and serum from an experimentally infected sheep (1:1,000 dilution), were used as 374 

primary antibodies against RVFV and SBV, respectively. As secondary antibodies, HRP-conjugated 375 

rabbit polyclonal anti-mouse immunoglobulins (1:500 dilution, Dako) and HRP-conjugated rabbit 376 

polyclonal anti-sheep IgG (1:500 dilution, ab6747 Abcam) were used. Incubations with the blocking 377 

solution, primary and secondary antibodies were each for 1 h at 37°C. Plates were washed with PBST 378 

between the addition of primary and secondary antibodies. For staining, 100 µL/well of a 379 

0.2 mg/mL amino ethyl carbazole solution in 500 mM acetate buffer pH 5.0, 88 mM H2O2 was added 380 

as substrate. Samples were analyzed in triplicate and the titer calculated as the median tissue culture 381 

infectious dose (TCID50/mL) using the Spearman-Kärber method. Virus titers of plasma samples were 382 

determined with a virus isolation assay as reported28.  383 

 384 

Single-molecule RNA FISH-immunofluorescence 385 

Experiments were performed with slight modifications to the Stellaris protocol for simultaneous FISH-386 

immunofluorescence in adherent cells (Biosearch Technologies)49–51. Vero E6 cells 387 

(1.5 x 104 cells/well) or C6/36 cells (4.5 x 104 cells/well) were seeded on CultureWell 16 removable 388 

chambered coverglass (Grace Bio-Labs). Following overnight incubation at 37°C and 5% CO2  389 

(Vero E6) or 28°C (C6/36), cells were infected with RVFV or SBV at MOIs of 0.33-1.00. One hour 390 

post-infection the medium was refreshed. At defined time points (varied per experiment), cells were 391 

fixed and permeabilized with a 3:1 mixture of methanol (Merck) - glacial acetic acid (Merck) for 392 

10 min. Cells were subsequently washed twice with PBS and once with pre-hybridization buffer 393 

(10% deionized formamide [Millipore] in 2x concentrated SSC [Gibco]) for 5 min. Cells were then 394 
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incubated for 12-16 h at 37°C with 100 µL/well of virus-specific FISH probe sets (Supplementary 395 

Table 1) and primary antibodies in hybridization buffer (10% deionized formamide, 10% dextran 396 

sulphate [Sigma-Aldrich], 2 mM vanadyl ribonucleoside complexes [VRC, Sigma-Aldrich] in 2x SSC). 397 

Custom probe sets were designed using the RNA FISH Probe Designer tool 398 

(https://www.biosearchtech.com/support/tools/design-software/stellaris-probe-designer) and purchased 399 

from Biosearch Technologies (Petaluma, California and Risskov, Denmark). FISH probes were added 400 

at a final concentration of 250 nM for RVFV and 125 nM for SBV. Hybridoma 4-D448 supernatant 401 

(1:160 dilution) and serum from an immunized rabbit52 (1:4,000 dilution), were used as primary 402 

antibodies against RVFV and SBV, respectively. Following hybridization and incubation with primary 403 

antibodies, cells were extensively washed at 37°C (twice with pre-hybridization buffer for 30 min and 404 

twice with 2x SSC for 15 min). Subsequently, cells were incubated with 100 µL/well of secondary 405 

antibodies for 1 h at 37°C. A goat polyclonal anti-mouse IgG labelled with Alexa Fluor 488 406 

(1:1,000 dilution, A-11001 Invitrogen) or a goat polyclonal anti-rabbit IgG labelled with FITC 407 

(1:400 dilution, sc-2012 Santa Cruz Biotechnology) were used as secondary antibodies. Next, cells were 408 

washed twice with 2x SSC, and nuclei were stained by incubation with 100 µL/well of 1 µg/mL DAPI 409 

in 2x SSC for 5 min. Finally, cells were washed with 2x SSC and submerged in VectaShield antifade 410 

mounting medium H-1000 (Vector Laboratories). For analysis of virus stocks, 100 µL/well of virus 411 

stocks diluted 1:3 were added on CultureWell 16 removable chambered coverglass and virions were 412 

allowed to attach to the surface for 5 h at 28°C. From the fixation step onwards, the same procedure as 413 

described for adherent cells was followed. The specificity of the FISH probes and antibodies was 414 

confirmed with single-color controls (Supplementary Figs. 1, 2, 6). Mock-infected samples and samples 415 

without primary antibodies were used as negative controls.    416 

 417 

Image acquisition and analysis 418 

Z-stacked images of infected cells and immobilized virions, with a fixed interval of 0.28-0.31 µm 419 

between slices, were acquired with an inverted widefield fluorescence microscope Axio Observer 7 420 

(ZEISS, Germany) using appropriate filters and a 1.3 NA 100x EC Plan-NEOFLUAR oil objective in 421 

combination with an AxioCam MRm CCD camera. Exposure times were defined empirically and 422 

differed depending on the cell line, probe sets and fluorescent dyes. Raw images were deconvolved in 423 

standard mode using Huygens Professional version 19.10 (Scientific Volume Imaging B.V., 424 

The Netherlands). If required, raw images were Z-aligned in ZEN 2.6 Pro (ZEISS, Germany) before 425 

deconvolution. For analysis, 3D data was converted to maximum intensity projections using Z-project 426 

within ImageJ53. Detection, quantification and co-localization analyses of individual spots, each 427 

representing a single virion, vRNP or cRNA, were performed in ImageJ in combination with the plugin 428 

ComDet version 0.5.0 (https://github.com/ekatrukha/ComDet). Spot detection thresholds for each 429 

channel were set empirically by individual examination of images. Intracellular genome composition 430 

analysis considered a region of the cytoplasm representative of the overall composition, not including 431 

https://www.biosearchtech.com/support/tools/design-software/stellaris-probe-designer
https://github.com/ekatrukha/ComDet
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the Golgi apparatus where signal is generally overcrowded due to vRNP accumulation (Fig. 3d and 432 

Supplementary Fig. 3). Genome composition analysis of progeny virions only considered virus particles 433 

in selected regions of interest located distant from the nucleus of the infected cell (Fig. 3e and 434 

Supplementary Fig. 3). For visualization purposes, image brightness and contrast were manually 435 

adjusted in ImageJ. Finally, Imaris 9.5 software (Bitplane, Switzerland) was utilized to create optimal 436 

3D representations of the data using the Surface and Spots modes.     437 

 438 

Statistical analysis and data visualization 439 

Prism 8 (GraphPad Software) was used to generate graphs and perform statistical analysis. Mean 440 

vRNA:infectivity ratios were compared using an unpaired two-tailed Student’s t test with Welch’s 441 

correction (not assuming equal variances). The correlation between the intracellular vRNP relative 442 

frequency and packaged vRNP relative frequency was calculated with the Pearson’s correlation 443 

coefficient (r). p values ≥ 0.05 were considered not significant.  444 

 445 

Data availability 446 

The authors declare that the data supporting the findings of this study are available within the paper and 447 

its supplementary information files. 448 
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Figures and Figure Legends   581 

 582 

 583 

Fig. 1 Viral RNA:infectivity ratios in mammalian and insect hosts. a Schematic representation of the in vitro 584 

experimental setup. Mammalian (Vero E6) and insect (C6/36 and KC) cells were infected with RVFV or SBV 585 
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(MOI 0.01). Cell lysates and supernatants were collected at defined time points. Viral RNA was quantified with  586 

genome segment-specific RT-qPCRs and virus titers were determined by endpoint titration. b-e In vitro replication 587 

kinetics of RVFV and SBV. Bars show means with SD. Dots represent biological replicates (n = 3 samples†). † Bar of 588 

RVFV cell lysate M segment at 24 h post-infection shows mean of two samples. f, g RVFV and SBV infectious titers 589 

in cell culture supernatants. Titers correspond to the same supernatant samples analyzed in d, e. Graphs show 590 

means with SD of n = 3 biological replicates. The dashed line indicates the limit of detection (101.80 TCID50/mL). 591 

h, i RVFV and SBV vRNA:infectivity ratios calculated as viral genome copies per infectious unit in cell culture 592 

supernatants. Bars show means with SD. Dots represent individual ratios (n = 3). j Schematic representation of the 593 

animal samples from another study obtained for analysis. Lambs were experimentally infected via intravenous 594 

route with RVFV and plasma samples were collected daily28. k In vivo replication kinetics of RVFV. Graph shows 595 

means with SD of plasma samples (n = 3‡) analyzed by RT-qPCR. l RVFV infectious titers in plasma as determined 596 

with a virus isolation assay28. Graph shows means with SD of plasma samples (n = 3‡). The dashed line indicates 597 

the limit of detection (101.55 TCID50/mL). m RVFV in vivo vRNA:infectivity ratios calculated as viral genome copies 598 

per infectious unit in plasma. Bars show means with SD. Dots represent individual ratios (n = 3‡). ‡ At early (1 day) 599 

and late (5-6 days) times post-infection, genome copies and infectious titers of some samples were below the 600 

limits of detection. In those cases, the reported values represent the mean of two samples or a single sample. 601 

Statistical analysis of vRNA:infectivity ratios was performed using an unpaired two-tailed Student’s t test with 602 

Welch’s correction (not assuming equal variances). * p < 0.05; ** p < 0.01; ns, not significant (p ≥ 0.05).   603 
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 604 

Fig. 2 Immunofluorescence detection of newly formed bunyavirus progeny virions at single-particle resolution. 605 

a Schematic representation of the experimental setup. Vero E6 cells were infected with RVFV (MOI 1) or SBV 606 

(MOI 0.33) and cells were fixed at defined time points. Progeny virions were detected by immunofluorescence. 607 

b, c Release kinetics of RVFV particles (green) (b) and SBV particles (magenta) (c). RVFV virions were detected with 608 

antibody 4-D448 targeting the Gn glycoprotein in combination with Alexa Fluor 488-conjugated secondary 609 

antibodies. SBV virions were detected with serum from an immunized rabbit52 targeting the Gc glycoprotein in 610 

combination with FITC-conjugated secondary antibodies. Cell nuclei (cyan) were visualized with DAPI. RVFV Gn 611 

accumulates in a perinuclear region, the site of virion assembly. d, e Three-dimensional representations showing 612 

the spatial distribution of virions at the 9 ± 1 h time point created with Imaris using the Surfaces and Spots modes. 613 

f Magnification of a region of interest (indicated as a dashed box in the second panel of c) and fluorescence 614 

intensity plot of the indicated spots. Dots represent data points and lines show Gaussian curves fitting the data. 615 

The unimodal distribution of fluorescence intensities along the lines crossing the spots is characteristic of single 616 

particles. g Histogram of the area of the spots detected in images of SBV infected cells (n = 3 cells; more than 500 617 
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spots per image). Dots represent data points and lines show Gaussian curves fitting the data. The unimodal 618 

distribution denotes reproducible measurements of single spots within and between images. Images are merged 619 

maximum intensity projections of two channels. Scale bars, 10 µm (b-e), 2 µm (f).  620 
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 621 

Fig. 3 Single-molecule vRNA FISH-immunofluorescence of bunyavirus infected mammalian cells. a Schematic 622 

representation of the experimental setup. Vero E6 cells were infected with RVFV (MOI 0.50-0.75) or SBV 623 

(MOI 0.33) and cells were fixed at 8 h post-infection. The S segment (N gene; red), M segment (polyprotein gene; 624 

blue) and L segment (RdRp gene; yellow) were hybridized using probe sets labelled with CAL Fluor Red 610, 625 

Quasar 670 and Quasar 570, respectively. Progeny RVFV particles (green) were detected with antibody 4-D448 626 

targeting the Gn glycoprotein in combination with Alexa Fluor 488-conjugated secondary antibodies. Progeny SBV 627 

particles (Supplementary Figs. 3b, 4) were detected with serum from an immunized rabbit52 targeting the Gc 628 

glycoprotein in combination with FITC-conjugated secondary antibodies. Cell nuclei (cyan) were visualized with 629 

DAPI. Individual spots, each representing either a single vRNP or a virus particle were detected, counted and 630 

assessed for co-localization in ImageJ with the plugin ComDet. b Visualization of vRNPs and progeny virions of a 631 
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RVFV infected cell. The dashed boxes highlight individual virus particles subjected to co-localization analysis for 632 

example purposes. The number of RVFV genome segments in each highlighted particle is indicated. 633 

c Three-dimensional representation showing the spatial distribution of vRNPs and virions of the image displayed 634 

in b created with Imaris using the Surfaces and Spots modes. Accumulation of vRNPs and co-localization to the 635 

same perinuclear region as Gn show active vRNP recruitment to the site of virion assembly. Co-localization of 636 

vRNPs and virions is depicted by merged spheres. d, e RVFV infected cells. The dashed contours represent example 637 

regions of interest selected for quantification of cytoplasmic vRNPs (d) and determining the genome composition 638 

of extracellular virions through co-localization analysis (e) (Supplementary Fig. 3a). Example regions of interest 639 

selected for analysis of SBV infected cells are shown in Supplementary Fig. 3b. f Magnification of regions of interest 640 

indicated by dashed boxes in b. The genome composition of each virion can be deduced from the spots detected 641 

on each individual channel. Images are merged maximum intensity projections of four (d) or five (b, c, e, f) 642 

channels. Due to a higher fluorescence intensity of the green channel compared to the other channels, spots 643 

co-localizing with the glycoprotein may sometimes appear masked and not entirely evident in merged images. 644 

Scale bars, 10 µm.   645 
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 646 

Fig. 4 vRNP composition of the cytoplasm of bunyavirus infected mammalian (Vero E6) cells and their progeny 647 

virions at a single-cell level. RVFV and SBV infected cells were analyzed with a single-molecule vRNA FISH-648 

immunofluorescence method as described in Fig. 3. a Quantification of RVFV and SBV S, M and L vRNPs in the 649 

cytoplasm of infected cells (left panels) and in progeny virions (right panels). Data are expressed as the relative 650 

intracellular abundance of each vRNP and as the relative abundance of each of the eight different potential 651 

compositions of virions. Graphs show the composition results of single cells (n = 25 cells; more than 5,000 RVFV 652 

virions and more than 4,500 SBV virions) and means. Cell numbers in the left and right panels correspond. 653 

b Correlation analysis between the relative intracellular frequency of a specific genome segment and the relative 654 
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frequency of that genome segment being packaged. Pearson’s correlation coefficients (r) and p values are shown 655 

for each genome segment. c Relationship between the intracellular content of vRNPs and the packaging efficiency 656 

of individual cells. A generic system to score the intracellular balance and the packaging efficiency was created. 657 

A frequency of 0.33 for each genome segment was considered as theoretically balanced. The balance score was 658 

calculated as the summatory of the absolute deviations from the theoretical frequency, normalized from 0 to 1, 659 

assigning the least balanced composition of the data set a score of 0. The packaging efficiency score was calculated 660 

taking into account the frequency of empty, incomplete and complete virus particles, normalized from 0 to 1, 661 

assigning the most efficient packaging value of the data set a score of 1. Scores are color coded from light green 662 

(lowest) to dark green (highest). d Proposed model on the efficiency of genome packaging based on the 663 

intracellular vRNP content. A balanced vRNP content in the cytoplasm seems to be a pre-requisite for relatively 664 

efficient genome packaging.  665 
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 666 

Fig. 5 Genome segment composition of immobilized RVFV virions produced in mammalian and insect cells. 667 

a Schematic representation of the experimental setup. RVFV virions produced in Vero E6 cells or C6/36 cells were 668 

immobilized on coverglass by incubation for 5 h at 28 °C. The S segment (N gene; red), M segment (NSmGn and 669 

Gc genes separately; blue) and L segment (RdRp gene; yellow) were hybridized using probe sets labelled with CAL 670 
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Fluor Red 610, Quasar 670 and Quasar 570, respectively. Progeny RVFV particles (green) were detected with 671 

antibody 4-D448 targeting the Gn glycoprotein in combination with Alexa Fluor 488-conjugated secondary 672 

antibodies. Individual spots, each representing either a single vRNP or a virus particle were detected, counted and 673 

assessed for co-localization in ImageJ with the plugin ComDet. b, c Visualization of RVFV virions produced in 674 

Vero E6 cells (b) or C6/36 cells (c) (top rows). Merge images show the overlay of the four individual channels. 675 

Colored circles (bottom rows) display the spots detected on each channel and their co-localization in the merge 676 

image. Due to a higher fluorescence intensity of the green channel compared to the other channels, spots 677 

co-localizing with the glycoprotein may sometimes appear masked and not entirely evident in merged images. 678 

Scale bars, 5 µm. d Relative abundance of the eight possible genome compositions of the virions produced in 679 

Vero E6 cells (left) or C6/36 cells (right). e Abundance of each genome segment incorporated into a virion relative 680 

to the total genome segment packaging events.    681 
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 682 

Fig. 6 Single-molecule RNA FISH-immunofluorescence on vRNA-cRNA pairs of RVFV infected mammalian cells. 683 

a Schematic representation of the replication and transcription of RVFV genome segments. Here, we refer to viral 684 

genome replication intermediates (antigenomes) and mRNA transcripts as cRNAs. RVFV S segment uses an 685 

ambisense coding strategy to generate mRNAs from both the genomic-sense and antigenomic-sense RNAs. 686 

b Visualization of vRNPs, cRNAs and progeny virions of RVFV infected cells. Vero E6 cells were infected with RVFV 687 

(MOI 0.75-1.00) and cells were fixed at 8-10 h post-infection. Samples were hybridized against paired targets 688 

(i.e. S-cS segments, M-cM segments and L-cL segments). The S segment (N gene; red), M segment (polyprotein 689 

gene; blue) and L segment (RdRp gene; yellow) were hybridized using probe sets labelled with CAL Fluor Red 610, 690 

Quasar 670 and Quasar 570, respectively. The cS segment (N gene; yellow), cM segment (polyprotein gene; red) 691 

and cL segment (RdRp gene; blue) were hybridized using probe sets labelled with Quasar 570, CAL Fluor Red 610 692 

and Quasar 670, respectively. Progeny RVFV particles (green) were detected with antibody 4-D448 targeting the 693 

Gn glycoprotein in combination with Alexa Fluor 488-conjugated secondary antibodies. Cell nuclei (cyan) were 694 

visualized with DAPI. Individual spots, each representing either a vRNP, a cRNA or a virus particle were detected, 695 
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counted and assessed for co-localization in ImageJ with the plugin ComDet. Main images are merged maximum 696 

intensity projections of four channels (individual channels shown on top). Due to a higher fluorescence intensity 697 

of the green channel compared to the other channels, spots co-localizing with the glycoprotein may sometimes 698 

appear masked and not entirely evident in merged images. Scale bars, 10 µm. c Quantification of the S, M, L vRNPs 699 

and their corresponding cRNAs in RVFV progeny virions. Genome compositions of the virions are expressed as 700 

their abundance relative to the amount of virions in which at least one vRNP or cRNA was detected. Graphs show 701 

the composition results of virions released by single cells (n = 15 cells per combination; more than 3,900 virions 702 

per combination) and means. vRNA/cRNA ratios are indicated. cS, complementary S segment; cM, complementary 703 

M segment; cL, complementary L segment.  704 



Figures

Figure 1

Viral RNA:infectivity ratios in mammalian and insect hosts. a Schematic representation of the in vitro 584
experimental setup. Mammalian (Vero E6) and insect (C6/36 and KC) cells were infected with RVFV or
SBV (MOI 0.01). Cell lysates and supernatants were collected at de�ned time points. Viral RNA was



quanti�ed withgenome segment-speci�c RT-qPCRs and virus titers were determined by endpoint titration.
b-e In vitro replication kinetics of RVFV and SBV. Bars show means with SD. Dots represent biological
replicates (n = 3 samples†). † Bar of RVFV cell lysate M segment at 24 h post-infection shows mean of
two samples. f, g RVFV and SBV infectious titers in cell culture supernatants. Titers correspond to the
same supernatant samples analyzed in d, e. Graphs show means with SD of n = 3 biological replicates.
The dashed line indicates the limit of detection (101.80 TCID50/mL). h, i RVFV and SBV vRNA:infectivity
ratios calculated as viral genome copies per infectious unit in cell culture supernatants. Bars show means
with SD. Dots represent individual ratios (n = 3). j Schematic representation of the animal samples from
another study obtained for analysis. Lambs were experimentally infected via intravenous route with RVFV
and plasma samples were collected daily28. k In vivo replication kinetics of RVFV. Graph shows means
with SD of plasma samples (n = 3‡) analyzed by RT-qPCR. l RVFV infectious titers in plasma as
determined with a virus isolation assay28. Graph shows means with SD of plasma samples (n = 3‡). The
dashed line indicates the limit of detection (101.55 TCID50/mL). m RVFV in vivo vRNA:infectivity ratios
calculated as viral genome copies per infectious unit in plasma. Bars show means with SD. Dots
represent individual ratios (n = 3‡). ‡ At early (1 day) and late (5-6 days) times post-infection, genome
copies and infectious titers of some samples were below the limits of detection. In those cases, the
reported values represent the mean of two samples or a single sample. Statistical analysis of
vRNA:infectivity ratios was performed using an unpaired two-tailed Student’s t test with Welch’s correction
(not assuming equal variances). * p < 0.05; ** p < 0.01; ns, not signi�cant (p ≥ 0.05).



Figure 2

Immuno�uorescence detection of newly formed bunyavirus progeny virions at single-particle resolution. a
Schematic representation of the experimental setup. Vero E6 cells were infected with RVFV (MOI 1) or
SBV (MOI 0.33) and cells were �xed at de�ned time points. Progeny virions were detected by
immuno�uorescence. b, c Release kinetics of RVFV particles (green) (b) and SBV particles (magenta) (c).
RVFV virions were detected with antibody 4-D448 targeting the Gn glycoprotein in combination with Alexa
Fluor 488-conjugated secondary antibodies. SBV virions were detected with serum from an immunized



rabbit52 targeting the Gc glycoprotein in combination with FITC-conjugated secondary antibodies. Cell
nuclei (cyan) were visualized with DAPI. RVFV Gn accumulates in a perinuclear region, the site of virion
assembly. d, e Three-dimensional representations showing the spatial distribution of virions at the 9 ± 1 h
time point created with Imaris using the Surfaces and Spots modes. f Magni�cation of a region of
interest (indicated as a dashed box in the second panel of c) and �uorescence intensity plot of the
indicated spots. Dots represent data points and lines show Gaussian curves �tting the data. The
unimodal distribution of �uorescence intensities along the lines crossing the spots is characteristic of
single particles. g Histogram of the area of the spots detected in images of SBV infected cells (n = 3 cells;
more than 500 spots per image). Dots represent data points and lines show Gaussian curves �tting the
data. The unimodal distribution denotes reproducible measurements of single spots within and between
images. Images are merged maximum intensity projections of two channels. Scale bars, 10 μm (b-e), 2
μm (f).



Figure 3

Single-molecule vRNA FISH-immuno�uorescence of bunyavirus infected mammalian cells. a Schematic
representation of the experimental setup. Vero E6 cells were infected with RVFV (MOI 0.50-0.75) or SBV
(MOI 0.33) and cells were �xed at 8 h post-infection. The S segment (N gene; red), M segment
(polyprotein gene; blue) and L segment (RdRp gene; yellow) were hybridized using probe sets labelled
with CAL Fluor Red 610, Quasar 670 and Quasar 570, respectively. Progeny RVFV particles (green) were



detected with antibody 4-D448 targeting the Gn glycoprotein in combination with Alexa Fluor 488-
conjugated secondary antibodies. Progeny SBV particles (Supplementary Figs. 3b, 4) were detected with
serum from an immunized rabbit52 targeting the Gc glycoprotein in combination with FITC-conjugated
secondary antibodies. Cell nuclei (cyan) were visualized with DAPI. Individual spots, each representing
either a single vRNP or a virus particle were detected, counted and assessed for co-localization in ImageJ
with the plugin ComDet. b Visualization of vRNPs and progeny virions of a RVFV infected cell. The
dashed boxes highlight individual virus particles subjected to co-localization analysis for example
purposes. The number of RVFV genome segments in each highlighted particle is indicated. c Three-
dimensional representation showing the spatial distribution of vRNPs and virions of the image displayed
in b created with Imaris using the Surfaces and Spots modes. Accumulation of vRNPs and co-localization
to the same perinuclear region as Gn show active vRNP recruitment to the site of virion assembly. Co-
localization of vRNPs and virions is depicted by merged spheres. d, e RVFV infected cells. The dashed
contours represent example regions of interest selected for quanti�cation of cytoplasmic vRNPs (d) and
determining the genome composition of extracellular virions through co-localization analysis (e)
(Supplementary Fig. 3a). Example regions of interest selected for analysis of SBV infected cells are
shown in Supplementary Fig. 3b. f Magni�cation of regions of interest indicated by dashed boxes in b.
The genome composition of each virion can be deduced from the spots detected on each individual
channel. Images are merged maximum intensity projections of four (d) or �ve (b, c, e, f) channels. Due to
a higher �uorescence intensity of the green channel compared to the other channels, spots co-localizing
with the glycoprotein may sometimes appear masked and not entirely evident in merged images. Scale
bars, 10 μm.



Figure 4

vRNP composition of the cytoplasm of bunyavirus infected mammalian (Vero E6) cells and their progeny
virions at a single-cell level. RVFV and SBV infected cells were analyzed with a single-molecule vRNA
FISH- immuno�uorescence method as described in Fig. 3. a Quanti�cation of RVFV and SBV S, M and L
vRNPs in the cytoplasm of infected cells (left panels) and in progeny virions (right panels). Data are
expressed as the relative intracellular abundance of each vRNP and as the relative abundance of each of



the eight different potential compositions of virions. Graphs show the composition results of single cells
(n = 25 cells; more than 5,000 RVFV virions and more than 4,500 SBV virions) and means. Cell numbers in
the left and right panels correspond. b Correlation analysis between the relative intracellular frequency of
a speci�c genome segment and the relative frequency of that genome segment being packaged.
Pearson’s correlation coe�cients (r) and p values are shown for each genome segment. c Relationship
between the intracellular content of vRNPs and the packaging e�ciency of individual cells. A generic
system to score the intracellular balance and the packaging e�ciency was created. A frequency of 0.33
for each genome segment was considered as theoretically balanced. The balance score was calculated
as the summatory of the absolute deviations from the theoretical frequency, normalized from 0 to 1,
assigning the least balanced composition of the data set a score of 0. The packaging e�ciency score
was calculated taking into account the frequency of empty, incomplete and complete virus particles,
normalized from 0 to 1, assigning the most e�cient packaging value of the data set a score of 1. Scores
are color coded from light green (lowest) to dark green (highest). d Proposed model on the e�ciency of
genome packaging based on the intracellular vRNP content. A balanced vRNP content in the cytoplasm
seems to be a pre-requisite for relatively e�cient genome packaging.



Figure 5

Genome segment composition of immobilized RVFV virions produced in mammalian and insect cells. a
Schematic representation of the experimental setup. RVFV virions produced in Vero E6 cells or C6/36
cells were immobilized on coverglass by incubation for 5 h at 28 °C. The S segment (N gene; red), M
segment (NSmGn and Gc genes separately; blue) and L segment (RdRp gene; yellow) were hybridized
using probe sets labelled with CAL Red 610, Quasar 670 and Quasar 570, respectively. Progeny RVFV



particles (green) were detected with antibody 4-D448 targeting the Gn glycoprotein in combination with
Alexa Fluor 488-conjugated secondary antibodies. Individual spots, each representing either a single
vRNP or a virus particle were detected, counted and assessed for co-localization in ImageJ with the
plugin ComDet. b, c Visualization of RVFV virions produced in Vero E6 cells (b) or C6/36 cells (c) (top
rows). Merge images show the overlay of the four individual channels. Colored circles (bottom rows)
display the spots detected on each channel and their co-localization in the merge image. Due to a higher
�uorescence intensity of the green channel compared to the other channels, spots co-localizing with the
glycoprotein may sometimes appear masked and not entirely evident in merged images. Scale bars, 5
μm. d Relative abundance of the eight possible genome compositions of the virions produced in Vero E6
cells (left) or C6/36 cells (right). e Abundance of each genome segment incorporated into a virion relative
to the total genome segment packaging events.



Figure 6

Single-molecule RNA FISH-immuno�uorescence on vRNA-cRNA pairs of RVFV infected mammalian cells.
a Schematic representation of the replication and transcription of RVFV genome segments. Here, we refer
to viral genome replication intermediates (antigenomes) and mRNA transcripts as cRNAs. RVFV S
segment uses an ambisense coding strategy to generate mRNAs from both the genomic-sense and
antigenomic-sense RNAs. b Visualization of vRNPs, cRNAs and progeny virions of RVFV infected cells.
Vero E6 cells were infected with RVFV (MOI 0.75-1.00) and cells were �xed at 8-10 h post-infection.



Samples were hybridized against paired targets (i.e. S-cS segments, M-cM segments and L-cL segments).
The S segment (N gene; red), M segment (polyprotein gene; blue) and L segment (RdRp gene; yellow)
were hybridized using probe sets labelled with CAL Fluor Red 610, Quasar 670 and Quasar 570,
respectively. The cS segment (N gene; yellow), cM segment (polyprotein gene; red) and cL segment (RdRp
gene; blue) were hybridized using probe sets labelled with Quasar 570, CAL Fluor Red 610 and Quasar
670, respectively. Progeny RVFV particles (green) were detected with antibody 4-D448 targeting the Gn
glycoprotein in combination with Alexa Fluor 488-conjugated secondary antibodies. Cell nuclei (cyan)
were visualized with DAPI. Individual spots, each representing either a vRNP, a cRNA or a virus particle
were detected counted and assessed for co-localization in ImageJ with the plugin ComDet. Main images
are merged maximum intensity projections of four channels (individual channels shown on top). Due to a
higher �uorescence intensity of the green channel compared to the other channels, spots co-localizing
with the glycoprotein may sometimes appear masked and not entirely evident in merged images. Scale
bars, 10 μm. c Quanti�cation of the S, M, L vRNPs and their corresponding cRNAs in RVFV progeny
virions. Genome compositions of the virions are expressed astheir abundance relative to the amount of
virions in which at least one vRNP or cRNA was detected. Graphs show the composition results of virions
released by single cells (n = 15 cells per combination; more than 3,900 virions per combination) and
means. vRNA/cRNA ratios are indicated. cS, complementary S segment; cM, complementary M segment;
cL, complementary L segment.
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