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Abstract

Virus assembly is a crucial step for the completion of the viral replication cycle. In addition to
ensuring efficient incorporation of viral genomes into nascent virions, high specificity is
required to prevent incorporation of host nucleic acids. For picornaviruses, including FMDV,
the mechanisms required to fulfil these requirements are not well understood. However,
recent evidence has suggested that specific RNA sequences dispersed throughout
picornavirus genomes are involved in packaging. Here, we have shown that such sequences
are essential for FMDV RNA packaging and have demonstrated roles for both the pseudoknot
(PK) region and the poly-(C) tract in this process, where the length of the poly-(C) tract was

found to influence the efficiency of RNA encapsidation. Sub-genomic replicons containing
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longer poly-(C) tracts were packaged with greater efficiency in trans, and viruses recovered
from transcripts containing short poly-(C) tracts were found to have greatly extended poly-(C)
tracts after only a single passage in cells, suggesting that maintaining a long poly-(C) tract
provides a selective advantage. We also characterised a critical packaging signal (PS) located
in the pseudoknot (PK) region, adjacent to the poly-(C) tract, as well as several other non-
essential but beneficial PSs elsewhere in the genome. Collectively, these PSs greatly
enhanced encapsidation efficiency, with the poly-(C) tract possibly facilitating nearby PSs to

adopt the correct conformation.

Using these data, we have proposed a model where interactions with capsid precursors
control a transition between two RNA conformations, directing the fate of nascent genomes
to either be packaged or alternatively to act as templates for replication and/or for protein

translation.

Author summary
Genome packaging, whereby viral RNA is incorporated into protective protein capsids to
produce more virus particles, is a crucial step in RNA virus life cycles. It is a stringent process

as only viral RNA is encapsidated, while cellular RNA is excluded.

This study reveals the essential role of packaging signals in FMDV RNA packaging, specifically
those in the pseudoknot region and in a region that can contain >100 cytosines, termed the
poly-(C) tract. We demonstrate that the length of the poly-(C) tract significantly affects
packaging efficiency; genomes containing longer poly-(C) tracts are favoured. This is the first
role that has been identified for the poly-(C) tract in FMDV. We have also found an essential
packaging signal in the pseudoknot region, which is assisted by other packaging signals

located throughout the genome, that together facilitate encapsidation of FMDV RNA. These
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results provide compelling evidence for the involvement of RNA packaging signals in FMDV
assembly. Based on this, we propose a simple model for FMDV RNA packaging, which
involves a transition from genome replication to genome packaging and is controlled by
packaging signals. This knowledge could pave the way for future research and development

of novel antiviral strategies targeting FMDV and other picornaviruses.

Introduction

Foot-and-mouth disease virus (FMDV), a species within the Aphthovirus genus of the family
Picornaviridae, is the aetiological agent of foot-and-mouth disease (FMD) in cloven-hooved
animals (1). FMD is extremely contagious and is endemic in parts of Africa and Asia. It is
controlled through vaccination in regions at risk of infection, while countries including the
USA, UK, Australia and much of mainland Europe maintain FMD-free status without
vaccination. However, outbreaks of the disease in countries that are normally FMD-free can
cause severe economic losses and the ongoing cost to combat the virus in endemic countries

is significant (2).

FMDV is a small, non-enveloped, single-stranded, positive-sense RNA virus with a genome
approximately 8.4 kb in length that is packaged into a pseudo T = 3 icosahedral capsid (3).
The genome contains a single large open reading frame, encoding both the structural and
non-structural proteins. The first protein in this polyprotein is the Leader protease, followed
by the capsid precursor P1-2A, and the non-structural proteins 2B, 2C, 3A, 3B1-3), 3C*™ and
3D (4). The capsid precursor P1-2A is cleaved by the viral protease 3CP™ into VPO, VP1, VP3
and 2A, of which VPO, VP1 and VP3 remain associated in the protomer (5). Five protomers
then assemble into a pentamer and 12 pentamers associate with a molecule of genomic RNA

to form the complete infectious virus particle. Finally, there is an assembly dependent
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maturation cleavage of VPO into VP2 and VP4 which is more efficient in the presence of
packaged RNA, but can still occur independently (6). Although this maturation cleavage is
common to most picornaviruses, it is not ubiquitous. For example, viruses in the Parechovirus
genus do not undergo this process and VPO remains intact in the mature virus (7). In addition
to the formation of mature virions, assembly of capsids lacking RNA can also occur to

produce non-infectious empty particles (8).

The FMDV genome is organised into a highly structured 5’-UTR, with a virus-encoded peptide
(VPg) covalently bound to the 5" terminus of the RNA (9, 10), the open reading frame; and a
3’-UTR terminating in a poly-A tail. The key elements of the 5’-UTR are the: S-fragment, poly-
(C) tract, pseudoknot (PK) region, the cis-acting replication element (cre) and the internal
ribosome entry site (IRES). Of particular interest for this study are the poly-(C) tract and the
adjacent PK region, both of which are not present in some better studied picornaviruses, e.g.

enteroviruses.

The poly-(C) tract typically consists of a stretch of about 50-200 cytosines (11). The
requirement for the poly-(C) tract to be over a certain length has been linked to virulence in
both cardioviruses and aphthoviruses (12, 13). However, conflicting results have also been
reported (14). This is, in part, due to the difficulty of cloning such a long homopolymer and a
mechanism allowing truncated poly-(C) tracts to revert to a wt length during passage, thus
obscuring potential differences (15, 16). However, it has been shown that this feature is not

essential for replication.

The PK region is made up of 2-4 PKs with high sequence similarity, which directly follow the
poly-(C) tract. While at least one PK must be present for wt levels of replication, RNA

transcripts lacking all four PKs are still able to replicate. Despite this, we have shown that RNA
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91  transcripts without the PKs cannot be recovered as infectious virus, which we hypothesised

92  may be due to defects in packaging (17).

93  Picornavirus RNA is thought to be encapsidated during capsid assembly and, although no
94  clear mechanism has been established for how this is achieved, recent work has highlighted
95 the role of RNA packaging signals (PSs) in this process. PSs are used by other RNA viruses to
96 incorporate viral RNA into capsids, with the bacteriophage MS2 being seen as a model system
97  for PS-mediated packaging (18). Additionally, PSs have been identified in other picornaviruses
98 —most notably aichi virus, human parechovirus 1 and enterovirus-E (19-25). In these systems,
99  multiple small, low affinity PSs are dispersed across the viral genome, which function in
100  concert to package the genome more efficiently into the virus capsid (26). These PSs may
101  each recruit a capsid subunit, for example a picornavirus pentamer, sequentially in
102  Hamiltonian pathways (27). The arrangement of PSs throughout the genome, each with
103  different affinities for the capsid subunits, may coordinate the assembly process by initially
104  binding to PSs with the strongest affinities, followed by recruitment of the lower-affinity PSs
105  to complete the capsid structure. For some viruses, the presence of PSs is essential for capsid
106  formation, for example MS2 PS-coat protein interactions are required for a conformational
107  change in the coat protein which enables efficient assembly (28). Although FMDV pentamers
108 can assemble into empty capsids in the absence of RNA (and PSs are therefore not essential
109  for capsid formation) these PSs may facilitate and stabilise the process, making assembly
110  more efficient and preventing the capsid from dissociating prematurely. Additionally, other
111  studies on picornaviruses have described alternative mechanisms for encapsidation. For the
112 enterovirus poliovirus (PV), for example, all non-essential sections of the genome have been
113 either deleted or extensively mutated while maintaining the encoded protein sequence, or

114  swapped with those of other picornaviruses without affecting virus viability, suggesting that
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115 PV RNA encapsidation does not rely solely on PSs (29-32). As an alternative to RNA PSs, an
116  interaction between 2C, a viral protein involved in RNA replication, and the capsid protein
117  VP3 was proposed as the link between replication and encapsidation (33). Recent work has
118 identified PS motifs across the PV genome (25), however, which suggests that picornaviruses
119  may employ both protein-protein interactions and RNA-protein interactions during

120  encapsidation.

121 FMDV packaging appears to be extremely stringent since only genomic RNA (or FMDV
122 replicon RNA) is packaged into virus capsids (34). Additionally, we have previously identified
123 functional PSs dispersed across the FMDV genome (35). The 5’-most PS identified is located

124 inthe PK region, and deletion of sequences within this region prevented virus recovery (17).

125 A number of factors influence the assembly of infectious virus, including the relative rates of
126  protein and RNA synthesis, and these complicate the study of genome encapsidation in

127  picornaviruses generally and in FMDV specifically. This is particularly relevant when the final
128  assay of virus assembly is the measurement of virus viability. Approaches to identify

129  picornavirus packaging signals have helped to establish the role of RNA-capsid interactions
130  during virus assembly (24, 25, 35), but even these are limited by the reliance on virus viability
131  for validation and more direct methods to assess assembly and encapsidation are needed. To
132  this end, an assay designed to look at the relative encapsidation efficiency of GFP-expressing
133 replicons in trans was developed based on the assays carried out by Barclay et al. and

134 Mclnerney et al. (30, 34). This assay demonstrated that poliovirus replicons could be

135  packaged into poliovirus capsids in trans, but the assay was significantly less efficient when

136 FMDV was used.
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137  Inthe work presented here, we have further optimised the trans-encapsidation assay to
138  enable the study of FMDV RNA encapsidation, solving the problem of inefficient replicon
139  trans-encapsidation. We then used this assay to characterise key features of the genome

140  required for packaging, including the 5’-most PS, the PK region and the poly-(C) tract.

141 Methods

142 Celllines

143 The baby hamster kidney-21 (BHK-21) cell line was obtained from the central services unit
144 (CSU) at The Pirbright Institute. This cell line was used for all cell culture experiments. The
145  cells were grown in Glasgow’s minimum essential media (GMEM, Merck) with 10% foetal
146  bovine serum (FBS; Gibco), 2 mM L-glutamine (Merck), 100 units/L penicillin, 100 pg/mL

147  streptomycin (Merck) and 5% tryptose phosphate broth (Gibco). For virus infections, virus
148  growth media (VGM) was used, which contained the same components but with either 1% or

149 5% FBS.

150  Cells used for transfection and/or infection were seeded the previous day using a suitable

151  dilution to reach 80% confluence at the start of the experiment.

152 Plasmids

153  Three plasmids were used as the basis for the work described here: an O1 Kaufbeuren (01K)
154  FMDV AP1 ptGFP replicon, containing the Leader protease coding region but with a ptGFP
155  coding region replacing the capsid coding region (36); an O1K agGFP Leaderless (ALb)

156  infectious copy plasmid (ALb.GFP.FMDV), which does not contain the Leader protein coding
157  region but does contain the agGFP coding region (37); and the full-length infectious copy of

158  O1KFMDV, pT7S3 (38). These are shown in Fig 1.
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159 Four variants of the AP1 GFP replicon were used here: C11 APK1234, APK234, APK34 and C11,
160  which we have previously described (17). An additional variant, C29, was made for this study

161 by ligating synthetic DNA from GeneArt containing the alternative-length poly-(C) tract.

162  The ALb.GFP.FMDV infectious copy plasmid was modified to make a replicon by changing the
163  encoded 3Cpro cleavage sites to prevent P1-2A processing. This replicon was called the
164  Leaderless defective-capsid GFP replicon (ALbdcap GFP replicon). The sequence encoding the
165  VP2/VP3 junction was changed from GAGGGA to GCTGCT (PSKE/GIFP to PSKA/AIFP), the
166  sequence encoding the VP3/VP1 junction was changed from GAAACC to GCCGCA (ARAE/TTSA
167  to ARAA/ATSA) and a codon in the VPO myristoylation site sequence was changed from GGG
168  to GCC (VPO G1A) by the introduction of a synthetic fragment of DNA from GeneArt. Variations
169  were made to the AlLbdcap GFP replicon, again by incorporating synthetic DNA from GeneArt,

170  to make the: C11, C29, C40 APK1 and C39 APK2 AlLbdcap GFP replicons.

171  The pT7S3 plasmids containing truncated poly-(C) tracts were made by digesting the
172 corresponding AlLbdcap GFP replicons with suitable restriction enzymes and ligating in the

173  fragment containing the poly-(C) tract to replace the equivalent region of pT7S3.

174 All restriction enzyme digests were performed using enzymes from New England Biolabs (NEB)
175  based on the product protocols. The vector portions were dephosphorylated using rAPid
176  alkaline phosphatase (Roche) following digestion with the appropriate restriction enzymes.
177  Fragments were then separated using DNA electrophoresis, purified using the Monarch DNA

178  Gel Extraction kit (NEB) and ligated using T4 DNA ligase (Invitrogen).

179 In vitro transcription
180  Plasmids were linearised using appropriate restriction enzymes (Ascl for the AP1 ptGFP based

181  replicons, Hpal for all others). The DNA was then purified using the Monarch PCR & DNA
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182  Cleanup Kit (NEB), and RNA was synthesised from the purified DNA using the MEGAscript T7
183  Transcription Kit (Invitrogen) according to the manufacturer guidelines. Input DNA was

184  digested using the Turbo included in the kit. The RNA was purified using a MEGAclear kit
185  (Invitrogen) and quantified using the Qubit RNA BR Assay Kit (Invitrogen) with a Qubit

186  Fluorometer 4 according to the manufacturer’s protocol.

187  BHK cell transfections

188  BHK cells were transfected with RNA using Lipofectamine 2000, based on the manufacturer’s
189  protocol (Invitrogen). The RNA was mixed with Opti-Mem (Gibco), with 1 ug (suitable for a
190  24-well transfection) made up to 50 pL. The Lipofectamine 2000 was diluted 1 in 10 in Opti-
191  Mem to make an equal volume of Lipofectamine 2000-Opti-Mem mix (per RNA sample). Each
192  wasincubated at room temperature for 5 minutes, before the RNA/Opti-Mem solution was
193  mixed with an equal volume of the Lipofectamine 2000/Opti-Mem solution and incubated for
194  afurther 15 minutes at room temperature. The medium was aspirated from cell monolayers
195  and replaced with the RNA transfection mix, along with sufficient Opti-Mem to cover the cells
196  and prevent them from drying out. The medium was replaced after two hours with an

197  appropriate volume of 1% VGM.

198  Trans-encapsidation assay

199 In the first round of the assay, BHK-21 cells were seeded in multi-well plates (6-, 12- or 24-
200  well, Scientific Laboratory Supplies) and transfected with an appropriate amount of the

201  replicon RNA transcript (4, 2 and 1 ug respectively). If an infectious clone transcript such as
202  the C11 transcript was used as the helper genome, it was co-transfected with the replicon
203 RNA by including it with the RNA-Opti-Mem mixture (no change to final volume or amount of

204  Lipofectamine 2000 used). If a helper virus was used, it was added to the cells at 1-hour post-
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205  transfection. At 2-hours post-transfection the medium was replaced with an appropriate
206  volume of VGM containing 1% serum to cover the cells. Cells transfected with the AP1 GFP
207  replicon were incubated until 5 hours post-transfection, while cells transfected with the

208  Albdcap GFP replicon were incubated until 7 hours post-transfection, both at 37°C, before
209  they were frozen at -20°C overnight. Duplicate plates were prepared in parallel and were
210  analysed using the Incucyte S3 Live-Cell Analysis System, which imaged the cells hourly using
211  phase light and detected fluorescence (emission wavelength 524 nm, excitation wavelength
212 460 nm). Images were analysed to calculate the number of GFP expressing cells present and

213 the mean fluorescence intensity (MFI) was determined as a measure of replicon replication.

214  For the second round of the assay, the cells were thawed and pelleted, and the supernatant,
215  containing encapsidated RNA, was treated with 1 uL RNase A per 100 ulL of supernatant for
216 10 minutes at room temperature to remove input transcripts. Fresh cells were then

217  inoculated with 50, 100 or 200 uL of supernatant (24-, 12- and 6-well plates respectively) and
218 loaded into the Incucyte S3 for hourly imaging using phase light and fluorescence detection
219 (as above). Several images were taken per well which were analysed in real time for the

220  proportion of the well covered with cells (% confluence), the number of fluorescent objects
221 per well (GFP objects per well) and/or the MFI of the well where relevant. The parameters of
222  the analysis were adjusted based on the characteristics of genuine GFP-expressing cells to
223 optimise detection of GFP-expressing cells and to minimise background auto-fluorescence,
224 which included setting minimum thresholds for both the intensity of the GFP and the area of
225  the foci. Typical thresholds included: a threshold of 1.0 GCU (green calibrated unit); a

226 maximum area of 1000 um?; a maximum eccentricity of 0.7; and a minimum integrated

227  intensity (GCU x pm?) of 2000. All other parameters were typically left at the default setting.

228  Plates were typically read for 24 hours or until the GFP object count started decreasing.

10
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229  CPE development assay

230  The CPE (cytopathic effect) development assay was performed by transfecting a 96-well plate
231  of BHK-21 cells with RNA transcripts made from the virus infectious clone plasmids. Plates
232  were loaded into the Incucyte S3 Live-Cell Analysis System and imaged using phase light

233 every four hours until either complete CPE was reached, or the cell only negative control

234 became unhealthy. Multiple images were taken per well, which were analysed in real time to
235  determine the proportion of the well covered in cells to calculate the confluence of the cell
236  monolayers. The parameters of the analysis were adjusted to optimise detection of healthy
237  cells compared to unhealthy cells to better observe the spread of the rescued virus through

238  the culture.

239  RNA extraction and digestion

240  RNA transcripts were transfected into BHK21 cells, and cells were left to develop CPE. At the
241  point of complete CPE, the cells were lysed by freeze/thawing and the lysate was clarified by
242  centrifugation. A portion of the clarified lysate was then added to fresh BHK21 cells with

243 VGM, and the cells were again left until complete CPE was reached. At this point, cells were
244 processed using a Qiagen RNeasy Kit (74004) to extract the RNA. The purified RNA samples
245  were then digested with RNase T1 (ThermoFisher Scientific) to release the poly(C) tract based

246 on the manufacturer guidelines.

247  Automated electrophoresis
248  DNA and RNA samples were analysed using either the Tapestation (Tapestation D1000 High
249  Sensitivity DNA kit and Tapestation RNA ScreenTape kit, Agilent) or the Bioanalyzer (DNA

250 12000 kit, Agilent) according to the manufacturer’s guidelines.

11
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251 Results

252 A novel trans-encapsidation assay to investigate FMDV RNA packaging

253  The trans-encapsidation assay involves co-transfecting two RNA transcripts into cells: a GFP-
254 expressing replicon which cannot produce a functional capsid and acts as the genome-donor;
255  and an infectious copy transcript which acts as the capsid-donor. When these RNAs replicate
256  inthe same cell, the infectious copy produces functional capsid subunits, which can assemble
257  together with either viral RNA derived from the infectious copy in cis, or with replicon RNA in
258  trans. Progeny particles incorporating infectious genomes or replicon RNAs can then infect
259  new cells, with cells infected by the trans-encapsidated replicon RNA being quantifiable by
260  GFP expression. The relative trans-encapsidation efficiencies of replicons containing

261  mutations, which may affect encapsidation, can therefore be measured by comparing the
262  GFP expression in monolayers of cells infected with lysates from the transfected cells of the
263 first-round with that from a trans-encapsidated control replicon (Fig 2). The number of cells
264  expressing GFP in the second round reflects the packaging efficiency of the trans-

265  encapsidated replicon. The transfection efficiencies and replication kinetics of the replicons
266  used can be assessed from the GFP counts and mean fluorescent intensities (MFI) produced
267  inthe first round of the assay to ensure they are comparable. Where there were significant
268  differences between the replicons, these were factored into the conclusions drawn from the

269  experiments and their potential to influence trans-encapsidation efficiency assessed.

270  We hypothesised that the efficiency of viral RNA packaging would correlate with the number
271  of PSs. To test this, two types of replicon RNA, with either normal or reduced numbers of PSs,
272  were used in the trans-encapsidation assay: a GFP replicon with fewer PSs (due to

273  replacement of the majority of the P1 capsid-coding region with the GFP reporter sequence,

12
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274  termed AP1 GFP replicon); and a Leaderless (ALb) GFP replicon including the capsid coding
275  region and the associated PSs, albeit with substitutions at the 3CP™ cleavage sites to prevent
276  capsid processing and assembly, termed the Leaderless defective capsid (ALbdcap) GFP

277  replicon. Schematics of these constructs are shown in Fig 1.

278  Since the AP1 GFP replicon contains a GFP coding region in place of the capsid coding region,
279 itis unable to produce infectious virions. Although this does not affect RNA replication and
280 translation, the deletion of the capsid coding region also removes any PSs contained within
281  this region, including four PSs identified by Logan et. al.: PS3, PS4, PS5 along with the majority

282 of PS2 (35).

283  An alternative replicon was therefore designed with the maximum number of PSs possible,
284  with the hypothesis that it would be packaged more efficiently in the trans-encapsidation
285  assay. This alternative replicon retains the capsid coding region and the associated PSs.

286  However, inclusion of both the capsid with the GFP reporter rendered the genome too large
287  to be packaged (39). Therefore, a ALb GFP virus was used where the deletion of the Lb

288  portion of Leader coding region provides capacity in the genome for the GFP reporter. This
289  region does not contain any currently identified PSs and has little effect on viability in BHK-21
290 cells if the remainder of Lab is still present (37). Substitutions in the 3C cleavage sites within
291 the capsid sequences were introduced to prevent the capsid proteins from being processed,

292  thus preventing capsid assembly in the absence of helper viruses.

293  Inthe first round of the trans-encapsidation assay, the GFP signal from the ALbdcap GFP
294  replicon was expressed less rapidly compared to the AP1 GFP replicon (Fig 3a). This indicates
295  that the ALbdcap replicon replicates with slower kinetics, but it reached the same peak signal

296  for both mean fluorescence intensity (Fig 3a) and GFP object count (which represents the
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297  number of GFP positive cells) (Fig 3b). Both samples were harvested at the point of peak GFP
298  expression (5 and 7 hours respectively for the AP1 and AlLbdcap GFP replicons) to ensure that

299  these were harvested at equivalent points in the lifecycle.

300 The second round of the trans-encapsidation assay revealed that the ALbdcap GFP replicon
301  was packaged 25% more efficiently compared to the AP1 GFP replicon (Fig 3c). This indicated
302 that the benefits for trans-encapsidation provided by including additional PSs outweigh the

303  fitness costs incurred by deleting the Leader protein coding sequence.

304  The length of the poly-(C) tract affects encapsidation

305 The PKregion and PS1 are located immediately adjacent to the poly-(C) tract (Fig 1), and for
306  practical reasons the DNA fragments used to alter the PK region contained a synthetic poly-
307  (C) tract which was shorter than the poly-(C) tract in the parental replicons. To investigate the
308  possible influence of poly-(C) tract length on packaging, two variations of the ALbdcap GFP
309 replicon were generated using synthetic DNA sequences containing poly-(C) tract lengths of
310 11 and 29 nt respectively for comparison to the wt ALbdcap replicon, which has

311  approximately 35 cytosines. Furthermore, it should be noted that these poly-(C) tracts are all
312  shorter than the ca. 50-200 nt present in the rescued viruses due to the difficulty of cloning

313  and maintaining a long poly-(C) tract in the plasmid.

314  The poly-(C) tract length of each construct was verified by digesting the plasmids at

315  restriction sites to excise a fragment containing 316 base pairs (bp) plus the poly-(C) tract and
316  analysing the size of each DNA fragment using electrophoresis (Fig 4). Although the

317  resolution was not sufficient to determine the exact lengths of the poly-(C) tracts consistently
318  across multiple experiments, it was possible to approximate the lengths in each analysis. The

319  fragment sizes in each experiment were also compared to determine the relative differences
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320 in poly-(C) tract lengths between the three samples to confirm that the wt was largest in each
321  experiment, as expected, followed by the C29 replicon and then the C11 replicon. The C11
322 poly-(C) tract was consistently shorter than that from both other replicons, and was

323  estimated to contain between 9 and 12 cytosines. The C29 and wt replicons appeared to be
324  of a similar size, with the wt replicon appearing either slightly larger or of the same size,

325  consistent with the small difference in expected lengths. Both were estimated to be between

326 30 and 36 cytosines in length.

327  The RNA transcripts from these plasmids were then tested in the trans-encapsidation assay
328 described above. No differences in replication of these replicons were observed in the first
329 round, either by GFP counts or the MFI of the GFP objects (Fig 5a-b), indicating that the poly-
330 (C) tract truncations had no measurable effect on RNA replication. In the second round,

331  however, trans-encapsidation efficiency correlated with the length of the poly-(C) tract; the
332  wt C35 replicon with the longest poly-(C) tract had the greatest peak GFP count of 5700 at 16
333 hours, while the C11 and C29 replicons had peak counts reaching only 1500 +/- 50 (26% of
334  wt) and 4000 +/- 150 (71% of wt) respectively at 16 hours (Fig 5c). All differences were

335  significant (p < 0.0001).

336  The effect of truncations to the poly-(C) tract on encapsidation efficiency has not been

337  previously reported and no differences in virus viability have been observed, provided that
338  the poly-(C) tract is at least 6 nucleotides in length (16). We also saw no effect on RNA

339  replication or ability to rescue virus from an infectious whole-genome RNA transcript with 11
340  cytosines in the poly-(C) tract (17). To extend these observations, we investigated the effect

341  of poly-(C) tract truncation in the context of initial rates of growth of infectious virus. For this,
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342  we generated an additional infectious copy plasmid containing 29 cytosines for comparison

343  against the C11 and C35 (wt) versions.

344  RNA transcripts were made from these plasmids and transfected into cells in a CPE

345  development assay to investigate the effect of these truncations on virus rescue, CPE

346  development and cell-to-cell spread (Fig 5d). However, no clear differences were observed,
347  and although the C11 transcript appeared to induce slightly less CPE than the other two

348  transcripts initially, this was not statistically significant. The impaired encapsidation observed
349  inthe trans-encapsidation assay was therefore not reflected in the recovery of infectious

350 virus.

351  These infectious copy RNA transcripts were subsequently used as capsid-donors in a ‘reverse’
352  trans-encapsidation assays, using the wt ALbdcap (replicon lacking functional capsid) as the
353  genome-donor in each case. In this scenario, it was expected that the more competitive the
354  capsid-donor RNA is at packaging, the fewer the resources available for replicon RNA

355  packaging, resulting in reduced trans-encapsidation efficiency. In support of this prediction,
356  the trans-encapsidation efficiency of the genome donor replicon was reduced when using
357  capsid donor infectious copy transcripts with longer (C29, C35) poly-(C) tracts, and replicon
358  trans-encapsidation increased when using the capsid donor infectious copy transcript with a
359  shorter (C11) poly-(C) tract. Although there was also a slight increase in replicon trans-

360 encapsidation when using the C29 capsid donor transcript over the wt capsid donor

361  transcript, this was not statistically significant (Fig 5e). This was consistent with the results
362  described earlier with the standard trans-encapsidation assay using the poly-(C) tract-

363  modified replicons.
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364  In summary, these findings demonstrate that longer poly-(C) tracts confer better packaging
365  efficiency. This represents the first clear role that has been identified for this feature in the

366  FMDV lifecycle.

367 The poly-(C) tract extends rapidly due to selection pressure from encapsidation

368 The FMDV poly-(C) tract is typically >100 cytosines in length in wt virus genomes (11), which
369 s considerably longer than the poly-(C) tracts present in the RNA transcripts used in this

370  study. It is only possible to consistently maintain a poly-(C) tract length of around 35 nt in the
371  infectious copy plasmid, which is why the poly-(C) tract lengths of our constructs are

372  considerably shorter than the poly-(C) tracts found in wt virus genomes. However, providing
373  they are greater than a minimal length, poly-(C) tracts shorter than wt have not been

374  reported to effect replication, translation, virus viability or genome packaging. Even when
375  virus was recovered from the C11 transcript alongside the C35 transcript, there was no

376  noticeable difference in terms of the speed of rescue (Fig 5d). However, short poly-(C) tracts
377  have been reported to revert to a wt length of 75-100 nt. during virus growth, thus obscuring
378  effects the truncations may have on the virus (15, 16). To determine if this extension of the
379  poly-(C) tract is rapid enough to explain the apparent wt viability of transcripts with severely
380  truncated poly-(C) tracts, we compared the lengths of the poly-(C) tracts in RNA transcripts
381  derived from the three infectious constructs, C11, C29, C35 (wt), with those present in the
382  recovered viruses. Viruses were recovered by transfection of cells with transcript RNA,

383  followed by a single passage on new cells until development of complete CPE (approximately
384 24 hours). This ensured that the majority of the viral RNA taken forward for analysis was

385  derived from virions produced during the initial transfection, thus having passed through the

386  packaging bottleneck at least once.
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387  Transcripts or recovered RNA were digested with RNase T1 and resulting RNA fragments

388  were analysed by automated electrophoresis to assess the lengths of the RNase T1 resistant
389  poly-(C) tracts in each case (40). A peak at ~25 nt was seen in digests of the transcripts

390 derived from the original modified plasmids (Fig 6a) whereas a major peak at ~70 nt was seen
391 indigests of the RNAs from virus recovered after a single passage following transfection (Fig
392  6b), as expected for a newly recovered poly-(C) tract (16). This suggests that the rapid

393  restoration of the poly-(C) tract length obscures differences between the three viruses in the

394  CPE development assay and hinders the study of encapsidation.

395 At least one pseudoknot is required for encapsidation

396  Our previous work on the PK region showed that PK deletions did not prevent RNA

397  replication, but appeared to be detrimental to RNA encapsidation, as inferred from the lack
398  of virus recovery (17). To investigate the hypothesised loss of packaging associated with PK

399  deletions, we used modified replicons in the trans-encapsidation assay.

400 These replicons encompassed distinct deletions within the PK region, each within the AP1
401  GFP replicon backbone, i.e.: APK34, with PKs 3 and 4 deleted; APK234, with PKs 2, 3 and 4
402  deleted; and APK1234, with all four PKs deleted (Fig 1). Due to cloning difficulties arising from
403  the proximity of the PK region to the poly-(C) tract, the APK1234 replicon contained a poly-(C)
404  tract of only 11 cytosines as opposed to the approximately 35 cytosines present in the poly-
405  (C) tracts of the other replicon plasmids. To differentiate effects on replication of the

406  truncated poly-(C) tract from the effects of the complete PK region deletion, we previously
407  created a C11 replicon with all four PKs present but containing a truncated poly-(C) tract with

408 11 cytosines. This C11 replicon was used here in a trans-encapsidation experiment to clarify
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409  whether defects on packaging were due to the deletion of the PK region, the truncation of

410  the poly-(C) tract or a combination of both.

411  Inthis trans-encapsidation experiment (as in Fig 2) the replication kinetics of the C11, APK34
412  and APK234 replicons were similar in terms of GFP expression in the first round of the assay,
413  both from GFP object count (Fig 7a), which represents the number of cells in which the GFP
414  replicon is replicating based on the parameters defined in the analysis, and from the MFI (Fig
415  7b). This allowed direct comparison of these constructs in the second round of the assay

416  which assesses encapsidation efficiency. However, the C11 APK1234 replicon produced

417  significantly fewer and less intense GFP foci (Fig 7a-b), consistent with our previous

418  observation (17). Despite this reduction in replication kinetics, it was still tested in the second
419  round of the assay, but considerations were made when drawing conclusions to account for
420  the effects that the reduced replication of the C11 APK1234 replicon would have on

421  encapsidation.

422  Inthe second round, it was apparent that all three APK mutant transcripts had been
423  packaged less efficiently in trans compared to their parent replicons (wt GFP replicon
424 compared to the APK34 and APK234 replicons and C11 GFP replicon compared to the
425  APK1234 replicon) (Fig 7c). Trans-encapsidation efficiency for the C11 replicon was also

426  reduced, consistent with the previous findings in this study (Fig 4).

427  Most notably, packaging of the C11 APK1234 transcripts was severely reduced with a 12-fold
428  reduction in the number of GFP positive cells per well compared to the C11 replicon. In

429  contrast, the peak levels for the APK234 and APK34 replicons were only reduced by 2.5- and
430  3.3-fold respectively compared to the wt replicon (Fig 7c). Although the C11 APK1234

431  replicates less well than the other transcripts (as described above and in Fig 7a and 7b), this
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432  reduction was thought to be insufficient to account for the near complete loss of

433  encapsidation and the complete loss of virus recovery seen in our previous study (17). A

434 caveat for the interpretation of these results is that the reduced level of replication seen with
435  the C11 APK1234 construct suggests that it may produce less replicon RNA for packaging

436  compared to the other replicons.

437  Therefore, from these data alone, it was uncertain exactly why the C11 APK1234 replicon was
438  packaged so poorly. It may be because PK1 (or at least one PK if not specifically PK1), is

439  essential; or it may be a compound outcome resulting from the effects of two mutations that
440  are detrimental for packaging in addition to the poor replication of the replicon. Although a
441  PKappears to be required for packaging, it is not clear whether PK1 specifically is necessary

442  for efficient trans-encapsidation or if any of the PKs would suffice.

443  PK1isrequired for wt levels of encapsidation

444 To test if the PK1 deletion alone was attributable for the loss of trans-encapsidation

445  efficiency, or if it was the result of multiple detrimental mutations, individual PK deletions
446  were introduced into the replicon and tested in the assay. All four PKs have extremely similar
447  sequences, suggesting that each may be able to functionally replace PK1 to facilitate

448  packaging. PK1 and PK2 are particularly similar, differing only within a region of 11 nt at the &’
449  end (Fig 8a). Therefore, PK1 and PK2 were deleted individually in the ALbdcap GFP replicon
450  (Fig 1) and tested in the trans-encapsidation assay (Fig 2). Due to limitations in the accuracy
451  of the DNA synthesis, the poly-(C) tract length of the two constructs differed by one cytosine;
452  the APK1 replicon had 39 nt (C39 APK1 GFP AlLbdcap) and the APK2 replicon had 40 nt (C40
453  APK2 GFP Albdcap) in this tract according to the manufacturer. Both poly-(C) tracts were

454 greater in length compared to the estimated 35 cytosines in the wt ALbdcap replicon poly-(C)
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455  tract. These constructs were deemed to be sufficiently close in poly-(C) tract length to enable

456  reliable comparisons of their trans-encapsidation efficiencies.

457  Inthe first round of the trans-encapsidation assay, deletion of either PK1 or PK2 did not

458  significantly diminish the levels of replication of each replicon; although both had higher GFP
459  object counts compared to the wt replicon, these differences were not significant (Fig 8b).
460  Additionally, the C39 APK1 ALbdcap GFP replicon expressed GFP to a similar level of intensity
461  asthe wt replicon while the C40 APK2 AlLbdcap GFP replicon produced significantly more
462  intense GFP fluorescence than either of the other two (Fig 8c). The similarity of the

463  replication of these replicons made direct comparisons in the second round of the trans-

464  encapsidation assay possible.

465  Inthe second round, the peak GFP count for both replicons was reached at equivalent times
466  but with significantly different values; APK1 was encapsidated less well than the wt replicon
467  (at 43%), while the APK2 replicon was encapsidated significantly more efficiently (at 127%)

468  than the wt replicon (Fig 8d).

469  To reinforce the results of the trans-encapsidation assays by the analysis of virus viability, the
470  individual PK deletions were also introduced into infectious copy plasmids, and RNA

471  transcripts were then transfected into cells for the CPE development assay. The recovery of
472  infectious virus and development of CPE after these transfections was based on the

473  monolayer confluence; decreases in confluence represent progression of CPE through cell
474 rounding and cell lysis/death, which both result in decreases in the area occupied by infected
475  cells. CPE development was thus used to determine relative rates of progression of infection

476  through cell monolayers, following transfection.
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477  Following transfection, the APK1 virus spread through the cells and caused CPE more slowly
478  than either the wt or the APK2 virus, which were comparable to each other (Fig 8e). This
479  delay in virus spread could be attributed to the defects in encapsidation observed in the
480  equivalent constructs in the trans-encapsidation assay (Fig 8d), with the reduced rates of

481  encapsidation delaying the production of progeny virions.

482  Discussion

483  In earlier published work, trans-encapsidation in FMDV was reported to be inefficient,

484  especially when compared to PV (34). It was speculated that this could be due to either a
485  preference for FMDV genomes to be packaged into capsid proteins provided in cis, or a
486  preference for full sized genomes to be packaged over the smaller replicons, but neither of

487  these hypotheses was verified.

488  The current study indicates that a major issue with the previously published FMDV trans-
489  encapsidation assays was that packaging of the replicon RNA was outcompeted by the wt
490  helper virus RNA. This is in part due to the lack of the capsid coding region in the replicon,
491  and consequent absence of PSs present in that region (35). However, the earlier trans-
492  encapsidation studies with PV replicons showed relatively efficient trans-encapsidation
493  despite equivalent deletion of the PV capsid region (25). Enteroviruses likewise contain PSs
494  dispersed across the entire genome, including in the capsid coding region (25), suggesting
495  that the deletion of the capsid coding region in the FMDV replicon is unlikely to be the sole

496  reason for inefficient trans-encapsidation.

497  This inefficiency could be overcome in part by reducing the competitiveness of the capsid-
498  donor. Crucially, by competing with virus RNA transcripts modified to contain shorter poly-(C)

499  tracts than those in the replicon, the replicon was encapsidated with much greater efficiency.
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500 Considering that previous iterations of the assay have used wt virus as the capsid-donor, and
501 that the wt virus typically contains a poly-(C) tract with over 100 cytosines (11), it is likely that
502 the reduced trans-encapsidation efficiency previously observed can be directly correlated to
503  the length of the poly-(C) tract in the capsid-donor used. PV does not contain a poly-(C) tract
504  and so this feature cannot explain differences in trans-encapsidation of PV and FMDV

505  replicons. To counter this problem in FMDV, we used a transcript with a truncated poly-(C)
506  tract as the capsid-donor. This reduced the competition faced by the FMDV replicon, making
507 the trans-encapsidation assay a sensitive, specific and robust method for determining the

508 effects of various mutations on the packaging of FMDV genomes.

509 The trans-encapsidation assay allowed us to confirm that PSs play a significant role in FMDV
510  encapsidation. Not all PSs in the genome have equal effects, however. The PSs tested

511  functionally by Logan et al. (35), namely PS2, PS3 and PS4, cumulatively resulted in a drop in
512  virus viability compared to the wt virus, but the viruses were still able to package and

513  propagate. Similarly, re-introducing PS3-5 to the GFP replicon by using a ALb GFP virus as the
514  recipient resulted in an increase in encapsidation efficiency compared to the AP1 GFP

515  replicon, although the AP1 GFP replicon was still packaged, indicating that these PSs alone

516  areclearly not essential.

517  In contrast, the PS(s) in the PK region appear to be far more important for packaging

518 compared to those present in the capsid coding region. Deleting the PK region almost

519  abolished replicon trans-encapsidation, and while the deletions in C11 APK1234 also affected
520 the replicon replication kinetics, this is not sufficient to explain the reduction in trans-

521  encapsidation.

23


https://doi.org/10.1101/2024.05.24.595670
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.24.595670; this version posted May 24, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

522  Deleting only parts of the PK region also severely hindered encapsidation, but without

523  affecting replication or translation. PK1 specifically appeared to be of particular importance,
524  as deleting it severely reduced encapsidation whereas the equivalent deletion of PK2

525  seemingly increased encapsidation, although this may be attributable to the increased length
526  of the poly-(C) tract in this transcript compared (C40) to the wt replicon (C35). PK1 also

527  corresponds to the putative PS with the greatest constraint that Logan et al. (35) identified,
528  supporting the hypothesis that the PS in this position is particularly important for FMDV

529  encapsidation. However, a considerable amount of encapsidation still occurred when PK1
530 alone was deleted, indicating that PK1 itself is not essential. An explanation for this can be
531  seen from the alignment of PK1 and PK2 (Fig 8a); aside from a stretch of nucleotides near the
532 5’ end, the sequences are almost identical and PK2 is thus likely able to adopt the role of the
533 PS. This similarity does include PK3 and PK4, although the sequences do diverge slightly more
534 for the latter two PKs. When larger portions of the PK region were deleted, in APK234 and
535  APK34, trans-encapsidation was similarly reduced. This reduction could be attributed to

536  either “off-site” effects disrupting the PS in PK1 or to the deletion of active PSs. If the latter,
537  the redundancy of the PKs could be since multiple PSs may act in concert to strengthen the

538  PSinteraction, with the 5’-most PS (PK1) being particularly important.

539  Due to the importance of the PK region and the PS(s) that it contains for encapsidation, we
540  hypothesise that the influence the poly-(C) tract has on encapsidation is due to its proximity
541  to PK1 and PS1. Rather than being a PS itself, the poly-(C) tract may instead act as a spacer
542  between the PK region and the highly structured S-fragment, allowing the PS to fold

543  independently of upstream components. A minimal number of cytosines may be necessary to
544  achieve this, with an optimal number likely to be about 100 as seen in the wt virus (11). This

545  requirement could explain why viruses with truncated poly-(C) tracts rapidly recover their
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546  poly-(C) tracts and why all strains of FMDV contain this unusual feature, as they are selected

547  for during the encapsidation bottleneck.

548  The role for the poly-(C) tract in encapsidation has likely remained undiscovered for two

549  reasons. Firstly, the poly-(C) tract can rapidly recover from truncations. Truncations leaving at
550 least six nucleotides in the poly-(C) tract have been reported to revert to wt length (16), and
551  here we have demonstrated the same for an eleven nucleotide poly-(C) tract after one

552  passage. This makes investigations into its role difficult since the length is so variable.

553  Constructs must therefore be assessed directly following transfection instead of using

554  recovered virus, because the process of rescuing virus allows the poly-(C) tract to extend and
555  potentially nullify the effects of truncations within the original plasmid constructs. Secondly,
556  results may have previously been obscured by the lack of competition from more packaging-
557  competent constructs. Here, we have shown that although genomes containing longer poly-
558  (C) tracts are packaged preferentially, the rates of virus recovery from constructs with poly-

559  (C) tracts of different lengths were indistinguishable in the absence of competition.

560 It should be noted that a virus containing a poly-(C) tract with only two nucleotides (C2) has
561  been shown to infect mice and to grow in cell culture, but to significantly lower titres than wt
562  virus (16), possibly due to compromised encapsidation. Virus recovered from this C2

563  construct often had a 42 nt deletion, corresponding to PK1, which we have highlighted as an
564  important PS (35). We have shown that constructs lacking only PK1 are still able to be

565  encapsidated in trans, albeit inefficiently, suggesting that similar sequences in the other PKs
566  are able to act as substitutes albeit at reduced efficiency. However, this reduced efficiency
567  might only be true when PK1 is in the presence of a poly-(C) tract that can help it fold into the

568  correct PS confirmation. It is therefore possible that when combined with a severely
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569  truncated poly-(C) tract, which prevents PK1 from folding correctly, deletion of PK1 may

570 instead be beneficial and selected for during encapsidation.

571 A potential model for packaging based on these results proposes that the PK region can

572  adopt two alternative conformations; the first being the typical PK region, comprising four
573  pseudoknots, and the second being a packaging competent conformation in which a PS is
574  exposed and able to bind to a capsid precursor and initiate encapsidation (Fig 9). This would
575  enable the RNA to follow one of two pathways depending on the conformation adopted; a
576  packaging focussed pathway, and a replication focussed pathway. This transition between
577  two RNA conformations to control separate aspects of the virus lifecycle is a mechanism

578  which has been observed in other RNA virus families (41-43).

579 Inthis proposed model, as a newly replicated positive strand RNA molecule emerges from
580 the replication complex, the RNA of the PK1/PS1 region initially adopts a transient

581  conformation displaying the ‘primary’ PS, PS1. In this nascent state the PS1 binds to a

582  pentamer subunit to stabilise PS1 in the packaging conformation and initiate encapsidation.
583  This RNA-pentamer complex may then act as the nucleation site for capsid assembly with the
584  emerging replicated RNA engaging additional pentamers through ‘secondary’ PSs and

585  arranging them strategically within the assembling capsid. This may assist folding of the

586  FMDV genome into a compact conformation with a small hydrodynamic radius based on the
587  PSinteractions with the nearby pentamers. The resulting particle is converted to infectious

588  virus by maturation cleavage of VPO into VP2 and VP4.

589  Alternatively, if the RNA emerging from the replication complex fails to interact with a capsid
590 precursor, the transient PS conformation collapses into a more energetically favourable PK

591  conformation, and the RNA serves as a template for further replication and/or for translation.
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592  Inthis model, we have divided the PSs into two categories — a singular primary PS, which we
593  hypothesise to be essential for genome encapsidation and to act as the encapsidation primer;
594  and secondary PSs, which individually are not essential, but each contributes to the

595  cumulative effect on encapsidation. This model, involving the interplay between PSs and

596  pentamer subunit concentration, may explain how picornavirus encapsidation is highly

597  specific and why it only involves actively replicating RNA (44). It also provides a mechanism

598 for optimising the timing of the transition from replication and translation to packaging.

599  Furthermore, this model is not incompatible with encapsidation models proposed previously.
600 In PV, for example, earlier work has shown that protein-protein interactions are key for

601  encapsidation (4, 33). This protein-focused approach could act in concert with RNA PSs,

602  where the protein interactions facilitate the recruitment of capsid precursors to the

603  replication complex in picornaviruses, providing opportunities for the RNA and the capsid
604  precursors to interact. Following this localisation, a primary PS initiates encapsidation and
605  secondary PSs dispersed throughout the genome facilitate the RNA encapsidation process, as

606  suggested by our model.
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Fig 1: Schematic of selected features within the virus, AP1 GFP replicon and ALbdcap GFP
replicon. Representations of the (A) virus, (B) AP1 GFP replicon (including the APK34, APK234,
C11 and C11 APK1234 versions) and (C) ALbdcap GFP replicon (including the wt C35, C29,
C11, C40 APK1 and C39 APK?2 versions). Substitutions are labelled above their respective
positions (VP2/VP3 and VP3/1 3CP™ cleavage sites), and packaging signals (described by

Logan et al.) are labelled above with orange arrows.
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Fig 2. Trans-encapsidation assay overview (A) In the first round of the assay, cells were
transfected with a GFP replicon transcript and either infected with wt virus or co-transfected
with an infectious copy transcript, so the replicon and virus/infectious copy transcripts were
replicating in the same cells. This resulted in the production of both progeny wt virus and
progeny trans-encapsidated virus particles, with the GFP replicon packaged into the capsid
provided by the wt virus. The proportion of cells expressing GFP corresponds to the efficiency
of transfection. (B) The cell lysate containing the progeny wt virus and trans-encapsidated
virus particles was then used to infect a second round of fresh cells. Cells infected with the

trans-encapsidated GFP replicon expressed GFP, and the proportion of GFP expressing cells
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752  compared to the standard GFP replicon sample represented the relative trans-encapsidation

753  efficiency of mutant GFP replicons.

754
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Fig 3. The presence of packaging signals enhances trans-encapsidation efficiency. Cells were

transfected with the AP1 GFP replicon (blue) and ALbdcap GFP replicon (red) with virus co-

infection, along with an uninfected ALbdcap GFP replicon transfection only control (green).

(A) The MFI for the first round and the GFP counts for the (B) first and (C) second rounds of

the trans-encapsidation assays are shown. ‘GFP objects’ are the GFP positive foci which are in
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761  the range of parameters defined in the analysis setup. Data shown are from a single
762  experiment, representative of multiple experiments, and error bars represent the SEM

763  calculated from (A-B) 5 and (C) 12 images.
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Fig 4. The poly-(C) tract in the C11 ALbdcap GFP replicon is shorter than the poly-(C) tracts in
the C29 and C35 ALbdcap GFP replicons. Plasmids were digested using Xbal and Nhel, gel
purified to obtain the 300 bp fragment containing the poly-(C) tract and analysed using the
Bioanalyser. The ladder (in bp) is shown in Lane 1, the C11 replicon in Lane 2, the C29
replicon in Lane 3 and the wt C35 replicon in Lane 4. The single analysis shown is
representative of three experiments. The fragment of interest is indicated on the right by the
arrow. The fragment from the C11 replicon was estimated to be 325-328 bp in size (C9-12),
while the C29 and C35 wt replicon fragments were both estimated to be 347-352 bp in size

(C30-36). Expected sizes were 327, 345 and 351 bp respectively.
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Fig 5. Transcripts with shorter poly-(C) tracts are less competitive during encapsidation.
Replicons with differing length poly-(C) tracts were compared in the trans-encapsidation
assay and were assessed according to the (A) first round GFP object count, (B) first round
green MFl and (C) second round GFP object count. (D) Virus transcripts containing the
equivalent poly-(C) tracts were compared in terms of speed of CPE development and (E) their
ability to compete with a standard replicon for packaging resources, when used as the capsid-
donor in the trans-encapsidation assay; high replicon trans-encapsidation efficiency equates

to the capsid-donor being poorer at competing with the replicon. Data shown represent the
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785  mean from triplicate wells at either the point of harvest (A-B) or the time point with peak GFP
786  expression (C and E), and error bars represent the SEM calculated from 5 (A-B), 12 (C and E),
787  and 15 (D) images. Significance is shown for A-C and E comparing the samples to each other
788  and between the wt replicon and the cell only/transfected replicon only controls using a one-
789  way ANOVA (**** p <0.0001). Significance in D was calculated using Wilcoxon tests between

790  each sample, but none were significant and are not shown (p < 0.001).
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Fig 6. Truncated poly-(C) tracts extend to near wt length during the first passage. Automated
electrophoresis analysis of RNase T1 digests of; (A) RNA samples from the in vitro
transcription reactions and (B) the corresponding extracted RNAs after transfecting the
transcripts and passaging the recovered viruses. Lane 1 in each contains the RNA ladder; Lane
2 the C11 sample, Lane 3 the C29 sample; and Lane 4 the wt C35 sample. The lower marker is
at 25 nt. The fragments containing the poly-(C) tracts are indicated by arrows on the right-

hand side.
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Fig 7. Replicons lacking the pseudoknots and poly-(C) tract are not trans-encapsidated.

Replicons containing deletions in the PK region and/or poly-(C) tract were used in the trans-

encapsidation assay. The (A) GFP object count and (B) green MFI of the first round are shown,

along with the (C) GFP object count of the second round. The data shown represent the

mean from triplicate wells, and the error bars represent the SEM from 12 images.

Significance is shown compared to the wt GFP replicon using a one-way ANOVA (**** p <

0.0001).
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Fig 8. Replicons lacking PK1 have reduced trans-encapsidation efficiencies. (A) An alignment
of the 5’-end of the PK region is shown for the APK1 and APK2 deletion mutants, using red to
denote nucleotides unique to PK2 (in APK1, top) or green to denote those unique to PK1 (in
APK2, bottom). Replicons containing these mutants were tested in the trans-encapsidation

assay, and the (B) first round GFP object count, (C) first round green MFl and (D) second
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815  round GFP object count are reported. (E) CPE development assay using transfected virus
816  transcripts containing the deletions. The data shown represent the mean from triplicate
817  wells, and the error bars represent the SEM from 12 images. Significance is shown compared
818  tothe wt GFP replicon using a one-way ANOVA (B-D) or by using a Wilcoxin test between the

819  samples and the wt transcript (E) (**** p < 0.0001).
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821  Fig 9. Model for capsid assembly. Negative-sense RNA (blue) acts as the template for the
822  formation of corresponding positive-sense strand RNA molecules (brown), and PS1 forms a
823  stem-loop as the RNA emerges from the replication complex. (A) If nascent PS1 encounters a
824  pentamer, the interaction stabilises the RNA in the stem-loop conformation. Subsequent
825  packaging signals then form as the RNA continues to emerge from the replication complex
826  andthese interact with additional pentamers to form the ‘nucleus’ of capsid assembly. Once
827  completed, the genome is completely encapsidated within the new virion. (B) If no

828  pentamers are present to stabilise PS1, the RNA stem-loop collapses into the pseudoknots
829  conformation and the completed the positive-sense strand is used for translation and/or

830  further RNA replication.
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