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Discrete virus factories form in the cytoplasm of cells co-infected with two strains of the

segmented dsRNA virus, infectious bursal disease virus (IBDV), that subsequently coalesce.
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Abstract

The Birnaviridae family, responsible for major economic losses to poultry and aquaculture, are
non-enveloped viruses with a segmented double-stranded (ds)RNA genome that replicate in
discrete cytoplasmic virus factories (VFs). Reassortment is common, however, the underlying
mechanism remains unknown given that VFs may act as a barrier to genome mixing. In order to
provide new information on VF trafficking during dsRNA virus co-infection, we rescued two

recombinant infectious bursal disease viruses (IBDVs) of strain PBG98 containing either a split
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GFP11- or Tetracysteine (TC)- tag fused to the VP1 polymerase (PBG98-VP1-GFP11 and PBG98-
VP1-TC). DF-1 cells transfected with GFP1-10 prior to PBG98-VP1-GFP11 infection, or stained
with ReAsH following PBG98-VP1-TC infection, had green or red foci in the cytoplasm
respectively that co-localised with VP3 and dsRNA, consistent with VFs. The average number of
VFs decreased from a mean of 60 to 5 per cell between 10 and 24 hours post infection (hpi)
(p<0.001), while the average area increased from 1.24 um? to 45.01um? (p<0.001), and live cell
imaging revealed that the VFs were highly dynamic structures that coalesced in the cytoplasm.
Small VFs moved faster than large (average 0.57um/s at 16 hpi compared to 0.22 um/s at 22
hpi), and VF coalescence was dependent on an intact microtubule network and actin
cytoskeleton. During co-infection with PBG98-VP1-GFP11 and PBG98-VP1-TC viruses, discrete
VFs initially formed from each input virus that subsequently coalesced 10-16 hours post-
infection. We speculate that dsRNA virus reassortment requires VF coalescence, and the

potential for reassortment increases at later time points in infection.

Importance

Reassortment is common in viruses with segmented double stranded (ds)RNA genomes.
However, these viruses typically replicate within discrete cytoplasmic virus factories (VFs) that
may represent a barrier to genome mixing. We generated the first replication competent
tagged reporter birnaviruses, infectious bursal disease viruses (IBDVs) containing a split GFP11
or tetracysteine (TC) tag and used the viruses to track the location and movement of IBDV VFs,
in order to better understand the intracellular dynamics of VFs from two different strains of

dsRNA virus during a co-infection. Discrete VFs initially formed from each virus that
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subsequently coalesced from 10 hours pi. We hypothesise that VF coalescence is required for
the reassortment of dsRNA viruses and the potential for reassortment increases later in the
replication cycle. This study provides new information that adds to our understanding of dsRNA

virus VF trafficking.

Key words: IBDV, birnavirus, Birnaviridae, virus factory, replication complex, viroplasm, dsRNA

virus, co-infection, reassortment

Introduction

Members of the Birnaviridae family are responsible for some of the most economically
devastating diseases to the poultry industry and aquaculture: Infectious bursal disease virus
(IBDV) is endemic worldwide and ranks in the top 5 diseases of chickens in nearly all countries
surveyed [1]. As well as causing severe morbidity and mortality, the virus is
immunosuppressive, leaving birds that recover with an increased susceptibility to secondary
infection and a reduced response to vaccination programs [2, 3]. Infectious Pancreatic Necrosis
Virus (IPNV) is responsible for high mortalities in farmed salmon and trout and some strains can
cause persistent infection, with fish spreading the virus by vertical or horizontal transmission
[4]. In addition, more recently described birnaviruses, for example chicken proventriculus
necrosis virus (CPNV) [5] and blotched snakehead virus (BSNV) [6] cause production loses that
are only just beginning to be understood, and birnaviruses of insects such as Drosophila X virus

(DXV) and Culex Y virus (CYV) are useful as tools for studying cellular antiviral responses [7].
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However, despite the importance of these viruses, our understanding of how they replicate in

cells is lacking.

The Birnaviridae genome is comprised of two segments of double stranded (ds)RNA. Segment A
encodes two overlapping reading frames (ORFs), one encoding a non-structural protein (termed
VP5 in IBDV and IPNV) and the other a polyprotein that is cleaved into the capsid protein (VP2),
protease (VP4) and a dsRNA binding protein (VP3). Segment B contains one ORF encoding an
RNA dependent RNA polymerase (VP1). Some VP1 copies bind the 5’ and 3’ ends of each
genome segment and are packaged into the virion. The dsRNA genome is coated with VP3,
which binds VP1 and activates its polymerase activity [8]. Collectively, VP1, VP3 and the dsRNA

genome form a viral ribonucleoprotein (VRNP) complex [9].

The virus enters host cells by endocytosis or macropinocytosis. As the calcium concentration in
the endosome drops, the virus uncoats, releasing a peptide which leads to the formation of
pores in the endosomal membrane [10]. It is thought that the vRNP complexes exit the
endosome through the pores to initiate transcription and translation and form a replication
complex, or virus factory (VF) by co-opting endosomal membrane components [11, 12]. Unlike
Reoviridae, which are also non-enveloped viruses with a segmented dsRNA genome, the
Birnaviridae possess only one capsid and lack a transcriptionally active T2 core. It has been
demonstrated that genome replication does not require the presence of the capsid [9, 13], and
it is thought that the proteins in the vVRNP complex shield the dsRNA genome from the cellular

sensing machinery [14].
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87
88 Little is known regarding the number, location and dynamics of birnavirus VFs during an
89 infection. In contrast, the VFs of mammalian orthoreovirus are known to be highly dynamic,
90  moving in the cytoplasm in a microtubule-dependent manner [15]. This is, in part, due to a lack
91  of tagged reporter birnaviruses. Recently, a split GFP system has been used to generate tagged
92  reporter viruses [16-19]. Briefly, the nucleotide sequence encoding the 11t beta sheet of the
93  GFP molecule (GFP11) is incorporated into the viral genome such that a viral protein tagged
94  with the GFP11 peptide is translated. A plasmid encoding the rest of the protein (GFP1-10) is
95 transfected into cells, and when the two come together, they produce a complete, fluorescing,
96  GFP protein. A tetracysteine (TC) tag has also been used to engineer tagged reporter viruses
97  [15, 20-26]. Briefly, the TC tag is comprised of 6 amino acids, including two separate pairs of
98  cysteine residues (CCPGCC). When live infected cells are stained with biarsenical compounds
99  (for example FLAsSH-EDT, or ReAsH-EDT,) the compounds covalently bind to the cysteine
100  residues in the TC tag. This interaction leads to FLAsH-EDT, fluorescing green and ReAsH-EDT>
101  fluorescing red [27]. Here, we describe the generation of the first ever replication competent
102  tagged reporter birnaviruses, IBDVs tagged with either GFP11 or TC, and we use the viruses to
103  describe the location and movement of Birnaviridae VFs in the cytoplasm.
104
105  Asthe Birnaviridae genome is divided into two segments, reassortment is a problem in the
106 field. Reassortment of IBDV has been observed to occur between field strains and vaccine
107  strains [28], between different serotypes [29], and is thought to be responsible for the

108  emergence of very virulent strains [30], and reassortment has also been observed during IPNV
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109 infections [4, 31], complicating the epidemiology of the diseases. However, despite the

110 importance of reassortment, the molecular mechanisms involved remain unknown. In order for
111 reassortment to occur, the same cell must become co-infected and the viral gene segments

112  must reach the same intracellular compartment. As the Birnaviridae replicate within discrete
113  VFs, which may be a barrier for genome mixing, it remains unknown how genome segments
114  reach the same intracellular compartment. Here, we track the location and movement of

115  Birnaviridae VFs during co-infection of DF-1 cells with GFP11- and TC-tagged IBDVs in order to
116  better understand the intracellular compartmentalisation of VFs from two different strains of
117  dsRNA virus during a co-infection and therefore the potential for reassortment throughout the

118  replication cycle.

119

120  Results

121 Construction of tagged reporter IBDV strains. A reverse genetics system developed in our

122 laboratory was used to rescue a cell-culture adapted IBDV strain, PBG98. The PBG98 sequence
123  was used as a backbone, and the nucleotide sequences encoding either the GFP11 or TC tags
124  were added to the 3’ end of the coding region of Segment B, which encodes the VP1

125  polymerase (Fig. 1 A and B). Cells were transfected with the GFP1-10 molecule prior to PBG98-
126 VP1-GFP11 infection, which allowed a full-length GFP protein to assemble in the cytoplasm,
127  tagged to the C terminus of VP1. Multiple green foci were observed in the cytoplasm of infected
128  cells, in contrast to cells transfected with GFP1-10 or GFP11 alone, which showed no positive
129  signal, or cells transfected with GFP1-10 and subsequently transfected with a plasmid encoding

130  GFP11, where a positive signal was observed throughout the cell (Fig. 1C). To visualise the TC
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131  tag, cells infected with the PBG98-VP1-TC virus were stained with ReAsH. Multiple red foci were
132 observed in the cytoplasm of infected cells, in contrast to mock-infected cells also treated with
133  ReAsH (Fig. 1D). The replication of both tagged viruses in DF-1 cells was compared to the

134  recombinant wild-type (wt) PBG98 virus. In one experiment, the PBG98 virus replicated to a
135  peak titre of 11.3 LogioTCIDso/mL at 72hpi, whereas the PBG98-VP1-GFP11 virus only reached a
136  titre of 8.9 Log1oTCIDso/mL (p<0.001) (Fig. 1E). In another experiment, the PBG98 virus

137  replicated to a titre of 10.8 Log1oTCIDso/mL at 72hpi that was matched by the PBG98-VP1-TC
138  virus, although replication was lower at earlier time points (p<0.05) (Fig. 1F). Taken together,
139  both tagged viruses were attenuated, but the TC-tagged virus was less attenuated than the

140  GFP11-tagged virus. The stability of the tags was determined by serially passaging the tagged-
141 viruses ten times in DF-1 cells and then imaging DF-1 cells infected with the supernatants from
142  each passage by confocal microscopy. The PBG98-VP1-GFP11 virus was stable up to 7 passages,
143  whereas the TC-tag continued to be expressed even at passage 10, demonstrating that the

144  PBG98-VP1-TC strain was more stable than the PBG98-VP1-GFP11 virus (Fig. S1).

145

146  The PBG98-VP1-GFP signal is a marker for IBDV VFs. DF1 cells transfected with GFP1-10 and
147  infected with the PBG98-VP1-GFP11 virus were fixed at 20 hpi and stained with either anti-

148  dsRNA or anti-VP3 mouse monoclonal antibodies followed by a goat anti-mouse secondary

149  antibody conjugated to Alexa Flour 568. The GFP11 signal was highly co-localised with both VP3
150  and dsRNA (Fig. 2 A and B), for example 82.6+/- 0.1% of the signal derived from PBG98-VP1-

151  GFP11 co-localised with the VP3 signal. Taken together, these data demonstrate that the
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152  PBG98-VP1-GFP11 signal co-localised with other vRNP components, consistent with the

153  fluorescent signal from the tagged viruses being a marker for VFs.

154

155  VFs coalesce in the cytoplasm of infected cells throughout infection. DF-1 cells were

156  transfected with GFP1-10 and infected with the PBG98-VP1-GFP11 virus at an MOI of 1 and

157  fixed at 10, 18 and 24 hpi. At early time points, distinct, small foci were abundant throughout
158  the cytoplasm of infected cells, however, at later time points the foci were larger in size and
159  fewer in number (Fig. 3A), To quantify this observation, 30 infected cells were imaged per time
160  point. The mean number of foci significantly decreased from 60 per cell at 10 hpi to 5 per cell at
161 24 hpi (p< 0.001) (Fig. 3B) whereas the average area of each focus significantly increased from a
162  mean of 1.2um? at 10 hpi to 45.0um? at 24 hpi (p<0.001) (Fig. 3C). Taken together, these data
163  suggest that Birnaviridae VFs coalesced in the cytoplasm throughout infection. As multiple VFs
164  were observed in infected cells, we sought to determine whether this was a feature of

165  multiplicity of infection (MOI). To this end, we infected DF-1 cells with the PBG98-VP1-GFP11
166  virus at an MOI of 0.1, 0.01 and 0.001 and fixed and imaged cells 18 hours pi. Multiple VFs were
167  observed in infected cells, irrespective of MOI (Fig. S2), indicating that this phenomenon was

168 observed even in cells infected with a low amount of infectious virus.

169

170  Infected cells were subject to live cell imaging to investigate the nature of VF movement. Cells
171  were imaged every 4 minutes over a 2 hour period from 16 -18 hpi and a movie was made (Fig.
172 4A and Movie S1). Five fusion events were observed between foci in a single cell, and an

173 example is shown in Fig. 4A. Fusion events were also apparent in cells imaged 22 -24 hpi (Fig.
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174 4B and Movie S2), although they were rarer at later time-points and in some cases transient.
175  Smaller foci were also observed splitting away from larger foci. In addition, there was a

176  significant difference in speed of foci movement between 16 and 22 hpi. At 16 hpi, foci moved
177  with an average speed of 0.57um/s, while at 22 hpi, foci only moved with an average speed of
178  0.22um/s (p<0.001). Taken together, these data demonstrate that Birnaviridae VFs are dynamic

179  structures that coalesce in the cytoplasm.

180

181  VF coalescence is dependent on an intact microtubule network and actin cytoskeleton. Cells
182  were infected with the PBG98-VP1-TC virus and then stained with ReAsH and fixed and stained
183  with anti-tubulin and a secondary antibody conjugated to Alexa Flour 488 (Fig. 5A). While little
184  co-localisation was observed between the VFs and the microtubule network, when cells were
185 infected with the PBG98-VP1-TC virus and then stained with ReAsH and Phalloidin -Alexa Fluor
186 488, the edges of the red foci co-localised with the Phalloidin (Fig. 5B), suggesting that actin
187  filaments may be involved in VF movement. To determine whether the microtubule network or
188  actin cytoskeleton were involved in Birnaviridae VF coalescence, cells were treated with either
189  nocodazole, which triggers microtubule depolymerisation, or cytochalasin D, which inhibits

190  actin filament polymerisation, 2 hours following infection with the PBG98-VP1-TC virus. Actin is
191  known to play a role in IBDV entry [32] and so this time-point was selected to distinguish the
192  effect of drug treatment on VF movement from virus entry. At 18 hpi, both nocodazole and

193  cytochalasin D treated cells had significantly more foci per cell (a mean of 25 and 30 foci per
194  cell, respectively) than mock-treated infected cells (a mean of 7 foci per cell), p<0.0001 (Fig.

195  5C). Nocodazole and cytochalasin D treatments also led to a significantly reduced area of foci at
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196 this time point (14.4um? and 8.1um?, respectively) compared to mock-treated infected controls
197  (32.1um?), p<0.0001 (Fig. 5D). Despite the differences in VF size and number following

198  treatment, neither drug caused significant differences in the titre of the PBG98-VP1-TC virus
199 recovered from the supernatant of infected cultures at 24 hpi (Fig. 5E). Cells were transfected
200  with GFP1-10 and infected with PBG98-VP1-GFP11 at an MOI of 1, treated with either

201  nocodazole or cytochalasin D at 2 hpi, and imaged live from 20-22 hpi. In cells treated with

202  nocodazole, multiple groups of small foci were seen to go through series of splitting and fusion
203  events, at speeds comparable to when no drug treatment was applied (0.62um/s), but the

204  small foci did not coalesce into larger foci over this time period (Fig. 6A and Movie S3). In

205  contrast, while foci continued to move in cells treated with cytochalasin D, there was no visual
206  sign of any foci interacting over the time of imaging, and the speed of movement was

207  significantly reduced compared to mock-treated infected cells, with foci moving with a mean
208  speed of only 0.17um/s (p<0.0001) (Fig. 6B and Movie S4). Taken together, these data

209  demonstrate that birnavirus VF coalescence is dependent on both an intact microtubule

210  network and actin cytoskeleton and that inhibition of actin polymerisation significantly slows
211  birnavirus VF movement.

212

213 Discrete VFs from different strains of IBDV form in the cytoplasm of co-infected cells and

214  coalesce throughout infection. Cells were transfected with GFP1-10 and co-infected with both
215  the PBG98-VP1-GFP11 and PBG98-VP1-TC viruses at an MOI of 1, and fixed, ReAsH and DAPI
216  stained at 10, 14, 18 and 24 hpi. Like in previous experiments, foci at later time points were less

217  numerous and larger than foci at earlier time points, likely as a result of VF coalescence

10
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218  throughout infection (Fig. 7A). At 10 hpi, distinct green and red foci were observed in the

219  cytoplasm of co-infected cells, with little evidence of co-localisation, consistent with the

220 presence of discrete VFs from the PBG98-VP1-GFP11 and PBG98-VP1-TC viruses in the

221 cytoplasm. However, at 14, 18 and 24 hpi, there was considerable co-localisation between red
222  and green foci (Fig. 7A), consistent with the coalescence of VFs from the PBG98-VP1-GFP11 and
223  PBG98-VP1-TC viruses. Data derived from Image J’s co-localisation function demonstrated that
224 the levels of co-localisation between green and red foci increased from 18.2% at 10 hpi to

225  70.6% at 24 hpi (p<0.0001) (Fig. 7B). To better define the timing of coalescence between VFs,
226 DF-1 cells were transfected with GFP1-10 and co-infected with both the PBG98-VP1-GFP11 and
227 PBG98-VP1-TC viruses at an MOI of 1, and fixed, ReAsH, and DAPI stained at 10, 12, 14 and 16
228  hours post infection. Thirty co-infected cells were imaged per time-point and the average

229  percentage of discrete red and green foci, and co-localised (yellow) foci quantified per cell. At
230 10 hpi, no co-localisation was observed between red and green foci in co-infected cells.

231  However, an average of 13.1% of red and green foci within co-infected cells co-localised with
232 each other at 12 hpi. This increased to 36.5% and 89.9% at 14 and 16 hpi (Fig. 7C, yellow bars)
233 consistent with the coalescence of VFs from the PBG98-VP1-GFP11 and PBG98-VP1-TC viruses
234 between 10 and 16 hours pi. Moreover, cytochalasin D treatment delayed the coalescence of
235  red and green VFs as the average percentage of co-localised red and green foci per co-infected
236 cell was only 0.9% and 18.8% at 12 and 14 hpi in the presence of the drug (Fig. 7C). Taken

237  together, these data demonstrate that during co-infection, discrete Birnaviridae VFs form in the

238  cytoplasm from each input virus that subsequently coalesce over time.

239

11
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240 Discussion

241  In this study, we produced the first replication competent tagged-reporter birnaviruses, an

242  IBDV tagged with GFP11 (PBG98-VP1-GFP11) and an IBDV tagged with TC (PBG98-VP1-TC). We
243 used the PBG98-VP1-GFP11 virus to directly visualise IBDV VFs in live infected cells and

244  demonstrated that the VFs were dynamic structures that moved within the cytoplasm and

245  coalesced during the course of infection. These findings are in agreement with others who have
246 found IBDV replication complexes to be located in distinct cytoplasmic puncta [11] that increase
247  insize over the course of infection [13] by imaging fixed cells, however, our data extend these
248  results by imaging live infected cells and characterising VF movement. The VFs of mammalian
249  orthoreovirus (MRV) were also recently found to be highly dynamic structures that move and
250  interact in the cytoplasm [15], increasing in size and decreasing in number, consistent with

251  coalescence [33]. Therefore, it is possible that the dynamic nature and coalescence of VFs may
252 be a common feature of dsRNA viruses.

253

254  We found that destabilisation of the microtubule network with nocodazole had a significant
255  impact on IBDV VF size, number, and dynamics throughout infection (Fig. 5 and 6A and Movie
256  S3). Consistent with this observation, Delgui et al found that when IBDV-infected quail muscle
257  (QM7) cells were treated with nocodazole, more VFs were situated at the periphery of the

258  cytoplasm, failing to traffic to the perinuclear region, unlike in mock-treated cells [11]. The

259  distribution of IBDV VFs in our study was less restricted to the perinuclear region in the absence
260  of drug treatment, however, we used DF-1 cells in our experiments which may account for this

261  discrepancy. Moreover, the distribution of VFs we saw is consistent with data from Dalton &

12
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262  Rodriguez who also used DF-1 cells [13]. Interestingly, Reoviridae VFs are also known to hijack
263  the microtubule network during intracellular trafficking [33], and utilisation of this cytoskeletal
264  component may be a common feature among dsRNA virus families. We also found that actin
265 filaments co-localised with the periphery of PBG98-VP1-TC VFs and that VF size and speed of
266  movement and fusion events were significantly reduced following cytochalasin D treatment,
267  suggesting that the actin cytoskeleton is also involved with Birnaviridae VF trafficking (Fig. 5 and
268 6B and Movie S4). Interestingly, VFs have also been observed co-localising with actin in cells
269  infected with Fowlpox [34] and Bunyamwera virus [35], and actin is involved in the

270 internalisation, replication, and non-lytic egress of rotavirus [36, 37]. IBDV internalisation into
271 the cell is also dependent on an intact actin network [32], [38]. In order to distinguish between
272 the involvement of actin in IBDV entry and VF movement, cultures were treated with

273 cytochalasin D from 2 hours pi, to allow IBDV time to enter the cells prior to treatment. Drug
274  treatment did not significantly alter virus replication (Fig. 5E) demonstrating that the replication
275  of IBDV is not affected by alterations to VF trafficking, consistent with observations made by

276  Delguietal [11].

277

278  While the dynamics of VF movement has been previously demonstrated for other dsRNA

279  viruses, our study is the first to image dsRNA VFs in co-infected cells. We demonstrated that
280  during co-infection with two IBDV strains, discrete VFs from each input virus initially formed in
281  the cytoplasm that subsequently coalesced over time, with the proportion of VFs containing
282  both GFP11- and TC- tagged VP1 proteins increasing throughout the replication cycle (Fig. 7).

283  The diversity of RNA viruses is increased through recombination and/or reassortment in cells

13
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284  co-infected with multiple strains. In order for this to occur, the genome from two or more

285 infecting viruses must reach the same intracellular compartment. Using fluorescently tagged
286  vaccinia viruses, Paszkowski et al demonstrated that during co-infection, distinct VFs from two
287  input viruses formed in the cytoplasm and subsequently merged. The authors concluded that
288  the VFs acted as a barrier to genomic mixing and that the merger of VFs was necessary for

289  recombination [39]. It has also been proposed that the coalescence of VFs must take place in
290 order for reassortment of dsRNA viruses to occur [40], in contrast to viruses such as influenza,
291  where genome segments coalesce en route to the plasma membrane [41] and where

292  reassortment is not restricted by VF compartmentalisation. Our data provide the first

293  experimental demonstration of VF coalescence for the Birnaviridae and, to our knowledge, the
294  first evidence of coalescence between VFs of different strains in a co-infected cell for any

295  dsRNA virus family. Moreover, our data suggest that the potential for IBDV reassortment occurs
296 latein the viral replication cycle, as VF coalescence between GFP11- and TC- tagged viruses did
297  not occur until after 10 hpi. This study therefore provides new information that contributes to

298  our understanding of VF trafficking in dsRNA viruses, and the molecular basis of reassortment.

299

300 Our study is not without limitations; for example, the fluorescent signal was only detected from
301 8 hpi, and was only bright enough to be reliably imaged from 10 hpi for either the GFP11- or the
302  TC-tagged viruses. At 10 hpi, numerous small VFs were observed (Fig 3A), even in cells infected
303  with a very low MOI (Fig S2), implying that the VFs are not the product of one cell being

304 infected with multiple infectious viruses. The molecular basis of this observation remains
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305 unknown, and, as we were unable to study events earlier than 8 hpi, this remains beyond the

306  scope of the current study.

307

308 We were also unable to rescue a replication competent PBG98-VP1-GFP virus. However, GFP11
309 and GFP1-10 come together to give a fluorescent signal, indicating that the VP1-GFP molecule is
310 functional. The crystal structure of the birnavirus VP1 has been determined [42, 43] and our
311  data demonstrate that the C terminal extension is able to tolerate the insertion of a tag,

312  without blocking the function of the active site. However, the tagged viruses were both

313  attenuated compared to the recombinant wt PBG98 strain (Fig. 1E and F). This could be

314  because the presence of the tag negatively affected the function of the VP1 protein, or because
315 the presence of the nucleotide sequence that encoded the tag made the genome segment less
316  efficient at being packaged. Moreover, the GFP11-tagged virus was more attenuated and less
317  stable than the TC-tagged virus (Fig.1 and S1), which correlates with the length of the tag.

318 Investigating the reason for the differences in attenuation was beyond the scope of this project.
319 In addition, some VP1 is packaged into the virion, while the rest remains in the cytoplasm, and
320 some VP1is bound to the dsRNA genome, while the rest remains unbound. It is unknown

321  whether the VP1-GFP is packaged into the virion, or whether it is bound to the genome.

322  Discerning these differences was beyond the scope of this project. As the TC tag was less

323  attenuated, it can be considered as an accurate representation of IBDV-derived VFs in infected
324  cells. However, the fluorescence produced by the staining of the TC tag with ReAsH was more
325 prone to bleaching than the GFP signal, so the GFP11-tagged IBDV strain was a more attractive

326  candidate for live cell imaging over long time courses. In order to detect a green signal, it was
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327  necessary for cells to be both successfully transfected with GFP1-10 and infected with the

328  GFP11-tagged virus. While this approach is adequate for imaging experiments, we are currently
329  establishing a DF1 cell —line that stably expresses the GFP1-10 molecule for additional studies.
330 Finally, efforts to rescue an IBDV with a tag on the C terminus of Segment A were unprofitable.
331 Segment A is translated as a polyprotein encoding VP2-VP4-VP3 which is subsequently cleaved
332 [44]. The C terminus of VP3 has recently been shown to be essential for function [45], which
333  might explain why this was an unsuitable position for the tag, however given that there are

334  cleavage sites at the VP2-VP4 and VP4-VP3 junctions, it may be difficult to generate a tagged

335 segment A.

336

337 Taken together, our data demonstrate that the Birnaviridae VFs are highly dynamic structures,
338  moving and coalescing in the cytoplasm and that during co-infection with two strains of IBDV,
339  discrete VFs form from each virus that subsequently coalesce. This study provides new

340 information that adds to our understanding VF trafficking that could have implications for the

341 molecular basis of dsRNA virus reassortment.

342

343  Materials and Methods

344

345 Cell-lines and antibodies: DF1 cells (chicken embryonic fibroblast cells, ATCC number CRL-

346 12203) were sustained in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, Merck,

347  UK) supplemented with 10% heat inactivated foetal bovine serum (hiFBS) (Gibco, ThermoFisher
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348  Scientific, UK). The primary antibodies used in this study were raised against tubulin (SantaCruz
349  Biotechnology, UK), dsRNA (English & Scientific Consulting Kft.), and VP3 [46]. In all

350 immunofluorescent assays, primary antibodies were diluted 1:100 and secondary antibodies
351  conjugated to Alexa 488-or 568 (Invitrogen, Thermo Fisher Scientific, UK) were diluted 1:500 in
352  asolution of BSA (Sigma-Aldrich, Merck, UK).

353

354  Plasmids and recombinant viruses. The sequence of segments A and B of the cell-culture

355 adapted IBDV strain, PBG98, including the 5’ and 3’ non coding regions (ncr’s) were flanked by
356  self-cleaving ribozymes (a hammerhead ribozyme upstream and a hepatitis delta ribozyme

357 downstream) and the whole sequence was ordered (GeneArt, ThermoFisher Scientific, UK) and
358 cloned into a pSF-CAG-KAN vector (Sigma-Aldrich, Merck, UK) to make two “reverse genetics”
359  plasmids (pRGs), pRG-PBG98-A and pRG-PBG98-B. DF-1 cells at 70% confluency were

360 transfected with both plasmids with lipofectamine 2000 (Invitrogen, ThermoFisher scientific,
361  UK)in order to rescue the recombinant PBG98 virus. Three alanine residues were added to the
362 N terminus of the GFP11 tag as a linker and a stop codon was added to the C terminus to make
363  the amino acid sequence: AAARDHMVLHEYVNAAGIT-Stop. The nucleotide sequence encoding
364  this was added to the 3’ end of the coding region of segment B, which encodes VP1, prior to the
365 3’ ncr, to make the plasmid pRG-PBG98-B-GFP11 (GeneArt, ThermoFisher Scientific, UK). DF-1
366  cells were co- transfected with this plasmid and pRG-PBG98-A to generate the recombinant
367  virus PBG98-VP1-GFP11. The tetracysteine tag (amino acid sequence: CCPGCC) was

368 incorporated into the same region as the GFP11 tag to make the pRG-PBG98-B-TC plasmid
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369 (GeneArt, ThermoFisher Scientific, UK) and DF-1s were co-transfected with this plasmid and

370  pRG-PBGY98-A to make the recombinant virus PBG98-VP1-TC.

371

372  Visualising virus infection: To visualise PBG98-VP1-GFP11 virus infection, DF1 cells were seeded
373  onto coverslips (TAAB, UK) in 24-well plates (Falcon, Corning, UK) at a density of 1.6 x10° per
374  well and transfected with GFP1-10 using lipofectamine 2000 24 hours prior to infection with the
375 PBG98-VP1-GFP11 virus. Unless otherwise stated, cells were infected at an MOI of 1. To

376  visualise PBG98-VP1-TC virus infection, live infected cells were stained with the TC-ReAsH™ ||
377 In-Cell Tetracysteine Tag Detection Kit (Invitrogen, ThermoFisher Scientific, UK), according to
378  the manufacturer’s instructions.

379

380 Immunofluorescence Microscopy: Cells were fixed with a 4% paraformaldehyde solution

381  (Sigma-Aldrich, Merck, UK) for 20 minutes, permeabilized with a solution of 0.1% Triton X-100
382  (Sigma-Aldrich, Merck, UK) for 15 minutes and blocked with a 4% BSA solution for 30 minutes.
383  Cells were then incubated with the appropriate primary antibody for one hour at room

384  temperature. Cells were washed with PBS and incubated with the corresponding secondary
385  antibody for 1 hour at room temperature in the dark. Cells were again washed and incubated in
386  asolution of 4,6-diamidino-2-phenylindole dihdrochloride (DAPI, Invitrogen ThermoFisher

387  Scientific, UK). Cells were washed in water, mounted with Vectashield (Vector Laboratories Inc,
388 CA)andimaged with a Leica TCS SP5 confocal microscope. To image actin, Alexa Fluor™ 488

389  Phalloidin (Sigma-Aldrich, Merck, UK) was added directly to cells in PBS after blocking and

390 incubated at room temperature for 25 minutes prior to DAPI staining.
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391

392  Live cell Imaging. DF1 cells were seeded into a Chambered #1.0 Borosilicate Coverglass slide
393  (Nunc, Lab-Tek, Sigma-Aldrich, Merck, UK) at a density of 8 x 10* per well and cultured in 1ml of
394 DMEM supplemented with 10% hiFBS. Cells were transfected with GFP1-10 and then infected
395  with the PBG98-VP1-GFP11 virus 24 hours post-transfection. Cells were maintained in

396  Leibovitz's L-15 media without phenol red (Gibco, ThermoFisher Scientific, UK) during live cell
397 imaging experiments. Unless otherwise stated, 10-Z stacks were imaged every 4 minutes for a

398  minimum of 2 hours using a Leica TCS SP8 confocal microscope.

399

400 Imaging Quantification. The mean area and number of VFs were calculated using the surface
401  tool in Imaris 9 software (Bitplane, Oxford Instruments, UK), and an overlap coefficient, (an
402 alternative to the Pearson’s correlation coefficient created by Manders et al) was used as the
403  main statistical test to describe co-localisation using Image J software (National Institutes of
404  Health, NIH). Images were only considered in the analysis if they had a Coste’s significant level
405 of 0.95 or above [17]. For live cell imaging, statistics such as displacement, velocity and number
406  of merging and splitting events were calculated using the Image J plugin ‘TrackMate’.

407

408  Virus Titration. Samples were titrated in 96-well plates (Falcon, Corning, UK) seeded with DF1
409 cells at a density of 4 x 10* cells per well. Wells were then infected in quadruplicate with a 10-
410 fold dilution series of viral supernatant. After 5 days, wells were inspected for signs of

411  cytopathic effect (cpe) and the titre of virus determined by Tissue Culture Infective Dose-50

412  (TCIDsg) as per the method by Reed and Muench [47].
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413

414  Virus Growth curves. DF1 cells were seeded into 24 well plates at a density of 1.6 x 10° cells per
415  well in triplicate for each time point. The next day, cells were infected with either PBG98-VP1-
416  GFP11, PBG98-VP1-TC or PBG98 viruses at an MOI of 0.01. Cell supernatant was then collected
417  at 24, 48 and 72 hours post-infection and titrated as per the method by Reed and Muench [47].
418

419  Passage Stability. DF1 cells were seeded into 24 well plates at a density of 1.6 x 10° per well
420  and maintained in 900pl media overnight. Cells were subsequently infected with 100pl of the
421  supernatant collected from the previous passage. After 24 hours, the supernatant was collected
422  and frozen at -80°C until the next passage. Both fluorescently tagged IBDV-viruses were

423  passaged ten times, whereupon DF-1 cells were infected with the supernatant from every

424  passage in order to image infected cells 20 hours post infection. Cells were transfected with
425  GFP1-10 prior to infection with PBG98-VP1-GFP11 supernatants and were stained with ReAsH
426  subsequent to infection with PBG98-VP1-TC supernatants.

427

428  Drug treatment: DF1 cells were seeded onto coverslips and infected with the PBG98-VP1-TC
429  virus. Cultures were subsequently treated with either cytochalasin D or nocodazole (Sigma-
430  Aldrich, Merck, UK). Drugs were dissolved in Dimethyl sulfate (DMSO) (Sigma-Aldrich, Merck,
431  UK) and diluted with media to a final concentration of 1 and 10 uM, respectively. Infected

432 cultures were treated with drugs from 2 hours post infection until the end of the experiment.
433  An equivalent volume of DMSO was added to the culture media of mock-treated control cells.

434
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Figure Legends

Fig 1. Construction of tagged reporter IBDV strains. The PBG98 sequence was used as a

backbone, and the nucleotide sequences encoding either the GFP11-tag (A) or TC-tag (B) were

added to the 3’ end of the coding region of Segment B. To obtain a positive GFP signal, DF-1

cells were transfected with a plasmid expressing GFP1-10, prior to transfection with a plasmid

expressing GFP11, or infection with the PBG98-VP1-GFP11 virus (C). To visualise the TC tag, DF-

1 cells infected with the PBG98-VP1-TC virus were stained with ReAsH (D). The replication of
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557  both tagged viruses in DF-1 cells was compared to the recombinant wild-type (wt) PBG98 virus.
558  The titre to which the GFP11-tagged virus (E) or TC-tagged virus (F) replicated was compared to
559  the wt PBG98 virus at the indicated time points post-infection in triplicate. Virus titres were
560 expressed as logio TCIDso/mL and the means plotted. Error bars represent the standard error of
561  the mean (SEM) and the data are representative of 3 independent experiments (F).

562

563  Fig. 2. The PBG98-VP1-GFP signal is a marker for IBDV VFs. DF1 cells were transfected with a
564  plasmid expressing GFP1-10 and infected 24 hours post-transfection with the PBG98-VP1-

565  GFP11 virus at an MOI of 1. Cells were fixed at 20 hours post-infection and stained with DAPI
566  and either anti-dsRNA (A) or anti-VP3 (B) mouse monoclonal antibodies followed by a goat anti-
567  mouse secondary antibody conjugated to Alexa Flour 568, and imaged. Scale bars are 20um in
568 length.

569

570  Fig. 3. VFs decrease in number and increase in size over time. DF1 cells were transfected with
571  aplasmid expressing GFP1-10 and infected 24 hours post-transfection with the PBG98-VP1-
572 GFP11 virus at an MOI of 1. Cells were fixed at 10, 18, and 24 hours post -infection, stained

573  with DAPI, and imaged (A). Scale bars are 20um in length. The number of VFs per cell was

574  determined for 30 infected cells at each time point and plotted (B). The average area of the VFs
575 inaninfected cell was determined using the surface tool in Imaris 9 software (bitplane) and
576  plotted for 30 infected cells at each time point (C). The line represents the mean and the error
577  bars represent the standard deviation (SD) of the mean.

578
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579  Fig. 4. VFs coalesce in the cytoplasm of infected cells throughout infection. DF1 cells were

580 transfected with a plasmid expressing GFP1-10 and infected 24 hours post-transfection with the
581  PBG98-VP1-GFP11 virus at an MOI of 1. One live infected cell was imaged from 16-18 hours

582  post infection. Images of the boxed region are shown at the indicated time points post infection
583  where two VF coalescence events were witnessed (white arrows and blue arrows) (A). Another
584 live infected cell was imaged from 22-24 hours post-infection. Images of the boxed region are
585  shown at the indicated time points post infection where one VF coalescence event was

586  witnessed (white arrows) and one VF splitting event was witnessed (yellow arrows) (B).

587

588  Fig. 5. The distribution of VFs in the cytoplasm is dependent on an intact actin cytoskeleton
589  and microtubule network, but alterations in VF distribution do not alter viral replication. DF1
590 cells were infected with the PBG98-VP1-TC virus at an MOI of 1. Cells were fixed at 20 hours
591  post-infection and stained with DAPI and either an anti-tubulin mouse monoclonal antibody
592  followed by a goat anti-mouse secondary antibody conjugated to Alexa Flour 488 to visualise
593  the microtubule network (A) or phalloidin conjugated to Alexa Flour 488 to visualise the actin
594  cytoskeleton (B). Scale bars are 20um in length. The number of VFs per cell was determined for
595 30 infected cells and plotted (C). The average area of the VFs in an infected cell was determined
596  using the surface tool in Imaris 9 software (bitplane) and plotted for 30 infected cells (D). The
597 line represents the mean and the error bars represent the standard deviation (SD) of the mean.
598  Cell supernatants obtained 24 hours post-infection were titrated and the tissue culture

599 infectious dose 50 (TCIDsg) determined (E).

600
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601  Fig. 6. VF coalescence is dependent on an intact microtubule network and actin cytoskeleton.
602  DF1 cells were transfected with a plasmid expressing GFP1-10 and infected 24 hours post-

603  transfection with the PBG98-VP1-GFP11 virus at an MOI of 1. Two hours post-infection, cells
604  were treated with either nocodazole (A) or cytochalasin-D (B). One live infected cell was imaged
605 from 20-22 hours post infection. Images of the boxed region are shown at the indicated time
606  points post infection. In an infected cell treated with nocodazole, one VF was witnessed

607  splitting into two VFs that then subsequently coalesced (white arrows) next to a neighbouring
608  VF (red arrows) (A). In an infected cell treated with cytochalasin-D, four VFs were observed

609  (white, blue, red and purple arrows) that did not coalescence or interact with each other over
610  the 2 hour period (B). Scale bars are 20um in length.

611

612  Fig. 7. Discrete VFs from different strains of IBDV form in the cytoplasm of co-infected cells
613  and coalesce throughout infection. DF1 cells were transfected with a plasmid expressing GFP1-
614 10 and co-infected 24 hours post-transfection with the PBG98-VP1-GFP11 virus and the PBG98-
615  VP1-TC virus at an MOI of 1. Cells were fixed at 10, 14, 18 and 24 hours post-infection and

616  stained with ReAsH and DAPI; Scale bars are 20um in length (A). The Mander’s correlation

617  coefficient between red and green foci was plotted for 10 cells at 10, 18 and 24 hours post-

618 infection. The line represents the mean and the error bars represent the standard deviation
619  (SD) of the mean (B). The percentage of red, green, and co-localised (yellow) foci were

620  quantified for 30 co-infected cells per time point and the average plotted at 10, 12, 14 and 16
621  hours post infection (C).

622
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623  Fig. S1. The PBG98-VP1-GFP11 virus is stable for 7 passages and the PBG98-VP1-TC virus is
624  stable for at least 10 passages. DF1 cells were infected with passage 3 of either the PBG98-VP1-
625  GFP11 virus or the PBG98-VP1-TC virus. A sample of the supernatant was obtained 24 hours
626  post infection (hpi) and passaged onto additional DF1 cells. This was repeated for a total of 10
627  passages for each virus. Supernatant samples from each passage of the PBG98-VP1-GFP11 virus
628  were added to DF-1 cells that had previously been transfected with the GFP1-10 plasmid, and
629 fixed, stained with DAPI, and imaged 20 hpi. The supernatant samples from each passage of the
630 PBG98-VP1-TC virus was added to DF-1 cells that were fixed and stained with ReAsH and DAPI,
631 andimaged 20 hpi. Scale bars are 20um in length.

632

633  Fig. S2. multiple VFs are observed per infected cell, irrespective of MOI. DF1 cells were

634 infected with the PBG98-VP1-TC virus at an MOI of 0.1, 0.01 or 0.001. Cells were fixed at 20

635  hours post-infection and stained with ReAsH and DAPI. Scale bars are 20um in length.

636

637 Movie S1. VFs coalesce in the cytoplasm of infected cells between 16 and 18 hours post

638 infection. DF1 cells were transfected with a plasmid expressing GFP1-10 and infected 24 hours
639  post-transfection with the PBG98-VP1-GFP11 virus at an MOI of 1. One live infected cell was

640 imaged from 16-18 hours post infection; one image obtained every 4 minutes.

641
642  Movie S2. VFs coalesce in the cytoplasm of infected cells between 22 and 24 hours post

643  infection. DF1 cells were transfected with a plasmid expressing GFP1-10 and infected 24 hours
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644  post-transfection with the PBG98-VP1-GFP11 virus at an MOI of 1. One live infected cell was

645  imaged from 22-24 hours post infection; one image obtained every 3 minutes.

646

647  Movie S3. VF coalescence is dependent on an intact microtubule network. DF1 cells were

648  transfected with a plasmid expressing GFP1-10 and infected 24 hours post-transfection with the
649 PBG98-VP1-GFP11 virus at an MOI of 1. Two hours post-infection, cells were treated with

650 nocodazole. One live infected cell was imaged from 20-22 hours post infection; one image

651  obtained every 3 minutes.

652

653  Movie S4. VF coalescence is dependent on an intact actin cytoskeleton. DF1 cells were

654  transfected with a plasmid expressing GFP1-10 and infected 24 hours post-transfection with the
655 PBG98-VP1-GFP11 virus at an MOI of 1. Two hours post-infection, cells were treated with

656  cytochalasin-D. One live infected cell was imaged from 20-22 hours post infection; one image
657  obtained every 3 minutes.

658

659

660
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Fig 1. Construction of tagged reporter IBDV strains. The PBG98 sequence was used as a
backbone, and the nucleotide sequences encoding either the GFP11-tag (A) or TC-tag (B)
were added to the 3’ end of the coding region of Segment B. To obtain a positive GFP
signal, DF-1 cells were transfected with a plasmid expressing GFP1-10, prior to transfection
with a plasmid expressing GFP11, or infection with the PBG98-VP1-GFP11 virus (C). To
visualise the TC tag, DF-1 cells infected with the PBG98-VP1-TC virus were stained with
ReAsH (D). The replication of both tagged viruses in DF-1 cells was compared to the
recombinant wild-type (wt) PBG98 virus. The titre to which the GFP11-tagged virus (E) or
TC-tagged virus (F) replicated was compared to the wt PBG98 virus at the indicated time
points post-infection in triplicate. Virus titres were expressed as log,, TCIDg,/mL and the
means plotted. Error bars represent the standard error of the mean (SEM) and the data are
representative of 3 independent experiments (F).
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Fig. 2. The PBG98-VP1-GFP signal is a marker for IBDV VFs. DF1 cells were transfected
with a plasmid expressing GFP1-10 and infected 24 hours post-transfection with the
PBG98-VP1-GFP11 virus at an MOI of 1. Cells were fixed at 20 hours post-infection and
stained with DAPI and either anti-dsRNA (A) or anti-VP3 (B) mouse monoclonal antibodies
followed by a goat anti-mouse secondary antibody conjugated to Alexa Flour 568, and
imaged. Scale bars are 20um in length.
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Fig. 3. VFs decrease in number and increase in size over time. DF1 cells were
transfected with a plasmid expressing GFP1-10 and infected 24 hours post-transfection
with the PBG98-VP1-GFP11 virus at an MOI of 1. Cells were fixed at 10, 18, and 24
hours post -infection, stained with DAPI, and imaged (A). Scale bars are 20um in length.
The number of VFs per cell was determined for 30 infected cells at each time point and
plotted (B). The average area of the VFs in an infected cell was determined using the
surface tool in Imaris 9 software (bitplane) and plotted for 30 infected cells at each time
point (C). The line represents the mean and the error bars represent the standard
deviation (SD) of the mean.
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Fig. 4. VFs coalesce in the cytoplasm of infected cells throughout infection. DF1 cells
were transfected with a plasmid expressing GFP1-10 and infected 24 hours post-
transfection with the PBG98-VP1-GFP11 virus at an MOI of 1. One live infected cell was
imaged from 16-18 hours post infection. Images of the boxed region are shown at the
indicated time points post infection where two VF coalescence events were witnessed
(white arrows and blue arrows) (A). Another live infected cell was imaged from 22-24
hours post-infection. Images of the boxed region are shown at the indicated time points
post infection where one VF coalescence event was witnessed (white arrows) and one
VF splitting event was witnessed (yellow arrows) (B).


https://doi.org/10.1101/870246
http://creativecommons.org/licenses/by/4.0/

Mean number of VFs

A. ) . DAPI o PBG98-VPLTC o Anti-tubulin . Merged

B. DAPI PBG98-VP1-TC

@)
w)
m

1501 I

:} k
k
a1
]

L

Mean area of VFs
per cell (um?)
[ ]
|Oglo TCleolmL
T 9

=
1

£

T T T I
Mock Noc Cyto-D Mock Noc Cyto-D Mock Noc Cyto-D Both

Treatment Treatment Treatment

Fig. 5. The distribution of VFs in the cytoplasm is dependent on an intact actin cytoskeleton and
microtubule network, but alterations in VF distribution do not alter viral replication. DF1 cells
were infected with the PBG98-VP1-TC virus at an MOI of 1. Cells were fixed at 20 hours post-
infection and stained with DAPI and either an anti-tubulin mouse monoclonal antibody followed by
a goat anti-mouse secondary antibody conjugated to Alexa Flour 488 to visualise the microtubule
network (A) or phalloidin conjugated to Alexa Flour 488 to visualise the actin cytoskeleton (B). Scale
bars are 20um in length. The number of VFs per cell was determined for 30 infected cells and
plotted (C). The average area of the VFs in an infected cell was determined using the surface tool in
Imaris 9 software (bitplane) and plotted for 30 infected cells (D). The line represents the mean and
the error bars represent the standard deviation (SD) of the mean. Cell supernatants obtained 24
hours post-infection were titrated and the tissue culture infectious dose 50 (TCID,) determined (E).
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Fig. 6. VF coalescence is dependent on an intact microtubule network and actin cytoskeleton.
DF1 cells were transfected with a plasmid expressing GFP1-10 and infected 24 hours post-
transfection with the PBG98-VP1-GFP11 virus at an MOI of 1. Two hours post-infection, cells were
treated with either nocodazole (A) or cytochalasin-D (B). One live infected cell was imaged from
20-22 hours post infection. Images of the boxed region are shown at the indicated time points post
infection. In an infected cell treated with nocodazole, one VF was witnessed splitting into two VFs
that then subsequently coalesced (white arrows) next to a neighbouring VF (red arrows) (A). In an
infected cell treated with cytochalasin-D, four VFs were observed (white, blue, red and purple
arrows) that did not coalescence or interact with each other over the 2 hour period (B). Scale bars
are 20um in length.
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Fig. 7. Discrete VFs from different strains of IBDV form in the cytoplasm of co-infected
cells and coalesce throughout infection. DF1 cells were transfected with a plasmid
expressing GFP1-10 and co-infected 24 hours post-transfection with the PBG98-VP1-
GFP11 virus and the PBG98-VP1-TC virus at an MOI of 1. Cells were fixed at 10, 14, 18 and
24 hours post-infection and stained with ReAsH and DAPI; Scale bars are 20um in length
(A). The Mander’s correlation coefficient between red and green foci was plotted for 10
cells at 10, 18 and 24 hours post-infection. The line represents the mean and the error
bars represent the standard deviation (SD) of the mean (B). The percentage of red, green,
and co-localised (yellow) foci were quantified for 30 co-infected cells per time point and
the average plotted at 10, 12, 14 and 16 hours post infection (C).
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Fig. S1. The PBG98-VP1-GFP11 virus is stable for 7 passages and the PBG98-
VP1-TC virus is stable for at least 10 passages. DF1 cells were infected with
passage 3 of either the PBG98-VP1-GFP11 virus or the PBG98-VP1-TC virus. A
sample of the supernatant was obtained 24 hours post infection (hpi) and
passaged onto additional DF1 cells. This was repeated for a total of 10
passages for each virus. Supernatant samples from each passage of the PBG98-
VP1-GFP11 virus were added to DF-1 cells that had previously been transfected
with the GFP1-10 plasmid, and fixed, stained with DAPI, and imaged 20 hpi.
The supernatant samples from each passage of the PBG98-VP1-TC virus was
added to DF-1 cells that were fixed and stained with ReAsH and DAPI, and
imaged 20 hpi. Scale bars are 20um in length.


https://doi.org/10.1101/870246
http://creativecommons.org/licenses/by/4.0/

VIO 0.61 B Nioi 0.001 br this preprint (which

e 0100 0.1 erpetuity. It is made

Fig. S2. multiple VFs are observed per infected cell, irrespective of MOI. DF1 cells were
infected with the PBG98-VP1-TC virus at an MOI of 0.1, 0.01 or 0.001. Cells were fixed at 20
hours post-infection and stained with ReAsH and DAPI. Scale bars are 20um in length.
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