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Abstract

Porcine reproductive and respiratory syndrome virus (PRRSV) is an arterivirus which causes significant
economic losses to the swine industry worldwide. Here, we use ribosome profiling (RiboSeq) and
parallel RNA sequencing (RNASeq) to characterise the transcriptome and translatome of both species
of PRRSV and analyse the host response to infection. We quantified viral gene expression over a
timecourse of infection, and calculated the efficiency of programmed ribosomal frameshifting (PRF) at
both sites on the viral genome. At the nsp2 frameshift site (a rare example of protein-stimulated
frameshifting), —2 PRF efficiency increases over time, likely facilitated by accumulation of the PRF-
stimulatory viral protein (nsp1p) during infection. This marks arteriviruses as the second example of
temporally regulated PRF. Surprisingly, we also found PRF efficiency at the canonical ORFlab
frameshift site increases over time, in apparent contradiction of the common assumption that RNA
structure-directed frameshift sites operate at a fixed efficiency. This has potential implications for the
numerous other viruses with canonical PRF sites. Furthermore, we discovered several highly translated
additional viral ORFs, the translation of which may be facilitated by multiple novel viral transcripts.
For example, we found a 125-codon ORF overlapping nsp12, which is expressed as highly as nsp12
itself at late stages of replication, and is likely translated from novel subgenomic (sg) RNA transcripts
that overlap the 3’ end of ORF1b. Similar transcripts were discovered for both PRRSV-1 and PRRSV-
2, suggesting a potential conserved mechanism for temporal regulation of expression of the 3'-proximal
region of ORF1b. In addition, we identified a highly translated, short upstream ORF (uORF) in the 5’
UTR, the presence of which is highly conserved amongst PRRSV-2 isolates. This is the first application
of RiboSeq to arterivirus-infected cells, and reveals new features which add to the complexity of gene

expression programmes in this important family of nidoviruses.
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Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV) is an enveloped, positive-sense, single-
stranded RNA virus in the family Arteriviridae (order: Nidovirales)'?, and the aetiological agent of the
disease from which it takes its name: porcine reproductive and respiratory syndrome (PRRS). Attempts
to control PRRS by vaccination have had limited success® and it remains one of the most economically
devastating diseases of swine, causing reproductive failure in adult sows and respiratory failure in
young pigs, at an estimated cost of $664 million a year in the US alone*’. The two lineages of PRRSV,
formerly known as “European” (Type 1) and “North American” (Type 2) PRRSV, share just ~60%
pairwise nucleotide similarity and were recently re-classified as two separate species, Betaarterivirus
suid 1 and 2 (viruses named PRRSV-1 and PRRSV-2)°". For ease of reference, PRRSV-1 is herein
referred to as EU (European) and PRRSV-2 as NA (North American) PRRSV, although both lineages

are observed worldwide?.

The PRRSV genome (14.9-15.5 kb; Figure 1A) is 5’-capped, 3'-polyadenylated and directly translated
following release into the cytoplasm’. Like most members of the order Nidovirales, PRRSV replication
includes the production of a nested set of subgenomic (sg) RNAs by discontinuous transcription, where
the viral RNA-dependent RNA polymerase (RdRp) jumps between similar sequences in the 3'-proximal
region of the genome and the 5’ UTR, known as body and leader transcription regulatory sequences
(TRSs), respectively™!°. These sgRNAs are 5'- and 3'-co-terminal and are translated to express the
structural proteins encoded towards the 3’ end of the genome>!?. The 5'-proximal two thirds of the
genome contains two long ORFs, ORFla and ORF1b, with a —1 programmed ribosomal frameshift
(PRF) site present at the overlap of the two ORFs!!"!2, Ribosomes that frameshift at this site synthesise
polyprotein (pp)1ab, while the remainder synthesise ppla, both of which are cleaved by viral proteases
into several non-structural proteins (nsps)*!®. The proteins encoded by ORF1b include the RdRp and
the helicase, and frameshifting at this site is thought to set the stoichiometry of these proteins relative

to those encoded by ORF1a, a prevalent expression strategy in the Nidovirales order'*.
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Canonical —1 PRF signals are characterised by two main features, a heptanucleotide “slippery”
sequence (SS) which permits re-pairing of the codon:anticodon duplex in the new reading frame,
separated by a 5-9 nucleotides (nt) spacer from a downstream RNA structure, often a pseudoknot. This
is thought to present a “roadblock” which impedes ribosome processivity over the slippery sequence
and stimulates frameshifting'>°. In the PRRSV genome, the ORF1lab frameshift signal comprises a
U_UUA_AAC slippery sequence (where underscores delineate codons in the 0 frame) and a pseudoknot
beginning 5 nt downstream!""!2, The efficiency of —1 PRF at the PRRSV ORFlab site has not been
measured in the context of infection, but is thought to be around 15-20% based on assays using reporter

constructs?"-?2.

Recently, the region of the PRRSV genome encoding nsp2 was found to contain a second PRF signal
(Figure 1A, inset, WT), conserved in all known arteriviruses except equine arteritis virus (EAV) and
wobbly possum disease virus (WPDV)*2, This PRF signal is unusual in that it stimulates both —1 and
—2 PRF, enabling production of three variants of nsp2 and rendering it the first example of efficient —2
PRF in a eukaryotic system?*?* These three proteins share the N-terminal two-thirds of nsp2 (the 0-
frame product), which encodes a papain-like protease (PLP) 2 domain — an ovarian tumour domain
(OTU) superfamily protease with deubiquitinase (DUB) and delSGylase activity?’*2. This has an
immune antagonistic effect, and interferon (IFN)-f signalling inhibition has been demonstrated for all
three variants of nsp2, most strongly for the frameshift products®?. After the PRF site, nsp2 contains a
multi-spanning transmembrane (TM) domain, thought to promote formation of double-membrane
vesicles (DMV5s) in the peri-nuclear region and anchor nsp2 to these membranes®*—°, Ribosomes which
undergo —2 PRF at this site translate 169 codons in the —2 frame to produce nsp2TF. This contains an
alternative putative multi-spanning TM domain, thought to be responsible for targeting nsp2TF to the
exocytic pathway, where it deubiquitinates the PRRSV structural proteins GP5 and M, preventing their
degradation®%. Nsp2N, the product of —1 PRF, is a truncated form of nsp2, which is generated
following termination of translation at a —1-frame stop codon immediately downstream of the slippery

sequence, and is predicted to be cytosolic®.
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93 A second unique feature of the nsp2 PRF site is its non-canonical nature. Rather than an RNA secondary
94 structure, the stimulatory element is a complex of a cellular protein, poly(rC) binding protein (PCBP),
95  and the viral protein nsp1p, bound at a C-rich motif (CCCANCUCC) located 10 nt downstream of the
96  slippery sequence (G_GUU_UUU)*-%, How binding of this motif by the protein complex stimulates
97  PRF is uncertain, but it may act as a roadblock analogous to the RNA structures of canonical PRF**
98 29 In contrast to RNA structure-directed PRF sites, which are commonly assumed to operate at a fixed
99  efficiency, the frans-acting mechanism of PRF stimulation at the nsp2 site presents a potential
100 mechanism for temporal regulation, as observed for cardioviruses — the only other known example of
101 protein-stimulated PRF***, Frameshift efficiency in EU PRRSV-infected MARC-145 cells at 24 hpi
102 was calculated as 20% for —2 PRF and 7% for —1 PRF%, however this has not been measured over a

103 timecourse of infection.

104  In recent years, both low- and high-throughput studies of nidoviruses have highlighted considerably
105  greater complexity in both the transcriptome and translatome than is captured solely by the canonical
106  transcripts and ORFs!>*5!, Here, we use ribosome profiling (RiboSeq), a deep-sequencing-based
107  technique which generates a global snapshot of ongoing translation, in parallel with RNASeq, to probe
108  viral and host gene expression over a timecourse of PRRSV infection. Host differential gene expression
109  analysis revealed that many of the transcriptional changes upon infection were counteracted by
110 reductions in translation efficiency, indicating a dampened host response, and highlighting the
111 importance of looking beyond transcription when analysing gene expression. On the viral genome, our
112 studies reveal for the first time, a significant increase in frameshift efficiency over the course of
113 infection at the nsp2 —2 PRF site, highlighting arteriviruses as the second example of temporally
114 regulated frameshifting during infection. In addition, we identify several novel viral ORFs, including a
115 highly expressed upstream ORF (uORF), the presence of which is conserved amongst NA PRRSV
116  isolates. In both species of PRRSV, related non-canonical sgRNAs overlapping ORF1b were identified
117  and characterised. These likely facilitate the expression of several of the novel ORFs which overlap

118  OREFIb, and the observation of increased ribosome density in the 3'-proximal region of ORF1b suggests
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119  they may also function to temporally regulate expression of the 3’ region of ORF1b itself. This first
120  application of RiboSeq to an arterivirus uncovers hidden layers of complexity in PRRSV gene

121 expression that have implications for other important viruses.

122 Results

123 Viral transcription and translation over a timecourse of infection

124 PRRSV gene expression was investigated using three viruses: an EU PRRSV isolate based on the
125 Porcilis® vaccine strain (MSD Animal Health; GenBank accession OK635576), NA PRRSV SD95-21
126 (GenBank accession KC469618.1), and a previously characterised mutant variant (NA PRRSV SD95-
127 21 KO2) which bears silent mutations in the nsp2 PRF site slippery sequence and C-rich motif rendering
128 it unable to bind PCBP, induce —1 or -2 PRF, or produce nsp2N or nsp2TF (Figure 1A, inset)* >,
129  MA-104 cells (Chlorocebus sabaeus) were infected with EU PRRSV at a multiplicity of infection
130 (MOI) of ~1-3 and harvested at 8 hours post-infection (hpi) following a two-minute pre-treatment with
131 the translation elongation inhibitor, cycloheximide (CHX). MARC-145 cells (a cell line derived from
132 MA-104) were infected with NA PRRSV (WT or KO2 mutant) at MOI 5 or mock-infected and
133 harvested at 3, 6, 9 or 12 hpi by flash-freezing without CHX pre-treatment. Cell lysates were used for
134 ribosome profiling, in which RNase I was added to digest unprotected regions of RNA and ribosomes
135  were purified to isolate ribosome-protected fragments (RPFs) of RNA (Figure 1B). In parallel, aliquots
136  of the same lysates were subjected to alkaline hydrolysis to generate fragments of RNA for RNASeq.
137  Amplicons were prepared, deep sequenced and reads aligned to host (C. sabaeus) and viral genomes

138 (Supplementary Table 2) to characterise the transcriptome and translatome of infected cells.
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Figure 1. An overview of the experimental set-up and the quality of the datasets.

A) Main: Genome map of NA PRRSV (isolate SD95-21, GenBank accession KC469618.1).
OREFs are coloured and offset on the y axis according to their frame relative to ORFla (0: purple,
no offset; +1/-2: blue, above axis; +2/-1: yellow, below axis). Subgenomic RNAs are shown
beneath the full-length genomic RNA, with the region of 5' UTR that is identical to the genomic
5" UTR shown in grey (known as the “leader”). ORFs translated from each sgRNA are depicted
as coloured boxes and named to the right. Inset: Nucleotide sequence at the nsp2 PRF site of the
NA PRRSV viruses used in this study (SD95-21). Mutations made to disrupt PRF and/or
expression of nsp2TF in the KO2 mutant virus are highlighted in blue. All mutations are
synonymous with respect to the ORF1a amino acid sequence. B) Main: Key experimental steps

7
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150 in preparation of RiboSeq libraries (left) and parallel RNASeq libraries (right). Insets:
151 Schematics of ribosomes protecting classical length RPFs (A site occupied) and short RPFs (A
152 site unoccupied), with numbers within the decoding centre indicating nucleotide positions within
153 codons. C) Length distribution of positive-sense RiboSeq (left) and RNASeq (right) reads
154 mapping within host (grey) or viral (green, mock excluded) CDSs in replicate libraries. For 9 hpi
155 replicate 1 samples (RiboSeq and RNASeq), fragments of 25-34 nt were size-selected during the
156 library preparation; for all other samples the minimum length selected for was 19 nt for RiboSeq
157 and ~45 nt for RNASeq. Note that the RiboSeq library 9 hpi mock replicate three was discarded
158 due to poor quality.

159  Quality control analyses were performed as previously described® (Figure 1C, Supplementary Figures
160  1-6). The length distribution of CDS-mapping RPFs is observed to peak at ~21 nt (where fragments of
161  this length were purified) and at ~29 nt, with RPFs of these lengths thought to originate from,
162 respectively, ribosomes with an empty A site or an A site occupied by aminoacyl-tRNA (Figure 1B,

163 insets, Figure 1C, Supplementary Figure 6A)*-°

. Interestingly, the proportion of “short” (19-24 nt)
164  RPFs is significantly lower in the NA PRRSV-infected libraries than mock libraries at late timepoints
165 (9 and 12 hpi grouped; p = 0.03 — see Methods), a phenotype that in yeast cells has been attributed to
166  stress-induced phosphorylation of eukaryotic elongation factor (eEF) 2, leading to global inhibition of
167  translation elongation®®. The predominant distance between the 5’ end of an RPF and the P site of the
168  ribosome is 12 nt in these datasets (Supplementary Figure 1, Supplementary Figure 6B), resulting in
169  CDS-mapping RiboSeq reads showing clear triplet periodicity, known as “phasing”, with the majority
170  of RPF 5' ends mapping to the first position within the codon, known as phase 0 (Supplementary Figure
171 1, Supplementary Figure 2, Supplementary Figure 6B and C). Together with the observed characteristic
172 length distribution (Figure 1C, Supplementary Figure 6A), this indicates that a high proportion of these
173 reads are genuine RPFs. In contrast, the length and 5’ end position of RNASeq reads is determined by
174  alkaline hydrolysis and size selection, leading to a broader length distribution (Figure 1C,
175  Supplementary Figure 6A) and lack of a clearly dominant phase (Supplementary Figure 1,
176  Supplementary Figure 2, Supplementary Figure 6B and C). Virus CDS-mapping reads show a similar
177  profile to host CDS-mapping reads (Figure 1C, Supplementary Figure 2, Supplementary Figure 6A and
178  C), with the exception of 3 hpi NA PRRSV RiboSeq libraries, in which the background level of non-

179  RPF contamination in the virus-mapping fraction appears to be high relative to the proportion of genuine

180  RPFs, likely due to the low levels of viral translation at this timepoint. These libraries are therefore
8
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181  excluded from all analyses except those in Figure 2D-F and Supplementary Figure 9A, where they
182  provide an upper bound. The subtle flattening of the length distribution and phase composition of virus-
183  mapping reads compared to host-mapping reads in some NA PRRSV RiboSeq libraries at late
184  timepoints (Figure 1C, Supplementary Figure 2) suggests that a small proportion of viral reads originate
185  from non-RPF sources, such as protection from RNase I digestion by viral ribonucleoprotein (RNP)
186  complex formation. This non-RPF fraction of the library (henceforth referred to as RNP contamination
187  although it could originate from several sources) is predominantly noticeable among reads mapping to
188  the ORFI1b region of the viral genome (Supplementary Figures 3 and 4), where the read depth from
189  genuine translation is lowest. RiboSeq read lengths for which a high proportion of reads map to phase
190 O were inferred to be least likely to have a high proportion of RNP contamination (Supplementary
191  Figure 4), and were selected for all NA PRRSV RiboSeq analyses henceforth, unless specified. RNP
192 contamination is not a relevant concern for RNASeq libraries (as proteins are enzymatically digested
193 before RNA purification) and it does not noticeably affect the EU PRRSV RiboSeq libraries, nor RPFs
194  mapping to the host transcriptome (Supplementary Figures 5 and 6). Overall, we inferred that these
195  datasets have a high proportion of RiboSeq reads representing genuine RPFs, and where RNP
196  contamination is evident in lowly translated regions of the viral genome its effects will likely be

197  ameliorated by stratification of read lengths.

198  Having confirmed data quality, we moved on to analyse virus replication over the timecourse by plotting
199  RNASeq and RiboSeq read densities at each position on the viral genome (Figure 2, Figure 3,
200  Supplementary Figures 7 and 8). RNASeq plots revealed a predictable pattern of PRRSV replication
201  and transcription, with low read levels at 3 hpi, likely corresponding to input genomes, evidence for
202  genome replication at 6 hpi, with the appearance of negative-sense reads (Figure 2, Supplementary
203  Figure 7), and high-level synthesis of subgenomic mRNAs at later time points. The observed profile of
204  general virus translation was also consistent with expectation. At 3 hpi (plot not shown), a small number
205  of genuine RPFs were observed (see above) indicating that translation of the NA PRRSV genome is

206  just beginning to reach the level detectable by RiboSeq under these conditions. At 6 hpi, translation of
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207  ORFlab is robustly detectable and comprises the majority of viral translation (Figure 2, Supplementary
208  Figure 8; mean sgRNA:ORF1la RPF density ratio 0.08), consistent with the lack of significant sgRNA
209  production at this timepoint. At 9 hpi, translation of sgRNAs dominates the landscape, and viral
210  translation represents a sizeable proportion of ongoing translation in the cell (Figure 2, Supplementary
211  Figure 8). Consistent with this, viral nsp1f expression at 9 hpi is clearly detectable by western blotting
212 (Figure 3D and E) and other studies have shown robust expression of viral replicase proteins and viral
213 RNA (VRNA) replication at this timepoint®’®. Positive-sense VRNA continues to accumulate between
214 9 and 12 hpi, although accumulation of the negative-sense counterpart appears to reach a plateau, and
215  at both timepoints, production and translation of sgRNAs is highly favoured over gRNA (Figure 2,
216  Supplementary Figures 7 and 8). This likely represents a transition towards virion formation, for which
217  the main components required are positive-sense gRNA and structural proteins, expressed from
218  sgRNAs. At all timepoints, a large RiboSeq peak in the NA PRRSV 5" UTR is seen (Figure 2,
219 Supplementary Figure 8), which results from translation of a novel upstream ORF (uORF), discussed
220  below. With the exception of this highly expressed uORF, the transcriptional and translational profile
221  of EU PRRSV at 8 hpi is similar to that of NA PRRSV at 9 hpi, although the production and translation
222 of sgRNAs relative to ORF]la is slightly lower (Figure 2, Figure 3). In all RiboSeq libraries, we noted
223 a variable proportion of negative-sense reads that mapped to the viral genome; however, they do not
224  display the characteristic length distribution or phasing of genuine RPFs (Supplementary Figure 9),
225  suggesting they originate from other sources (discussed above). They are therefore excluded from plots

226  and analyses hereafter.

10
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228  Figure 2. An overview of viral transcription and translation over a timecourse of infection.
229 A) Genome map of NA PRRSV, reproduced from Figure 1A. B) RNASeq read densities in reads
230 per million mapped reads (RPM) on the WT viral genome, after application of a 45-nt running
231 mean filter, from cells harvested over a timecourse of 3—12 hpi. Positive-sense reads are plotted
232 in green (above the horizontal axis), negative-sense in orange (below the horizontal axis). The
233 WT libraries with the best RiboSeq quality control results were selected for this plot (3 hpi
234 replicate one, 6 hpi replicate two, 9 hpi replicate four, 12 hpi replicate one), with further replicates
235 and KO2 libraries shown in Supplementary Figure 7. C) RiboSeq read densities on the WT viral
236 genome from the counterpart libraries to B. Reads were separated according to phase (0: purple,

11


https://doi.org/10.1101/2021.11.17.468997

237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259

260

261

262

263
264
265

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.17.468997; this version posted November 19, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

—2/+1: blue, —1/+2: yellow), and densities plotted after application of a 15-codon running mean
filter. Only read lengths identified as having minimal RNP contamination (indicated in
Supplementary Figure 4) were used to generate this plot. Further replicates and KO2 libraries are
shown in Supplementary Figure 8. D) Ratio of virus-mapping reads to [positive-sense host
mRNA- plus positive-sense VRNA-mapping reads]. Virus-mapping reads in the numerator were
split into the following categories: positive-sense RNASeq (green), negative-sense RNASeq
(orange), and positive-sense RiboSeq (purple). All read lengths were used. The line graphs
represent the mean ratios for each category for NA PRRSV, calculated from WT and KO2 data
combined. The individual datapoints are also plotted, with WT (cross) offset to the left and KO2
(triangle) offset to the right to aid visualisation. EU PRRSV (8 hpi) ratios are plotted as individual
datapoints represented by crosses in the category colour. The RiboSeq (+) 3 hpi timepoint is
plotted here to represent the upper limit of the NA PRRSV virus fraction at this timepoint as
quality control plots for this fraction of these libraries indicates that they do not contain a high
proportion of genuine RPFs, so the true ratio at this timepoint is likely lower. E) Data from D
represented on a linear scale. Here, data from WT (solid bars) and KO2 (hatched bars) are plotted
separately, and individual datapoints are plotted as black circles. F) Ratio of the density of
sgRNA-mapping reads to ORF1a-mapping reads. All read lengths were used, and densities were
calculated as reads per kilobase per million mapped reads (RPKM) of reads from each category
in E. Note that the nsp2 frameshift site and downstream region were excluded from the ORFla
region (coordinates of both regions given in Supplementary Table 1). RiboSeq 3 hpi libraries
were excluded, and negative-sense RNASeq was omitted from the plot at 3 hpi due to the number
of reads being insufficient for robust assessment of the ratio. Categories arranged and plot
constructed as in E, with a grey line indicating a ratio of one.
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Figure 3. Transcription and translation of the EU PRRSV genome and western blots of nsp1p.

A) Genome map of the EU PRRSV strain used in this study (GenBank accession OK635576).
Genome map constructed as in Figure 1A, with subgenomic RNAs omitted for space
considerations. B) RNASeq read densities on the EU PRRSV genome. Plot constructed as in
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266 Figure 2B. C) RiboSeq read densities on the EU PRRSV genome. Plot constructed as in Figure
267 2C, except for the selection of read lengths to include — in this case, read lengths showing good
268 phasing were selected for inclusion (indicated in Supplementary Figure 6D). D) Western blot of
269 lysates used for NA PRRSV ribosome profiling (replicate one samples) with antibodies to viral
270 protein nsplf (23 kDa) and cellular protein GAPDH (36 kDa) as a loading control. E)
271 Quantification of the western blot from panel D to determine the level of nsplf relative to
272 GAPDH. W = WT, K = KO2, M = mock. F) Western blot of nsp1 expression in MA-104 cells
273 infected with EU PRRSV, harvested over a timecourse of 8-25 hpi. M = mock.

274

275  Characterisation of the PRRSYV transcriptome

276  As described above, discontinuous transcription by the viral RdRp is an integral part of the nidoviral
277  life cycle. Recent RNASeq studies have revealed considerable complexity in nidoviral transcriptomes
278  beyond the canonical transcripts, including the discovery of numerous novel sgRNAs*431%° Thus far,
279  only a handful of non-canonical transcripts have been discovered for PRRSV, through relatively low-
280  throughput methods. Here, we characterise the PRRSV transcriptome in more detail by examining novel
281  junctions in RNASeq reads aligned to the genome using STAR®. Borrowing terminology from the
282  process of splicing (which is unrelated to discontinuous transcription), we refer to the 5'-most and 3'-
283  most positions of the omitted region (where “5’-most” and “3’-most” refer to orientation with respect to
284  the positive-sense genome) as, respectively, the “donor” and “acceptor” sites, and their joining site as
285  the “junction”. Neighbouring junctions were merged to account for the potential ambiguity in assigning
286  the exact junction site of discontinuous transcription events, and merged junctions were filtered to keep
287  only those present in more than one replicate within each timepoint (where WT and KO2 were treated
288  as equivalent) to generate one set of junctions per timepoint (Supplementary Tables 3—7; see Methods
289  for details). Junctions for which the donor site spans the TRS (TRS-spanning) are expected to give rise
290  to sgRNAs, while the remaining junctions (non-TRS-spanning) are herein termed “deletions” (unless

291  specified).

292 Consistent with the trends identified in the general transcriptome analysis (Figure 2), junction-spanning
293  reads attributed to sgRNAs do not pass the filters for detection at early timepoints, but are abundant at
294 9 and 12 hpi, where they make up the vast majority of viral junction-spanning reads (Figure 4, Figure
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295 5). Canonical sgRNAs are the most abundant transcripts, although reasonably abundant transcript
296  variants are present, which differ only in the length of 5' UTR between the acceptor site and the CDS
297  start, and are expected to produce the same protein. A study on another arterivirus, simian haemorrhagic
298  fever virus (SHFV), suggests such transcripts may contribute to refining the overall stoichiometry of
299  structural proteins®. For the N transcript, NA PRRSV isolates VR-2332 and tw91 have each been
300  shown to have a (different) abundant secondary transcript variant'>!. Both of these are observed in our
301  NA PRRSV dataset, although usage of the secondary body TRS found in VR-2332 (beginning at
302  position 14,875 on the SD95-21 genome) was much more frequent than that of tw91, consistent with
303 the fact that SD95-21 is more closely related to VR-2332. This more abundant secondary transcript,
304  herein termed N-short, has a 5" UTR 114 nt shorter than that of the NA PRRSV primary transcript
305  (herein termed N-long, with body TRS beginning at position 14,761), presenting a potential opportunity
306 for differential translation regulation. If such regulation exists, it is unlikely to be temporal, as the ratio
307  of N-long to N-short remains constant, at approximately 6:1, between 9 and 12 hpi. Any such regulation
308  would also likely be isolate-dependent, as the N-short body TRS is not completely conserved amongst
309  NA PRRSV isolates, and species-dependent, as the N-long body TRS is neither highly conserved nor
310  highly utilised in EU PRRSV, for which N-short is ~60-fold more abundant than any other N transcript

311  andits body TRS is absolutely conserved.

312 Inaddition to the numerous novel sgRNAs predicted to express full-length structural proteins, we found
313 that most canonical sgRNAs have transcript variants with body TRSs downstream of the start codon,
314 which are expected to express truncated forms of the structural proteins (Figure 4B, Figure 5). One of
315  these was also observed for VR-2332 PRRSV: the “5-1” transcript variant'?, which is thought to express
316  a truncated form of GP5, and is present in our NA PRRSV dataset at ~1.7% of the abundance of the
317  primary GPS5 transcript (based on the number of junction-spanning reads at the donor site). Similar GP5
318  transcript variants were observed in SHFV, and mutagenesis studies suggest that the truncated GP5 may
319  be beneficial for viral fitness*, raising the possibility that the putative truncated forms of this and other

320  PRRSV structural proteins could be functional.
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321
322  Figure 4. The NA PRRSYV transcriptome at A) 3 and 6 hpi and B) 12 hpi.
323 A) Sashimi plot of junctions in the NA PRRSV dataset at early timepoints during infection. The
324 number of reads spanning each junction is indicated by the highest point of its arc (note the
325 logarithmic scale of the y axis) and represents the total number of reads spanning the junction in
326 all libraries from the specified timepoint combined. Only junctions for which this number is > 2
327 are plotted. Beneath the sashimi plot is an inverted bar chart (black) of the proportion of reads at
328 each donor and acceptor site that span the junction of interest, calculated as junction-spanning /
329 (junction-spanning + continuously aligned to reference genome) and plotted on a linear scale (see
330 Methods for details). A list of all junctions (from all timepoints) and their associated proportions
331 of junction-spanning (JS) reads is shown in Supplementary Tables 3—7. At both timepoints, no
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junctions where the donor site overlapped the leader TRS passed the minimum read-count
threshold for plotting. Internal deletions, in which the donor site does not overlap the leader TRS,
are coloured according to whether the deletion is distant (> 2000 nt deleted, grey) or local (<2000
nt deleted, red). B) Upper: Sashimi plot of junctions for which the donor site overlaps the leader
TRS, with the major junction for each canonical sgRNA shown in blue (including both N-long
and N-short for the N sgRNA), and other junctions (“non-canonical”) shown in orange. Both
upper and lower panels were constructed as in panel A except that the threshold for inclusion of
junctions was adjusted to > 50 supporting reads. Lower: Sashimi plot of junctions representing
internal deletions.
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342
343 Figure 5. The NA and EU PRRSY transcriptomes at 9 and 8 hpi, respectively.
344 A) Sashimi plots of junctions for NA PRRSV at 9 hpi. Plots constructed as in Figure 4B, but with
345 the threshold for inclusion of junctions adjusted to > 100 junction-spanning reads in total from
346 all 9 hpi libraries (note that eight libraries were analysed at this timepoint compared to four at
347 other timepoints). B) Sashimi plots of junctions for EU PRRSV at 8 hpi. Plots constructed as in
348 Figure 4B, but with the threshold for inclusion of junctions adjusted to > 10 supporting reads
349 (note that only two libraries were analysed and shorter read lengths are expected to lead to fewer
350 identifiably junction-spanning reads).
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351  In addition to the transcript variants for the structural proteins, a small number of non-canonical
352  sgRNAs were discovered in both NA and EU PRRSV which have acceptor sites within ORF1b, herein
353  termed ORF1b sgRNAs (Figure 4B, Figure 5). This was unexpected as ORFI1b is thought to be
354  expressed only from gRNA, which is much less abundant than sgRNAs at late timepoints and is
355  relatively inefficiently translated (see below). ORF1b sgRNAs, even of low abundance relative to
356  canonical sgRNAs, could therefore have a significant effect on the expression of polyprotein products.

357  This is explored further below.

358  Deletions, in which the leader TRS is not the donor site, tend to have fewer junction-spanning reads
359  than sgRNAs, but nonetheless may influence gene expression. Many of these likely represent defective
360 interfering (DI) RNAs; however, several of the long-range deletions in the NA PRRSV 12 hpi dataset
361  bear similarity to “heteroclite” sgRNAs, a family of non-canonical transcripts found in several NA
362  PRRSYV isolates**2. Heteroclite sgRNA formation is thought to be directed by short (2—12 nt) regions
363  of similarity between the donor site, located within ORF1a, and the acceptor site, usually located within
364  the ORFs encoding structural proteins*6263, These transcripts can be packaged into virions but, unlike
365  classical DI RNAs, they do not appear to interfere with canonical gRNA or sgRNA production and are
366  present in a wide range of conditions, including low MOI passage and samples directly isolated from
367  the field* 2. In our datasets, the most abundant deletion at 12 hpi is identical to the junction that forms
368  the “S-2” heteroclite sgRNA for VR-2332 PRRSV, from which a fusion of the first 520 amino acids of
369  ORFla (nspla, nsplp and part of nsp2) and the last 11 amino acids of 5a is thought to be expressed*+.
370 At 12 hpi, 2.3% of reads at the donor site span this junction, which indicates this is a relatively minor
371  transcript relative to gRNA; however, this could be enough to affect gene expression, for example it is
372 only ~5-fold lower than the corresponding percentage for the major GP4 junction, the canonical sgRNA
373  with the fewest junction-spanning reads. Although this junction is not present above the limit of
374  detection at 6 hpi, it is observed at 9 hpi (Supplementary Table 5; total read counts below the threshold
375  for inclusion in Figure 5A) and at 3 hpi (Figure 4A, upper), consistent with this transcript being

376  packaged into virions**%2. No transcripts resembling heteroclite sgRNAs were detected for EU PRRSV,
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377  although it is possible such transcripts might be observed if a later timepoint was sampled and/or longer
378  RNASeq inserts were generated, as the shorter read lengths purified for these libraries (and NA PRRSV

379 9 hpi replicate one) are less amenable to detection of junctions.

380  The numerous novel transcripts described in this section not only present opportunities for regulation
381  of the known PRRSV proteins, but also highlight considerable flexibility in the transcriptome, which
382  provides a platform for expression of truncated protein variants and novel ORFs. Nonetheless, it is
383  likely that many of the lowly abundant novel transcripts are simply an unavoidable consequence of a
384  viral replication complex that has evolved to facilitate discontinuous transcription as an essential

385  component of the viral life cycle.

386  Characterising the PRRSYV translatome

387  To characterise the viral translatome, RiboSeq reads were mapped to the host and viral genomes using
388  STAR, which formed the input for PRICE®. PRICE detected 14 novel NA PRRSV ORFs and eight
389  novel EU PRRSV ORFs (Figure 6, Supplementary Figures 10 and 11, Supplementary Table 8). An
390  additional NA PRRSYV library, which had been harvested after CHX pre-treatment, was also inspected,
391  as CHX pre-treatment may emphasise initiation peaks (albeit less efficiently than specific initiation
392  inhibitors such as harringtonine)*>%, For NA PRRSV (Figure 6A), four of the novel ORFs overlap the
393  ORFs encoding the structural proteins and may be expressed from the array of non-canonical sgRNAs
394  discovered in this part of the genome. Most of the other novel ORFs overlap ORF1b and are likely
395  expressed from the novel ORF1b sgRNAs described above, consistent with the fact that their translation
396 is predominantly observed at late timepoints (Figure 6B, Supplementary Figure 10). Some of these
397  ORFs are highly translated — for example the 125-codon NA PRRSV nsp12-iORF is translated at a level
398  similar to nsp12 at 12 hpi (Figure 6C). To test whether these novel ORFs in either virus are subject to
399  purifying selection (an indicator of functionality), we analysed synonymous site conservation within
400  the known functional viral ORFs (Figure 6A and Supplementary Figure 11A). Overlapping functional
401  elements are expected to place additional constrains on evolution at synonymous sites, leading to local
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402  peaks in synonymous site conservation. While such peaks were observed in the regions where the
403  known viral ORFs overlap (and also within the M ORF and at the 5’ end of ORFla), no large
404  conservation peaks were observed in the vicinity of the novel, translated overlapping ORFs, indicating

405 their functional relevance is debatable.

406  As mentioned earlier, we also identified a uORF in the NA PRRSV 5’ UTR (Figure 6D), which is highly
407  expressed at all timepoints (Figure 2C, blue peak). At only ten amino acids, the peptide expressed from
408  this uORF is unlikely to be functional, and the ORF is truncated or extended in a small proportion of
409  isolates (Figure 6E). However, the presence of a uORF in this position is highly conserved in NA
410 PRRSV (Figure 6E-G), with the initiator AUG conserved in 558/564 available sequences, and

t% non-canonical initiation codons (GUG, AUA or ACG) in the remainder. This

411  relatively efficien
412 suggests the uORF may have advantages for viral fitness, for example by modulating translation of

413 other ORFs.
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415  Figure 6. The NA PRRSYV translatome.
416 A) Locations of novel ORFs in the NA PRRSV genome. The genome map of canonical ORFs is
417 reproduced, without labels, and novel ORFs identified by PRICE are overlaid in red, offset on
418 the y axis according to frame relative to ORFla. Below this is a SYNPLOT2!"! analysis of
419 synonymous site conservation in the canonical protein-coding regions, based on 137 NA PRRSV
420 genomes representative of NA PRRSV diversity (see Methods). The green line represents the
421 probability (over a 25-codon sliding window) that the observed conservation could occur under
422 a null model of neutral evolution at synonymous sites; conservation peaks are indicative of
423 overlapping functional elements. Locations of selected body TRSs are indicated below, with
424 known body TRSs shown in black and novel body TRSs in red, displaying only the major body
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425 TRSs for ORF1b sgRNAs and/or novel sgRNAs expected to facilitate expression of a novel ORF.
426 B) Translation of novel ORFs overlapping ORF1b. Reads mapping to the NA PRRSV genome
427 between the ORF1b sgRNA 1 body TRS and the end of ORF1b are shown, separated according
428 to phase and plotted after application of a 15-codon running mean filter. Only read lengths
429 identified as having minimal RNP contamination (indicated in Supplementary Figure 4) were
430 used to generate this plot. Novel ORFs in this region are indicated on the genome map, coloured
431 and offset according to frame relative to ORF1a. Positions of moderately frequently used body
432 TRSs (at least 44 junction-spanning reads) are indicated by red bars at the bottom of the plot. The
433 height of each red bar is scaled according to the number of junction-spanning reads for that body
434 TRS (across all 12 hpi RNASeq libraries combined), relative to the canonical sgRNA with the
435 fewest junction-spanning reads (GP4, major junction only). “abund.” = abundance (of junction-
436 spanning reads relative to GP4). The libraries displayed are those in Figure 2C, with remaining
437 replicates and KO2 libraries in Supplementary Figure 10. C) Main: RPF distribution on the
438 region of the NA PRRSV genome predicted to contain nsp12-iORF. RPFs are coloured according
439 to phase and plotted without application of a sliding window, using only read lengths identified
440 as having minimal RNP contamination (indicated in Supplementary Figure 12F for CHX-Shpi-
441 WT and Supplementary Figure 4 for noCHX-12hpi-WT, which is replicate one). The positions
442 of body TRSs with > 50 junction-spanning reads at 12 hpi are indicated by a red bar at the top of
443 the genome map. The final initiation codon predicted by PRICE is an AUU codon, indicated by
444 a black line. However, the observed RPF profiles are more consistent with the N-terminally
445 extended ORF annotated in this plot, for which ribosomes would initiate at the upstream AUG,
446 which was designated as the start site by PRICE for the “Candidate location” before application
447 of start site selection algorithms (coordinates in Supplementary Table 8). Insets: Conservation of
448 the context of the predicted nsp12-iORF initiation codon for the “Candidate location” (left) and
449 final “Location” (right), based on 661 available sequences for full NA PRRSV genomes. The
450 putative initiator codons are indicated by black boxes. D) Distribution of RPFs mapping to the
451 region of the NA PRRSV 5’ UTR containing the uORF. Plot constructed as in panel C, with the
452 genome sequence in this region, and the uORF amino acid sequence, underlaid. Note that CHX
453 pre-treated libraries typically have heightened initiation peaks, while libraries harvested without
454 CHX pre-treatment have heightened termination peaks. E) Predicted amino acid sequences of the
455 uORF from 98 PRRSV genomes representative of NA PRRSV diversity. The uORF CDS
456 nucleotide sequence was extracted from a multiple sequence alignment and frame 0 was
457 translated. Each row represents one sequence, with each coloured rectangle representing an amino
458 acid (logo plots and alignment visualisations made using CIAlign®®). Gaps indicate translation is
459 predicted to have terminated due to a stop codon. One sequence out of these 98 (K'Y348852) has
460 a 28-codon extension to the ORF which is not depicted. F and G) Conservation of F) the initiation
461 context and G) the stop codon for the NA PRRSV uORF, based on 661 NA PRRSV sequences.
462 Sequences were filtered to take only those spanning the entire feature of interest with no gaps,
463 leaving F) 564 and G) 598 sequences in the alignment used for the logo plots. The initiator AUG
464 is indicated by a black box. The initiation context of this ORF is weak, as defined by the absence
465 of a G at position +4 or a A/G at position —3 relative to the A of the AUG, but the sequence is
466 highly conserved.

467
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468  Quantification of viral gene expression

469  Next, we quantified viral transcription and translation to better understand PRRSV gene expression
470  profiles and determine the contribution of the novel transcripts and ORFs. RiboSeq read density (in
471  reads per kilobase per million mapped reads [RPKM]) was calculated using the PRICE output, and
472 transcript abundance was quantified based on the number of junction-spanning reads (in RPM). ORFs
473  were paired with the transcripts from which they are most likely expressed (Figure 7), and translation
474  efficiency (TE) calculated as the RiboSeq read density divided by the transcript abundance. Although
475  TE calculations can be confounded by factors such as differences in translation speed, such effects are
476  expected to average out over longer regions such as whole ORFs. To facilitate this calculation for the
477  uORF, “transcript abundance” for the 5’ leader was determined as though this was a separate transcript

478 (see Methods).

479  Consistent with the results shown in Figure 2, gRNA is by far the most abundant viral transcript at 6
480  hpi, after which there is a marked shift towards sgRNA production at 9 hpi (Figure 8A and B,
481  Supplementary Figure 13). Between 9 and 12 hpi, the proportion of gRNA increases slightly; however,
482  this may be partly related to changes in abundance of heteroclite sgRNAs, which are not discriminated
483  from gRNA in this analysis, and are investigated separately below. The relative abundance of each
484  sgRNA remains fairly stable between 9 and 12 hpi, consistent with findings for SHFV and MHV*#,
485  and non-canonical sgRNAs make up a relatively small proportion of the viral transcriptome. The results
486  for negative-sense transcripts broadly mirror the positive-sense results, although negative-sense gRNA
487  is proportionally more abundant (Figure 8A, Supplementary Figure 13). The overall transcriptional
488  profile of EU PRRSV resembles that of NA PRRSV at 9 hpi, although gRNA is more abundant and
489  there are some differences in the relative proportions of canonical sgRNAs (Figure 8A and B,

490  Supplementary Figure 13).

491  Analysis of RiboSeq datasets revealed a similar trend to the RNASeq analysis of NA PRRSV, with

492  ORFla translation predominating at 6 hpi, while sgRNA translation dominates at 9 hpi (Figure 8C,
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493  Supplementary Figure 14). ORFla translation declines by 12 hpi, despite the increase in transcript
494  abundance, perhaps representing the sequestration of gRNA through genome packaging, reducing the
495  pool available for translation. Consistent with this, ORF1a, which has relatively low TE throughout
496  infection, is the only canonical NA PRRSV OREF for which TE decreases over time, decreasing from
497  ~20at 6 and 9 hpi to 4.4 at 12 hpi (Supplementary Figure 15; explored in more detail below). Strikingly,
498  the uORF is among the most highly translated NA PRRSV ORFs at all timepoints (Figure 8C,
499  Supplementary Figure 14), although this may be somewhat inflated by the heightened termination peak
500  having a proportionally greater effect on RPKM for a small ORF such as this. Its high expression at 6
501  hpi indicates that the uORF is expressed from gRNA, as this is by far the most abundant viral transcript
502  at this timepoint (Figure 8B). The increase in the ratio of uORF compared to ORF1a translation at later
503  timepoints (Figure 8C, Supplementary Figure 14), when sgRNAs become abundant, suggests that the
504  uORF is also translated from the sgRNAs. This is supported by the TE results (Supplementary Figure
505 15), which show an increase in uORF TE between 9 and 12 hpi, and a concomitant increase in TE for
506  all canonical sgRNA ORFs (except GP2 which remains stable), consistent with increased TE of

507  sgRNAs affecting both the uORF and the main ORFs.
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Figure 7. Subgenomic mRNA transcripts and ORFs included in viral gene expression analysis of
A) NA PRRSYV and B) EU PRRSV.

Canonical transcripts and ORFs are labelled in black, novel ones in red. The genome map from
nsp5 onwards is reproduced above for comparison. The leader (grey) is treated as a separate
transcript for the purposes of these analyses, and the NA PRRSV uORF putatively expressed
from it was omitted from these plots for clarity. Where more than one 5’ UTR is depicted for
some mRNAs this indicates that multiple merged junctions were detected that likely give rise to
transcripts from which the same ORF(s) are translated. In these cases, the alternative transcripts
were considered as one species in the gene expression analysis, and junction-spanning read counts
for the junctions were combined. To the right of each transcript, the consensus sequence of the
body TRS used to generate the major transcript variant (indicated by the thicker UTR) is plotted,
based on A) 661 NA PRRSV or B) 120 EU PRRSV genome sequences. For ease of identification,
both N-long and N-short are depicted as major transcripts for N. In addition to these sgRINAs and
ORFs, ORF1a and all novel ORFs not depicted here were included in the analysis and designated
as expressed from the gRNA transcript.
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Figure 8. Viral transcript abundance and total translation of viral ORFs.

A) Left: Junction-spanning read density attributed to canonical viral transcripts. The left-most
panel shows the results for positive-sense reads (pos), with negative-sense reads (neg) on the
right. Mean values are indicated by the line graph, with individual data points plotted as crosses.
Note that, due to the shorter RNA fragment lengths selected for EU libraries and for NA 9 hpi
replicate one libraries, the junction-spanning read counts are not comparable to the remaining NA
PRRSYV libraries. For all junction-spanning read analyses in which averages were taken, replicate
one libraries were excluded from the “9 hpi” group and analysed separately (in this case see
Supplementary Figure 13, for these and the EU PRRSV results). Right: RiboSeq read density
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534 attributed to canonical viral ORFs, based on the PRICE read count values. Mean values for EU
535 PRRSYV are plotted as filled circles, with individual data points omitted for clarity and some
536 circles offset on the x axis to aid visualisation. ORF1b is omitted from this and several other plots
537 in this section, and investigated separately in Figure 9A-C. Investigation of variations in
538 transcription and translation within ORF1a are given in Figure 9D; for all other analyses in this
539 section, “ORF1a” refers to the region designated by PRICE, which begins at genomic coordinates
540 2249 (NA) and 1212 (EU) and extends to the end of ORFla. Similarly, “gRNA” transcript
541 abundance is calculated ignoring the existence of putative heteroclite sgRNAs, except for where
542 this is investigated in Figure 9D. The legend for colours in all panels is displayed beneath panel
543 C. B) Percentage of the viral transcriptome represented by each transcript. Transcript abundances
544 (estimated from junction-spanning read RPM values) within each library were converted to a
545 percentage of the total RPM of all transcripts plotted for that library. Mean percentages for each
546 group were calculated, treating WT and KO2 as equivalent. The leader, which is treated as a
547 separate transcript for future junction-spanning read analyses, was omitted from this percentage
548 calculation. C) Percentage of the viral translatome represented by each ORF. Plot constructed as
549 in panel B, with percentages representing the RPKM value of each ORF (calculated from the
550 PRICE output) as a proportion of the total sum of RPKM values of all ORFs plotted. Note that
551 the novel ORFs detected on the EU PRRSV genome were named according to the same
552 convention as for NA PRRSV novel ORFs, but equivalent names does not indicate that they are
553 equivalent ORFs.

554  Except for the absence of a uORF, the relative translation levels of EU PRRSV ORFs are similar to
555  those in NA PRRSV, although with less translation of 5a (Figure 8C, Supplementary Figure 14). This
556  may reflect the different relative arrangements of GPS5 and 5a for these two isolates, with 5a beginning
557 5 ntdownstream of the beginning of GP5 for EU PRRSV and 10 nt upstream for NA PRRSV. TE values
558  for EU PRRSYV are slightly higher than those for NA PRRSV (Supplementary Figure 15); however, this
559  may be influenced by reduced accuracy of transcript abundance quantification due to the shorter read

560 lengths of the EU libraries.

561  Novel ORFs make up a relatively small proportion of total viral translation (Figure 8C). Nonetheless,
562  they may represent a significant contribution to the viral proteome — for example, the novel ORFs
563  overlapping the end of ORFI1b have a similar density of ribosomes as ORFla at 12 hpi (Figure 8C,
564  Supplementary Figure 14). These overlapping ORFs are not subject to noticeable purifying selection
565  (Figure 6A, Supplementary Figure 11A), indicating they are unlikely to produce functional proteins.
566  This raises the possibility that their translation is tolerated as a side effect of ORF1b sgRNA production,
567  which may primarily function to regulate expression of ORF1b. This is supported by the observed step
568  increases in ORF1b-phase RiboSeq density after some of the ORF1b sgRNA body TRSs at late

569  timepoints (Figure 9A and B), a trend confirmed by quantification of this read density in the regions
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570  between these body TRSs (Figure 9C). At 6 hpi, when no ORF1b sgRNAs are detected, read density
571  remains reasonably constant throughout ORF1b, while at later timepoints, as ORF1b sgRNA expression
572 increases, a pattern of increasing density towards the 3’ end of ORF1b emerges, with the 3’-most regions
573  more highly translated than ORFla (Figure 9C). For NA PRRSV, the greatest step increases are
574  observed after the ORF1b sgRNA 2, 5 and 7 body TRSs (Figure 9A and C) — the only non-canonical
575  sgRNAs in Figure 7 which have just a single mismatch in the body TRS compared to the leader TRS.
576  These body TRSs are also well-conserved, particularly the final two Cs, identified as the most highly
577  conserved part of the canonical sgRNA body TRS consensus in this and other studies'*®! (Figure 7).
578  This raises the likelihood that such body TRSs may also produce ORF1b sgRNAs in other isolates of
579  NA PRRSV. Furthermore, although the body TRSs for the EU PRRSV ORF1b sgRNAs are less well-
580  conserved within the species (Figure 7), they are located at very similar positions on the genome
581  compared to the NA PRRSV ORF1b sgRNA 2 and 5 body TRSs, which correlate with two of the
582  greatest increases in ORF1b-phase RiboSeq read density for NA PRRSV. Indeed, the EU PRRSV
583  ORFI1b sgRNA 2 body TRS is in a genomic location exactly equivalent to that of NA PRRSV ORF1b
584  sgRNA 5, and both body TRSs have only a single mismatch compared to the leader TRS, despite this
585  not being a requirement for maintaining the amino acid identities at this position. The conservation of
586  these features of ORF1b sgRINAs between these two highly divergent arterivirus species suggests there
587  may be a selective advantage in their production, which could result from temporal modulation of the

588  stoichiometry of nsps 10—12.

589  Similarly, the heteroclite sgRNAs have the potential to modulate the stoichiometry of ORFla. To
590  examine this, the RNASeq read density in ORFlab was partitioned between gRNA and heteroclite
591  sgRNAs (a distinction not made in the junction-spanning read analysis) using a “decumulation”
592  procedure introduced in Irigoyen e al.*’, and RiboSeq read density in three regions of ORFla was
593  determined (Figure 9D). NA PRRSV RiboSeq read density upstream of the major (S-2) heteroclite
594  junction is considerably higher than in the downstream regions, with the highest ratio of

595  heteroclite:ORF1a (before FS) translation being reached at 12 hpi, consistent with the increased ratio
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596  of heteroclite:gRNA RNASeq density at this timepoint (Figure 9D). This supports the hypothesis that
597  the N-terminal region of ORF1a can be independently translated from heteroclite sgRNAs (besides from
598  gRNA as part of ppla/ab) during infection, which could function to increase the ratio of nspla and
599  nspl compared to the other nsps (Figure 9D). Consistent with the previous analysis (Supplementary
600  Figure 15), the TE of ORF1a decreases over time for both regions upstream of the nsp2 PRF site (Figure
601  9D). TE in the region after the PRF site does not follow the same trend, likely due to the unexpected
602  increase in RiboSeq read density after the nsp2 frameshift site at 9 and 12 hpi. This is contrary to
603  expectation, as ribosomal frameshifting into nsp2TF should decrease the ribosome density downstream
604  of the nsp2TF stop codon. The reason for this is unclear; perhaps it is a consequence of expressed non-
605  canonical transcripts below the threshold of detection, or biological and/or technical biases. Despite the
606  absence of detectable EU PRRSV heteroclite sgRNAs in the junction-spanning read analysis (Figure
607  5B), analogous calculations were performed to investigate heteroclite sgRNA and ORFla expression
608  in EU PRRSV (Figure 9D), revealing RNASeq and RiboSeq outcomes consistent with the presence of
609 translated heteroclite sgRNAs (Figure 9D). These transcripts could potentially be present below the
610  threshold of detection for the junction-spanning read analysis pipeline. Taken together, these results
611  demonstrate that the non-canonical transcripts discovered in this study provide a potential mechanism
612  to temporally regulate the stoichiometry of the polyprotein components, which may reflect changing

613  requirements for the different non-structural proteins throughout infection.
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Figure 9. Translation of specific regions of ORF1a and ORF1b.

A) Distribution of RNASeq (upper) and RiboSeq (lower) reads mapping to the ORF1b region of
the NA PRRSV genome. Plots constructed as in Figure 2B and Figure 6B, respectively, with the
application of a 213-nt running mean filter. Dotted lines indicate body TRS positions, with
junction-spanning read abundances supporting body TRSs reproduced from Figure 6B, and the
designated ORF1b sgRNA number indicated above in red. For RNASeq, all read lengths were
used, and for RiboSeq, read lengths identified as having minimal RNP contamination were used.
The libraries displayed are those in Figure 2B and C, with remaining replicates and KO?2 libraries
in Supplementary Figure 16. B) Distribution of RNASeq (upper) and RiboSeq (lower) reads
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624 mapping to the ORF1b region of the EU PRRSV genome. For RNASeq, all read lengths were
625 used, and for RiboSeq, read lengths with good phasing were used. Plot constructed as in panel A,
626 with junction-spanning read abundances supporting body TRSs reproduced from Supplementary
627 Figure 11B. The body TRS annotated at the end of nsp12 does not represent an ORF1b sgRNA,
628 but is expected to produce an alternative transcript for GP2. C) RiboSeq read density attributed
629 to different regions of ORF1b. ORF1b was divided into regions based on the positions of the
630 ORF1b sgRNAs, and RiboSeq density of reads in-phase with ORF1b was determined. All sgRNA
631 numbers in the x axis labels refer to ORF1b sgRNAs. RiboSeq density in ORF1a (the “before
632 FS” region from panel D) is included for comparison and its mean value is indicated by a solid
633 grey line. Plot constructed as in Supplementary Figure 13, using a linear scale. D) Gene
634 expression in different regions of ORFla. Transcript abundance for gRNA was calculated by
635 determining RNASeq read density (RPKM) in the region between the major heteroclite (S-2)
636 junction and the nsp2 PREF site. This was subtracted from the density between the beginning of
637 ORF1a and the major heteroclite junction to “decumulate” (decum.) the density in this region and
638 estimate the abundance of the heteroclite transcripts (where all heteroclite sgRNAs contribute
639 read density but the normalisation for length is based only on S-2). RiboSeq read density was
640 calculated in the region between the beginning of ORFla and the major heteroclite sgRNA
641 junction (“heteroclite”), the region between this junction and the nsp2 PRF site (“before FS”),
642 and the region between the nsp2 and ORF1ab frameshift sites (“after FS”). Although no junctions
643 were detected for putative heteroclite sgRNAs in the EU dataset, regions were designated
644 analogously to NA PRRSYV, for comparison. For TE of the “heteroclite” region, the denominator
645 was both gRNA and (decumulated) heteroclite sgRNA combined. Plot constructed as in
646 Supplementary Figure 13, using a linear scale, and with WT and KO2 values indicated by crosses
647 and triangles, respectively.

648  Investigation of PRF on the viral genome

649  Another key mechanism by which the stoichiometry of the polyprotein components is controlled is
650  PRF. The ORFlab frameshift site facilitates a reduction in the ratio of nsp9-12 compared to the

651  upstream proteins'!*12

, whereas frameshifting at the nsp2 site produces three variants of nsp2 and causes
652  a proportion of ribosomes to terminate before reaching nsp3>-2>321, The occurrence of both frameshift

653  events is evident on the WT NA and EU PRRSV genomes from the changes in phasing after the PRF

654  sites (Figure 10A and B, Supplementary Figures 17-20).

655  We began by quantifying the efficiency of frameshifting at the nsp2 site. Commonly, from profiling
656  data, frameshift efficiency is calculated using the ratio of the read density upstream of the PRF site
657  compared to downstream, where density is expected to be lower due to termination of either the O-frame
658  or the transframe ORF**-3!, However, at the NA PRRSV nsp2 PRF site, ribosome drop-off at the end
659  of nsp2N and nsp2TF is not evident (Figure 10A, Supplementary Figure 17), with an increase in
660  RiboSeq read density after the frameshift site, as discussed above (Figure 9D). This increase is not seen
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in the counterpart RNASeq libraries (Supplementary Figure 21) and is not related to frameshifting, as

it also occurs in the KO2 mutant, in which nsp2 frameshifting is prevented.
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Figure 10. Frameshifting on the PRRSV genome.

A) Distribution of RiboSeq reads in each phase in the ORF1ab region of the NA PRRSV genome.
Plot constructed as in Figure 2C. Regions defined as “upstream” and “downstream” in the
frameshift efficiency calculations for the nsp2 and ORF1ab sites are annotated above the genome
map. Only read lengths identified as having minimal RNP contamination (indicated in
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669 Supplementary Figure 4) were used to generate this plot. Replicates shown are noCHX-Ribo-
670 6hpi-WT-2, noCHX-Ribo-6hpi-KO2-2, noCHX-Ribo-9hpi-WT-4, noCHX-Ribo-9hpi-KO2-3,
671 noCHX-Ribo-12hpi-WT-1 and noCHX-Ribo-12hpi-KO2-1, with remaining replicates in
672 Supplementary Figure 17. The heightened peak shortly after the beginning of nsp2 corresponds
673 to ribosomes with proline codons, which are known to be associated with ribosomal pausing®-!,
674 in both the P and A sites (P site genomic coordinates 1583—1585). The S-2 heteroclite junction is
675 shortly downstream (genomic coordinate 1747), and is excluded from the nsp2 upstream region.
676 Similarly, the ORF1ab downstream region ends upstream of the body TRS for ORF1b sgRNA 1.
677 B) Percentage of RiboSeq reads in each phase across the ORFla region of the NA PRRSV
678 genome. Reads were separated according to phase, and a 183-codon running mean filter applied
679 to avoid any instances of 0 across ORFla (excluding the half-window at each end). From this,
680 the percentage of reads in each phase at each codon was calculated. Replicates shown are those
681 from panel A, with remaining replicates in Supplementary Figure 18. Only read lengths with
682 minimal RNP contamination were used to generate this plot. C) Bar chart of —2 PRF efficiency
683 at the nsp2 site, calculated based on the differences in phasing in the upstream and transframe
684 regions (data from Supplementary Figure 20). Bars represent the mean results for each group,
685 with individual datapoints overlaid as crosses (WT) and triangles (KO2). The KO2 libraries
686 provide a negative control (expected value ~0%). Only read lengths identified as having minimal
687 RNP contamination (NA PRRSV) or good phasing (EU PRRSV) were used to perform these
688 calculations. D) Percentage frameshift efficiency at the ORFlab site, calculated based on
689 differences in read density upstream and downstream of the frameshift site. Plot constructed as
690 in panel C, with WT and KO2 scatter points offset on the x axis to aid visualisation. The right-
691 hand panel shows the results of applying these calculations to RNASeq reads as a control, for
692 which the expected result is ~100%. Only RiboSeq read lengths with minimal RNP contamination
693 (NA PRRSYV) or, for comparability, good phasing (EU PRRSV) were used to perform these
694 calculations. For the RNASeq control all read lengths were used.

695 Initially, drawing on our previous work on cardioviruses***

, we attempted to estimate frameshift
696 efficiencies at the nsp2 site by dividing the RiboSeq profile for the WT virus by that of the KO2 mutant,
697  to factor out differences in translation speed and/or biases introduced during library preparation (see
698  Methods for details). Using the resulting quotient profile, we then compared densities upstream of the
699  nsp2 frameshift site and downstream of the nsp2TF stop codon in order to calculate the combined —2/-1
700  frameshift efficiency at different timepoints. However, the nsp2-site frameshift efficiencies calculated
701  using this method were quite variable (Supplementary Figure 22A and B). This may be due to the
702 modest level of frameshifting at this site (see below) meaning ribosomal drop-off is low relative to the
703  level of non-frameshift translation, besides the extra complications of (temporally dependent)
704 heteroclite and noncanonical sgRNA production in PRRSV. This is in contrast to cardioviruses, where
705  the frameshift efficiencies reach ~80%**** and there is only a single transcript species (full-length
706  gRNA), or frameshifting at the ORF1ab site, where it is only frameshifted ribosomes rather than non-

707  frameshifted ribosomes that contribute to downstream RiboSeq density.
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708  Therefore, we instead quantified —2 PRF efficiency at the nsp2 site by comparing the proportion of
709  reads in each phase in the upstream and transframe regions (see Methods for details). This led to much
710  greater reproducibility between replicates, and revealed that —2 PRF efficiency significantly increases,
711 from 23% at 6 hpi to 39% at 9 hpi, at which point it reaches a plateau (Figure 10C, Supplementary
712 Figure 22; p < 0.0005 based on bootstrap resampling). Although these calculations could be
713 systematically biased if translation were slower in one frame than the other (for example due to sub-
714 optimal codon usage resulting from maintaining two overlapping ORFs), such bias would not be
715  expected to change systematically over the timecourse of infection, and therefore the observed trend
716 should be robust. This is only the second known example of temporally regulated PRF (after
717  cardioviruses®’), and supports a model of increasing —2 PRF efficiency as nsplp, the viral protein
718  responsible for stimulating PRF at this site, accumulates and then similarly starts to plateau at 9 hpi
719 (Figure 3D and E). The -2 PREF efficiency on the EU PRRSV genome at 8 hpi was estimated to be 26%,
720 which is similar to the 20% value determined by **S-Met radiolabelling of MARC-145 cells infected
721  with the EU PRRSYV isolate SD01-08 and harvested at 24 hpi (MOI 0.1)%}], The efficiency of EU
722 PRRSV -2 PRF at 8 hpi (26%) is significantly lower than the NA PRRSV efficiency at 9 hpi (39%; p
723 < 0.0005 based on bootstrap resampling). This likely reflects differences between the two viruses as
724  opposed to the difference in timepoints, as EU nsp1p has already accumulated by 8 hpi (Figure 3F), and
725  gene expression analyses suggest the 8 hpi EU PRRSV samples and 9 hpi NA PRRSV samples have
726  progressed to a similar stage of infection (for example, see Figure 2). Although these higher levels
727  (~39%) of -2 PRF have not previously been measured in the context of viral infection, nsp2-site
728  frameshift efficiencies of up to ~50% have been previously recorded in various reporter systems?>2+37,

729  confirming that this site is capable of facilitating the highly efficient —2 PRF observed here.

730  Frameshift efficiency at the arterivirus ORF1ab site has not previously been determined in the context
731  of infection, although previous studies using transfected reporter constructs for PRRSV?? (in yeast) and
732 EAV? (in HeLa cells) estimated —1 PRF efficiency as 16% and 15-20%, respectively. We set out to

733 quantify its efficiency in the context of PRRSV infection. Ribosomal drop-off is clearly evident at the
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734 ORFlab —1 PRF site for both NA and EU PRRSV, corresponding to ribosomes which do not frameshift
735  encountering the ORFla stop codon shortly downstream of the frameshift site (Figure 10A,
736  Supplementary Figure 17). We quantified the ratio of RiboSeq read density in the region downstream
737  of the PRF site compared to that upstream to calculate frameshift efficiency (Figure 10D). PRF
738  efficiency at RNA structure-directed sites is commonly assumed to be fixed; however, surprisingly, —1
739  PREF efficiency at this site also increased over the course of infection, from 11% at 6 hpi to 19% at 9
740  hpi (p value from two-tailed Mann-Whitney U test = 8.5x107?), and further increased to 32% at 12 hpi
741 (p = 8.5x107%). The same trend was not observed in the RNASeq libraries (Figure 10D), which were
742 processed as a negative control, indicating it does not result from shared technical biases or an increase
743 in non-canonical transcripts facilitating translation of ORF1b (note that all detected ORF1b sgRNAs
744 are excluded from the regions used). The ORFlab —1 PRF efficiency on the EU PRRSV genome at 8
745  hpi was 23%, which is similar to the calculated efficiency for NA PRRSV at 9 hpi (Figure 10D). This
746 is consistent with the replicase components being required at similar stoichiometries at this stage of

747 infection for these two viruses.

748  Ribosomal pausing over the slippery sequence is considered to be an important mechanistic feature of
749  PRF'!%727 although it has been difficult to detect robustly on WT slippery sequences using ribosome
750  profiling*-!. To determine whether ribosomal pausing occurs over the nsp2 slippery sequence, we
751  plotted the RPF distribution on the WT genome in this region, and compared this to the KO2 genome
752 to control for shared biases (Supplementary Figure 23A). This revealed a peak on the WT genome,
753  derived predominantly from 21-nt reads and corresponding to ribosomes paused with P site over the
754  slippery sequence (G-GUU-UUU, P site pause location underlined, hyphens delineate O-frame codons)
755  (Supplementary Figure 23A-C). The peak is not present on the KO2 genome, nor does it overlap the
756  point mutations of KO2, indicating that the differences between the WT and KO2 profiles do not result
757  from technical biases (Supplementary Figure 23D), however its origin is unclear. The frameshift-
758  associated pause is thought to occur at a late stage of the translocation event which begins with the

759  GUU codon in the P site?®”74, The positioning of the short-read peak one nt downstream of this could
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760  be due to an unusual frameshift-intermediate conformation (for example a hyper-rotated state’ %)

761  protecting a shorter region of mRNA in the exit tunnel. However, short RPFs are thought to originate

762  from post-translocation ribosomes without an aminoacyl-tRNA in the A site>>

, suggesting this peak
763 could instead represent ribosomes pausing while decoding the first codon of nsp2TF, which would not
764  Dbetranslated on the KO2 genome. This UUG (Leu) codon is normally not expected to be slow to decode,
765  as it is well-adapted to the cellular tRNA pool (Supplementary Figure 23A, heatmap); however, other
766  factors, such as incomplete dissociation of the PCBP/nsp1P complex shortly downstream, could hinder
767  decoding after frameshifting. We found no convincing evidence of ribosomal pausing at the ORF1lab

768  —1 PRF site, and it will be interesting to see whether future ribosome profiling studies which capture

769  the population of short RPFs find similar pauses at other sites.

770  Host differential gene expression at 12 hpi

771  Finally, we interrogated our datasets to investigate the host transcriptional and translational response to
772  NA PRRSYV infection. Although several analyses of host differential transcription have been performed

32,77-83

773  previously , changes in the host translatome in response to PRRSV infection have not been
774  determined. Here, we characterise infection-induced changes in host transcription and TE by analysing

775  our 12 hpi libraries using xtail®* and DESeq2[®..

776  First, we compared the WT libraries against mock (Figure 11A, Supplementary Table 9) and the KO2

79,86,87’ we

777  libraries against mock (Figure 11B, Supplementary Table 10). Similarly to other studies
778  found transcription of genes related to regulation of the cell cycle (amongst other GO terms) to be
779  perturbed by WT PRRSV infection (Supplementary Table 9, sheet: ‘GO_TS_up’; GO term
780  GO:0051726 ~26-fold enriched in transcriptionally up-regulated genes). However, a comparison of
781  transcriptional fold changes with those of TE reveals that the majority of transcriptionally up-regulated
782  genes in WT or KO2 compared to mock are down-regulated in terms of TE (Figure 11A and B, top-left
783  quadrants of right-column panels). Such an effect has previously been described as “translational
784  buffering” and is expected to result in little to no change in protein abundance®®, suggesting that many
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of the observed transcriptional changes make only a minor contribution to the host response to infection.
This is consistent with the observation that many of the GO terms enriched amongst the transcriptionally
up-regulated genes are also enriched in the translationally down-regulated genes (Supplementary Table
9, ‘GO_TE_down’ sheet). Comparisons between RNA and TE fold changes further reveal many genes
with large fold changes of TE and little to no change at the transcriptional level (Figure 11A and B,
right-column panels, points in centre-left and centre-right regions), suggesting that translational
regulation may be a greater contributor to the host response than transcriptional changes. This is
supported by the fact that several GO terms (such as those related to lipid binding and the extra-cellular
matrix) are enriched amongst the lists of translationally regulated genes and not in the genes

transcriptionally regulated in the opposing direction (Supplementary Tables 9 and 10).
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796  Figure 11. Host differential gene expression at 12 hpi.
797 Differences in transcription (left) and translation efficiency (centre) were determined using
798 DESeq?2 and xtail, respectively. Volcano plots show relative changes in pair-wise comparisons
799 between the 12 hpi libraries (n = 2 biological replicates per condition): WT and mock (top), KO2
800 and mock (centre) or KO2 and WT (bottom). The y axis shows the false discovery rate (FDR)-
801 corrected p values. Genes with FDR-corrected p values < 0.05 and logx(fold change) magnitudes
802 greater than 1 (WT vs mock and KO2 vs mock) or 0.7 (KO2 vs WT; thresholds in each case
803 indicated by grey dashed lines) were considered differentially expressed and are coloured orange
804 (up-regulated) or blue (down-regulated) in the volcano plots. Where gene names were available,
805 those of the top five significantly up- or down-regulated genes with the greatest fold changes are
806 annotated, and TXNIP is annotated in red on all plots. For all genes where both RNA and TE fold
807 changes were determinable, these were compared (right), irrespective of p value. The full results
808 of these differential expression analyses, including lists of GO terms enriched in each set of
809 differentially expressed genes, are in Supplementary Table 9, Supplementary Table 10 and
810 Supplementary Table 11.
811
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812  We moved on to compare the host response to infection with WT PRRSV to that of KO2 PRRSV, to
813  investigate the effects of the nsp2 frameshift products, nsp2TF and nsp2N (Figure 11C, Supplementary
814  Table 11). As we expected relatively small differences in the gene expression programmes activated by
815  the two viruses, we lowered the magnitude of the logx(fold change) required to qualify as a
816  “differentially expressed” gene (DEG) from 1 (in comparisons of infected vs mock) to 0.7 to increase
817  sensitivity. Many of the DEGs in the comparison between WT and KO2 also appear in the list of DEGs
818  in the WT vs mock comparison. These genes have fold changes in the same direction in both the WT
819  vs mock and KO2 vs mock analyses, but those in the KO2 analysis are of a lower magnitude, likely

820  representing the slightly slower replication kinetics of the mutant virus?-2

as opposed to meaningful
821  differences in the host response. An exception to this is thioredoxin interacting protein (TXNIP,
822  formerly known as vitamin D3 up-regulated protein 1; Figure 11, red). TXNIP is significantly more
823  highly transcribed in KO2 than WT infection [log,(fold change) = 0.79, p = 2.1 x 107'*; Figure 11C,
824  left column] and, although it is below our thresholds for qualification as a DEG in these analyses, it is
825  transcriptionally regulated in opposing directions in the WT vs mock [logx(fold change) = -0.43, p =
826  0.055] and KO2 vs mock [loga(fold change) = 0.64, p = 7.0 x 10~°] comparisons (Figure 11A and B,
827  left column), suggesting the difference is not related to replication kinetics. No genes generated
828  significant p values for the KO2 vs WT TE analysis (Figure 11C, middle column), in which the
829  distribution of p values was conservative, likely due to the similarity between the two datasets.
830  Nonetheless, TXNIP clearly stands out in the comparison of RNA and TE fold changes as it is both
831  more highly transcribed and more efficiently translated in KO2 than WT (Figure 11C, right column),

832  further supporting the conclusion that increased TXNIP expression is a notable feature of KO2

833 infection.

834  The mechanism by which the presence of nsp2TF/nsp2N could lead to reduced TXNIP expression in
835  WT infection is unclear. The frameshift products share a PLP2 protease domain with the O-frame
836  product, nsp2, although the DUB/deISGylase activity of this domain is most potent in nsp2N*2. The

837  frameshift proteins also have different sub-cellular distributions to nsp2!#*2®!, which may grant them
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838  access to proteins involved in the transcriptional activation of TXNIP, allowing them to interfere with
839  this signalling pathway (for example by de-ubiquitinating its components). While the mechanism
840  remains elusive, there are several reasons why this down-regulation may be beneficial to PRRSV.

841  TXNIP is a key protein in metabolism and redox homeostasis®*

, regulates cell survival/apoptosis via
842  apoptosis signal regulating kinase 1 (ASK1)PY, and triggers NLRP3 inflammasome activation in
843  monocytes and innate immune cells®>**, TXNIP largely exerts its functions by binding and inhibiting

939 and reduced

844  thioredoxin®, an antioxidant which is central to redox signalling and homeostasis
845  cellular levels of TXNIP lead to lower concentrations of reactive oxygen species (ROS)°"%8. ROS are
846  known to be induced by PRRSV infection®!'%, and lead to apoptosis'®!%!, which would likely be
847 detrimental to viral replication. Further, ROS, and by extension thioredoxin and TXNIP, have particular
848  significance for the physiology and function of macrophages'®*!%, the primary target for PRRSV in
849  vivo'®. As well as being integral to phagocytosis'®>1%, ROS exert a complex, context-dependent effect

850  on macrophage polarisation'%>-1%

, and high levels of thioredoxin have been found to favour polarisation
851  of M2 macrophages'”’. These produce less anti-viral cytokines, and are less suppressive of PRRSV
852  replication, than their M1 counterparts'®. Therefore, reducing cellular TXNIP concentrations during
853  WT PRRSV infection may be favourable by allowing thioredoxin to function uninhibited and
854  preventing excessive ROS concentrations, with potential implications for macrophage physiology and

855  polarisation. Indeed, it has already been suggested that PRRSV infection induces a skew towards M2

856  polarisation, although the mechanism was uncharacterised'®.

857  Discussion

858  Here, we describe a high resolution analysis of PRRSV replication through ribosome profiling and
859  RNASeq. In addition to confirming and extending the findings of previous transcriptomic analyses, we
860  define the PRRSV translatome and identify strategies of gene expression that may permit the virus to

861  exert translational control during the replication cycle (Figure 12).
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863  Figure 12. Schematic summary of non-canonical mechanisms of PRRSV gene expression
864 regulation supported by this study.

865

866  Global analysis of the host response to PRRSV infection at 12 hpi reveals that many of the observed
867  changes in transcript abundance are offset at the translational level, indicating that changes in translation
868  efficiency of host mRNAs may play a dominant role in the response to infection. This phenomenon of
869  host transcriptional responses being counteracted by opposing changes in TE has also been observed in
870  response to SARS-CoV-2 infection, where it was attributed to inhibition of mRNA export from the
871  nucleus, preventing translation'®!'%. This activity is known to be associated with coronavirus nspl,
872  which inhibits nuclear export by interacting with the nuclear export factor NXF1 in SARS-CoV or the
873  nuclear pore complex component Nup93 in SARS-CoV-2I'11121 Similarly, PRRSV nsplp causes
874  imprisonment of host mRNAs in the nucleus, by binding Nup62 to cause the disintegration of the
875  nuclear pore complex!!*!"*, This inhibition of host mRNA nuclear export has been found to reduce
876  synthesis of interferon-stimulated genes''¥, and mutations in nsp1f which ablate this activity lead to
877  reduced viral load and increased neutralising antibody titres in pigs''>. These findings suggest that
878  nsplp-mediated nuclear export inhibition may be responsible for the translational repression seen in our
879  host differential gene expression analyses, which, analogously to conclusions drawn for SARS-CoV-

880 2000 'may be a key mechanism by which PRRSV evades the host response to infection.

41


https://doi.org/10.1101/2021.11.17.468997

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.17.468997; this version posted November 19, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

881  On the viral genome, numerous translated novel ORFs were discovered, including a short but highly
882  expressed uORF in the NA PRRSV 5' UTR. The presence of this uORF is very well-conserved amongst
883  NA PRRSYV isolates, with an AUG in this position in 558/564 available NA PRRSV sequences, and a
884  non-canonical initiation codon (GUG/AUA/ACG) present in the remainder. In many contexts, uORFs
885  have been shown to regulate translation of the main ORF downstream!'® and, interestingly, uORFs have
886  been found in many nidovirus genomes. For example, recent ribosome profiling studies of the
887 coronaviruses MHV, IBV and SARS-CoV-2 revealed translation of uORFs initiating within the 5’
888  leader* """ Intriguingly, the extent of translation initiation on the SARS-CoV-2 leader uORF differs
889  on different viral transcripts®!!"", suggesting that the same could be true of the NA PRRSV uORF, and
890  presenting a potential mechanism by which the uORF could differentially regulate translation of the
891  canonical ORFs downstream. Looking to the Arteriviridae family, EAV has a highly conserved AUG
892  within the leader (present in 94/95 available genome sequences), at genomic coordinates 14-16,
893  predicted to permit expression of a 37-amino-acid leader peptide''®. In vitro translation of the N
894  transcript demonstrated that the uORF is translated, and found it down-regulated translation of the
895  downstream N ORF'". Mutations which disrupted this AUG or altered its predicted initiation efficiency
896  were detrimental to viral fitness and led to rapid reversion to the WT sequence'', although the uORF
897  was not essential for virus viability!!*!1?°, Upstream ORFs in other arteriviruses have not been
898  characterised, although it was noted that the SHFV 5’ leader contains a putative 13-codon uORF at
899  genomic coordinates 35-73!"?!!, which is conserved in all 37 available full genome sequences. This
900  SHFV uOREF is of a similar length and position to the NA PRRSV uORF (ten codons; genomic
901  coordinates 24-36), with the uORFs in these two viruses ending, respectively, 126 nt and 128 nt
902  upstream of the leader TRS. The similarity between these two putative uORFs suggests a possible
903  conserved function, for example conferring resistance to elF2a-phosphorylation-mediated translation
904  inhibition (as observed for some cellular uORFs!?), or affecting re-initiation efficiency on the
905  downstream ORF. The latter could help to modulate the ratio of overlapping ORFs (GP2:E and/or
906  GP5:5a) in which the downstream AUG is thought to be accessed by leaky scanning. However, only

907  three out of the 100 EU PRRSV genome sequences with any 5’ UTR have AUGs other than at the
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908 extreme 5’ end of the leader, and we do not detect robust uORF translation in the EU PRRSYV isolate
909  used in this study, indicating that any putative function of the uORF is not conserved across the entire

910  family.

911  Our analysis of canonical PRRSV ORFs over a 12 hour timecourse revealed that expression of many
912 of these ORFs is controlled by additional mechanisms, at both the transcriptional and translational level,
913  beyond what was previously appreciated. A key observation is that —2 PRF at the NA PRRSV nsp2
914  PREF site is both highly efficient and temporally regulated. At 6 hpi its efficiency is 23%, and this
915  increasesto ~40% at 9 and 12 hpi, likely due to accumulation of the frameshift-stimulatory viral protein,
916  nsplp. Such regulation may be a selective advantage for PRRSV by directing ribosomes to translate
917  proteins which are most beneficial at each stage of infection, optimising the use of cellular resources.
918 At early timepoints, lower nsp2 frameshift efficiency means more ribosomes continue to translate the
919  remainder of ppla or pplab, which encode components of the replication and transcription complex
920  (RTC), which may be more important for establishing infection than translation of the accessory protein
921  nsp2TF. Later in the replication cycle, higher —2 PRF efficiency likely corresponds to an increased
922 requirement for nsp2TF to prevent degradation of GP5 and M, which are expressed from ~8 hpi and are
923  essential for virion assembly**!?, Further, nsp2TF is a more potent innate immune suppressor than
924  nsp2, and down-regulates expression of swine leukocyte antigen class I (swine MHC class 1)*>!2*, which
925  may become critical later in infection as viral proteins and double-stranded RNA accumulate due to
926  viral translation and replication. The only other known example of temporally regulated frameshifting
927 is provided by cardioviruses*’, which encode the only other known protein-stimulated PRF site**,
928  This suggests that temporal regulation may emerge as a common feature of trans-activated PRF sites,

929 as more non-canonical PRF sites are discovered in future.

930  RNA structure-directed frameshift sites are commonly assumed to operate at a fixed ratio, due to the
931 lack of trans-acting factors involved; however, we found that —1 PRF efficiency at the ORF1ab site
932  increased over time, from 11% to 32%. As opposed to representing specific “regulation” of PRF, we

933  suggest that this is due to changes in gRNA translation conditions as infection progresses. Such changes
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934  could result from activation of pathways that globally regulate translation, such as the unfolded protein
935  response (which is known to be activated by PRRSV infection'?®) or potential phosphorylation of eEF2
936  (discussed above). Additionally, changes in the localisation or availability of gRNA for translation
937  could result in changing ribosome density as infection progresses, and decreases in ribosome load have
938  been shown to increase —1 PRF efficiency in some studies'?*!'?’. The mechanism responsible for this
939  effect is not well characterised, although it has been suggested that frameshift-stimulatory RNA
940  structures are more likely to have time to re-fold in between ribosomes if the transcript is more sparsely
941  occupied'?®!?’. Consistent with this hypothesis, we find a trend of decreasing gRNA TE over time,
942 although this analysis may be confounded by, for example, the inability to discern translatable gRNA
943 from that undergoing packaging. Whether the observed changes in PRF efficiency represent a selective
944  advantage for PRRSV, or whether they are simply incidental, is unclear. The expected result is an
945  increase in the ratio of ORF1b products to ORF1a products over time. This could be advantageous for
946  PRRSV, for example if there is a greater requirement for nsp2 and nsp3, which promote DMV
947  formation®, early in infection to establish a protective environment for viral replication, followed by a
948  later preference for producing more of the RdRp (nsp9) and helicase (nsp10) to promote replication
949  itself. Alternatively, this could simply reflect that PRRSV can tolerate a reasonably wide range of
950 ORFla:ORFIb stoichiometries. Nonetheless, the finding that changes in the translational landscape
951  during infection affect PRF efficiency is relevant to many other RNA viruses, and future studies may
952  reveal temporal changes in PRF efficiency at other frameshift sites, such as those in coronaviruses and
953  HIV.For MHV and SARS-CoV-2, previous results suggest ORF1ab frameshift efficiency may increase
954  over time*!""1?% but temporal dependence was not assessed in detail, nor statistical significance

955  determined, highlighting this as an interesting area for future coronavirus research.

956  In addition to changes in the ratio of ORF1b to ORF1a translation, we observed temporal changes in
957  therelative translation of different regions within ORF1b, with increasing translation of the 3'-proximal
958  region as infection progresses. This may result from translation of non-canonical sgRNAs, which we

959  term ORF1b sgRNAs, in which the body TRS is within ORF1b. If the putative translated proteins are
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960  processed to produce functional nsps, this would be expected to increase the stoichiometry of nsps 10—
961 12 compared to nsp9, and alter the relative stoichiometries of nsp10, nsp11 and nsp12. There are several
962  possible reasons this could be beneficial to viral fitness. Although the stoichiometry of the arterivirus
963  RTC is unknown, there is some evidence that the stoichiometry of the coronavirus replication complex
964  varies, containing either one or two copies of the helicase for each copy of the holo-RdRp'?. This
965  highlights the possibility that the composition of the PRRSV RTC could change over time, for example
966  if extra copies of nsp10, 11 or 12 are supplied from ORF1b sgRNA translation (as well as the potential
967  contribution of increased ORFlab frameshift efficiency). This provides a potential mechanism of
968  regulating viral replication, for example by altering the ratio of gRNA to sgRNA production (as
969  observed in Figure 2 and Figure 8), as both nsp10 (the helicase) and nsp12 are thought to be involved
970  in promoting sgRNA transcription'?~**, Nspl1 (NendoU) is an endoribonuclease found in many
971  nidoviruses, which has broad substrate specificity in vitro'*, and is also an innate immune antagonist'*¢-
972 0 Tts expression outside the context of infection is highly toxic'**'*!, leading to the suggestion that its
973  restricted perinuclear localisation during infection is important to prevent its expression becoming
974  “suicidal” for the virus*!'¥’. Therefore, it may be beneficial to maintain relatively low levels of nsp11

975  early in infection, and increase production after the optimal microenvironment for its localisation has

976  formed. However, such possibilities are clearly speculative at present.

977  Interestingly, ORF1b sgRNAs have been found in a number of other nidoviruses. Our results are highly
978  consistent with a previous study on SHFV, in which several ORF1b sgRNAs were detected, which were
979  predicted to produce in-frame portions of the ORF1b polyprotein, or in one case a novel overlapping
980  ORF®. Quantitative mass spectrometry provided support for translation of both categories of ORF1b
981  sgRNA, and showed that peptides from nspll and nspl2 were 1.2- and 3.1-fold more abundant
982  (respectively) than those from ORFla-encoded nsp8*!. ORF1b sgRNAs were also found in lactate
983  dehydrogenase elevating virus (predicted to express the C-terminal 200 amino acids of ORF1b)!4?,

984  SARS-CoV-2, HCoV-229E and equine torovirus*®#515% Whether this has evolved by virtue of

985  conferring a selective advantage, or whether it is a neutral consequence of the promiscuous
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986  discontinuous transcription mechanism, this suggests that ORF1b sgRNAs are a conserved feature of
987  the nidovirus transcriptome. Further characterisation of these non-canonical transcripts would be highly
988  informative, to determine potential initiation sites and ascertain whether any in-frame products are

989 functional.

990  Another group of non-canonical transcripts with the potential to modulate polyprotein stoichiometry
991  comprises those termed “heteroclite sgRNAs” by Yuan et al.**%2. These transcripts result from large
992  internal deletions between regions of sequence similarity in nsp1B/nsp2 and the canonical sgRNA
993  ORFs*%2, and have been found in several isolates of NA PRRSV* %2 (including in the present work),
994  with similar types of transcripts found in coronaviruses**#”%%!43 Translation of these transcripts is
995  supported by our ribosome profiling results (Figure 9D), in vitro experiments using PRRSV reporter
996  constructs®?, and ribosome profiling and mass spectrometry studies of SARS-CoV-2-infected
997  cells?>1144-146 However, it remains to be determined whether the resultant proteins are appropriately
998  cleaved to generate functional nsps. We detected heteroclite sgRNAs as early as 3 hpi, consistent with
999 the finding that they are packaged into PRRSV virions*®2, and our results suggest they are present
1000  throughout infection. If they do produce functional proteins, this could serve as a mechanism to increase
1001  thelevels of nspla and nsp1p, generally considered the most potent innate immune suppressors encoded

1002 by PRRSV!!3-IIS47-151 from early timepoints onwards to evade immune activity.

1003  Conclusion

1004  This work is the first application of ribosome profiling to an arterivirus, and has revealed a complex
1005  complement of PRRSV gene expression strategies, several of which permit stoichiometric modulation
1006  of the polyprotein proteins. At the level of translational control, the nsp2 —2 PREF site was found to be
1007  arare example of temporally regulated frameshifting, while the finding that —1 PRF efficiency at the
1008  ORFla/lb overlap also increased over time challenges the paradigm that RNA structure-directed

1009  frameshift sites operate at a fixed efficiency. At the transcriptional level, numerous non-canonical
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1010  transcripts were characterised, some of which bear similarities to those found in other nidoviruses.
1011  Among these transcripts, the ORF1b sgRNAs and the heteroclite sgRNAs encode portions of the
1012 polyprotein and may provide an additional method of regulating the stoichiometry of its components.
1013 Further, some ORF1b sgRNAs likely facilitate the surprisingly high levels of translation we observed
1014 for several novel ORFs overlapping ORF1b. Although there is no evidence that these overlapping ORFs
1015  produce functional proteins, the lability in the translatome that is afforded by the heterogeneous
1016  transcriptome potentially paves the way for similar ORFs to gain functions and become fixed in the
1017  wviral population. Further expanding the PRRSV translatome, a short but highly translated uORF was
1018  discovered in the NA PRRSV 5’ UTR, the presence of which is highly conserved. This presents another
1019  opportunity for regulation of viral translation, potentially allowing adaptation in response to infection-
1020  induced cellular stress. This is the most comprehensive analysis of PRRSV gene expression to date, and
1021  presents new paradigms for understanding arterivirus gene expression and the wider field of

1022 programmed ribosomal frameshifting, with potential ramifications for a range of viruses.

1023  Materials and methods

1024  Cells and viruses

1025 For EU PRRSYV infections, MA-104 cells were infected with a PRRSV strain derived from the Porcilis®
1026  vaccine strain (MSD Animal Health; GenBank accession OK635576). Confluent 6 cm? dishes of MA-
1027 104 cells were infected at a multiplicity of infection (MOI) within the range 1-3. At 0 (mock), 8, 12,
1028 21 and 25 hpi, cycloheximide (Sigma-Aldrich) was added to the medium (final concentration 100
1029  pg/ml) and incubated for 2 min. Cells were rinsed with 5 ml of ice cold PBS, placed on ice, and 400 pl
1030 lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgCl,, 1| mM DTT, 1% Triton X-100, 100
1031  pg/ml CHX and 25 U/ml TURBO™ DNase [Life Technologies]) added drop-wise. Cells were scraped
1032 off the plate and triturated 10 times with a 26-G needle, before cell debris was removed by

1033 centrifugation (13,000 g, 4°C, 20 min) and the supernatant harvested and stored at —70°C.
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1034 For NA PRRSYV infections, confluent 10 cm? dishes of MARC-145 cells were infected with NA PRRSV
1035 isolate SD95-21 (GenBank accession KC469618.1), a previously characterised mutant (KO2) based on
1036 this background®2*3?, or mock-infected. At the time of harvesting for the timecourse samples, cells
1037  were washed with warm PBS and snap-frozen in liquid nitrogen. For the CHX pre-treated library (CHX-
1038  9hpi-WT), an additional CHX pre-treatment step (100 pg/ml, 2 min) was included directly prior to
1039  harvesting, and cells were washed with ice cold PBS containing 100 pg/ml CHX before snap-freezing.
1040  Snap-frozen dishes were transferred to dry ice and 400 pl lysis buffer added. The dish was transferred

1041  toice to defrost, and cells were scraped and processed as described above.

1042  Western blotting

1043  Samples were resolved by 15% SDS-PAGE and transferred to 0.2 pm nitrocellulose membranes.
1044  Membranes were blocked with 5% Marvel milk powder (milk) dissolved in PBS (1 h, 25°C). Primary
1045 antibodies were diluted in 5% milk, PBS, 0.1% Tween-20 and incubated with membranes (1 h, 25°C).
1046 After three washes in PBS, 0.1% Tween-20, membranes were incubated with IRDye fluorescent
1047 antibodies in 5% milk, PBS, 0.1% Tween-20 (1 h, 25°C). Membranes were washed three times in PBS,
1048  0.1% Tween-20 and rinsed in PBS prior to fluorescent imaging with an Odyssey CLx platform (LI-
1049  COR). Antibodies used were mouse monoclonal anti-NA-nsp1f (1/1000) and anti-EU-nsp1p (1/500),
1050 mouse [gM monoclonal anti-GAPDH (1/20,000, clone G8795, Sigma-Aldrich), goat anti-mouse IRDye
1051 800 CW (1/10,000, LI-COR), and goat anti-mouse IgM (u chain specific) IRDye 680RD (1/10,000, LI-

1052 COR).

1053  Ribosome profiling library preparation

1054  Ribosome profiling and RNASeq libraries were prepared as described in Irigoyen et al.* using a
1055  protocol derived from Refs. 3263152153 "with the following modifications. For RiboSeq libraries, RNase
1056 I (Ambion) was added to final concentration 2.7, 3, 5, 4.17, 3.33, 2.5, or 2.5 U/ul for 3 hpi, 6 hpi, 9 hpi
1057  replicate 1, 9 hpi replicates 2—4, 12 hpi, CHX-9hpi-WT, and EU libraries, respectively, and SUPERase-
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1058  In RNase inhibitor (Invitrogen) scaled accordingly (amounts adjusted to improve phasing). The range
1059  of fragment sizes selected during the first polyacrylamide gel purification was 25-34 nt (9 hpi replicate
1060 1 RiboSeq and RNASeq libraries, all EU libraries, CHX-9hpi-WT), 19-80 nt (9 hpi replicate 2 RiboSeq
1061 libraries), 19—34 nt (all other RiboSeq libraries), or ~50 nt (all other RNASeq libraries), and subsequent
1062  gelslices were adjusted accordingly. The greater length range of 9 hpi replicate 2 RiboSeq libraries was
1063  selected to investigate the potential presence of long fragments protected by disomes or stable
1064  structures/complexes at frameshift sites (analyses not included herein due to inconclusive results).
1065  Ribosomal RNA depletion was carried out solely using the RiboZero Gold Human/Mouse/Rat kit
1066  (Illumina). Adapter sequences were based on the TruSeq small RNA sequences (Illumina) and, for most
1067 libraries, additional randomised bases were added to the end destined for ligation: seven randomised
1068  bases on both adapters for all NA PRRSV libraries, no randomised bases on EU PRRSV replicate 1, 14
1069  randomised bases on the 3’ adapter for EU PRRSV replicate 2. Randomised bases allow identification
1070  of PCR duplicates and are expected to reduce technical biases. Libraries were deep sequenced as a
1071  single-end run on the NextSeq 500 platform (Illumina), or a paired-end run using a Mid Output v2 kit
1072 (150 cycles: 2x75) for 9 hpi replicate 2 RiboSeq libraries. Data are available on ArrayExpress under

1073 accession numbers E-MTAB-10621, E-MTAB-10622 and E-MTAB-10623.

1074  Core analysis pipeline

1075  For single-end libraries, fastx_clipper (FASTX Toolkit version 0.0.14, parameters: -Q33 -1 33 -c -n -v)
1076  was used to trim the universal adapter sequence from reads and to discard adapter-only reads, non-
1077  clipped reads, and “too-short” reads (inferred original fragment lengths shorter than the minimum
1078  intended length experimentally purified — see library preparation description for lengths). Adapter
1079  dimers were counted using the grep command line utility and added to the adapter-only read count. For
1080  paired-end libraries, adapter trimming, read pair merging and removal of adapter-only reads was carried
1081  out using LeeHom'>* (v.1.1.5) with the --ancient-dna option specified (as the expected fragment lengths

1082  of such DNA are in the same range as ours). Pairs of reads which LeeHom was unable to merge were
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1083  putin the “non-clipped” category for the purposes of library composition analysis, and “too-short” reads
1084  were removed using awk. For libraries prepared using adapters with randomised bases, PCR duplicates
1085  were removed using awk, and seqtk (version 1.3) was used to trim the randomised bases from the reads.
1086  Bowtiel (version 1.2.3)!'%! was used to map reads to host and viral genomes using parameters “-v
1087 n_mismatches --best”, where n_mismatches was one for RiboSeq and two for RNASeq libraries. Reads
1088  were mapped to each of the following databases in order and only reads that failed to align were mapped
1089  to the next database: ribosomal RNA (rRNA), virus RNA (VRNA), mRNA, non-coding RNA (ncRNA),
1090  genomic DNA (gDNA). Viral genome sequences were verified by de novo genome assembly using
1091  Trinity (version 2.9.1). The rRNA database comprised the following GenBank accessions:
1092 NR_003287.2, NR_023379.1, NR_003285.2, NR_003286.2, AY603036.1, AF420058.1, AF420040.1,
1093  AY633510.1, AF352382.1, L35185.1, DQ983926.1, KJ193255.1, M30951.1, M30950.1, M30952.1,
1094  KJ193272.1, KJ193259.1, KJ193258.1, KIJ193256.1, KJ193255.1, KJ193045.1, KJ193042.1,
1095  KJ193044.1, KJ193041.1, KJ193019.1, KJ193018.1, KJ193017.1 and AF420040.1. The mRNA
1096  database was compiled from the available Chlorocebus sabaeus RefSeq mRNAs after removing
1097  transcripts  with  annotated changes in  frame. The ncRNA  database  was
1098  Chlorocebus_sabaeus.ChlSabl.1.ncrna.fa and the gDNA database was the ChlSabl.1 genome
1099  assembly, both from Ensembl. The position of VRNA within the database mapping order was altered to
1100  confirm that significant numbers of viral reads were not erroneously mapping to host databases or vice
1101  versa. All analyses were carried out using reads mapped by bowtie as described above, except for

1102 running PRICE, analyses using junction-spanning reads, or host differential gene expression.

1103 Quality control plots and analyses were performed as described in Irigoyen et al.*, modified for the
1104  timecourse libraries to account for the longer RNASeq reads, so that a 3’ UTR of at least 90 nt (as
1105  opposed to 60 nt) was required for inclusion of transcripts in the metagene analysis of 5’ end positions
1106  relative to start and stop codons (Supplementary Figure 1). For quality control analyses of read length
1107  and phasing, reads mapping to ORF1ab (excluding nsp2TF, all phases) were used for the virus versus

1108  host analyses (e.g. Figure 1C, Supplementary Figure 2), while for analyses of specific regions (e.g.
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1109  Supplementary Figures 3 and 4), overlapping regions of ORFs were permitted for the length distribution
1110  but not phasing analyses. For these phasing plots, phase 0 was designated independently for each region,
1111  relative to the first nucleotide of the ORF in that region. For the negative-sense read analysis, reads
1112 mapping to anywhere on the viral genome were used, and phase was determined using the 5" end of the
1113 read (the 5" end of the reverse complement reported by bowtie plus the read length). The coordinates of

1114 the regions of the viral genome used for all analyses are given in Supplementary Table 1.

1115  For plots of read distributions on viral genomes, read densities were plotted at the inferred ribosomal P
1116  site position, obtained by applying a static +12 nt offset to the 5’ end coordinate of the read (applied to
1117  both RiboSeq and RNASeq for comparability although ribosomal P site is not relevant to RNASeq
1118  reads). For Supplementary Figure 23, species-specific tRNA adaptation index (stAl) values for Macaca
1119 mulatta (in the absence of C. sabaeus data) were obtained from STADIUM"™® on 4" Oct 2020, and a
1120  heatmap constructed using the minimum and maximum values for M. mulatta codons as the most
1121  extreme colours available in the gradient. For plots of the percentage of reads in each phase across
1122 ORFla, positive-sense RiboSeq reads were separated according to phase and a 183-codon running mean
1123 filter applied to avoid any instances of zero across ORF1a (excluding the halfwindow at each end) after
1124 sliding window application. From this, the percentage of reads in each phase at each codon in-frame
1125  with ORFla was calculated. All plots and analyses use RiboSeq read lengths identified as having

1126  minimal RNP contamination (Supplementary Figures 4 and 12F) unless otherwise specified.

1127  Significance testing for proportion of host RPFs which are short

1128  RiboSeq libraries were grouped into early (3 and 6 hpi) and late (9 and 12 hpi) timepoints, to provide
1129  enough replicates in each group to perform a two-tailed ¢ test (WT and KO2 were treated as equivalent).
1130  Positive-sense RPFs mapping to host mRNA were used, and short reads were defined as 19-24 nt long,
1131  with the denominator formed by 19-34 nt long reads. The early timepoint group was used as a control,
1132 for which there was no significant difference in the percentage of short RPFs in infected cells compared
1133 to mock-infected cells (p = 0.52).
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1134  Junction-spanning read analysis for novel transcript discovery

1135  Reads which did not map to any of the host or viral databases (rRNA, vVRNA, mRNA, ncRNA or gDNA)
1136  in the core pipeline (described above) were used as input for mapping using STAR®, version 2.7.3a.
1137  Mapping parameters were selected based on those suggested in Kim et al.* to switch off penalties for

1138  non-canonical splice junctions:

1139  --runMode alignReads --outSAMtype BAM SortedByCoordinate --outFilterType BySJout
1140  --outFilterMultimapNmax 2 --alignSJoverhangMin 12 --outSJfilterOverhangMin 12 12 12 12
1141  --outSJtfilterCountUniqueMin 1 1 1 1  --outSlfilterCountTotalMin 1 1 1 1
1142 --outSJfilterDistToOtherSJmin 0 0 0 O --outFilterMismatchNmax 2 --scoreGapNoncan -4
1143 --scoreGapATAC -4 --chimOutType Junctions --chimScoreJunctionNonGTAG 0 --alignEndsType
1144  EndToEnd --alignSJstitchMismatchNmax -1 -1 -1 -1 --alignIntronMin 20 --alignlntronMax 1000000

1145  --outSAMattributes NH HI AS nM jM jI

1146  First, junctions were processed within each library. To avoid junction clusters becoming inflated, late
1147  timepoint libraries (8 hpi onwards) were filtered to remove junctions with fewer than four supporting
1148  reads. Reads were split into two categories, TRS-spanning and non-TRS-spanning, according to
1149  whether the donor site of the junction overlapped the leader TRS (genomic coordinates in
1150  Supplementary Table 1). Junctions were clustered so that all junctions within a cluster had acceptor
1151  coordinates within seven (for TRS-spanning junctions) or two (for non-TRS-spanning junctions)
1152 nucleotides of at least one other junction in the cluster, with the same requirement applied to donor
1153  coordinates. This was to group highly similar junctions together and account for the fact that the precise
1154  location of a junction is ambiguous in cases where there is similarity between the donor and acceptor
1155  sites (such as between the 6-nt leader and body TRSs). The junctions within each cluster were merged,
1156  with donor and acceptor sites defined as the midpoints of the ranges of coordinates observed in the
1157  cluster, and the number of reads supporting the merged junction defined as the sum of the supporting

1158  read counts for all the input junctions in the cluster.
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1159  Then, junctions were filtered to keep only those present in multiple libraries and merged to generate
1160  one dataset per timepoint. Merged junctions from individual libraries were filtered so that only junctions
1161  which were present in more than one replicate (considering WT and KO2 as one group) passed the
1162  filter. Junctions were defined as matching if the ranges of the donor and acceptor coordinates for the
1163 junction in one library overlap with those of a junction in a second library. Matching junctions from all
1164  replicates were merged as described above to make the final merged junction. For the NA PRRSV M
1165  junction there is a stretch of six bases that is identical upstream of the leader TRS and the body TRS,
1166  leading to separation of the two alternative junction position assignments by a distance greater than the
1167  seven bases required to combine TRS-spanning junctions into clusters. The two junction clusters that
1168  are assigned either side of this stretch of identical bases were specifically selected and merged at this
1169  stage. To ensure this merging strategy did not lead to clusters spanning overly wide regions, widths of
1170  merged junction donor and acceptor sites were assessed, and the mean and median junction width for
1171  all analyses was found to be < 3 nt (maximum width 17 nt, for the NA PRRSV M junction). TRS-
1172 spanning junctions were designated as “known” junctions if they were the major junction responsible
1173 for one of the known canonical sgRNAs of PRRSV. Non-TRS-spanning junctions were filtered

1174  according to whether they represent local (< 2000 nt) or distant (> 2000 nt) deletions.

1175  The proportion of junction-spanning reads at donor and acceptor sites was calculated as junction-
1176  spanning / (junction-spanning + continuously aligned to reference genome). The number of non-
1177  junction-spanning reads at the junction site was defined as the number of bowtie-aligned reads (from
1178  the core pipeline) spanning at least the region 12 nt either side of the midpoint position of the donor or
1179  acceptor site (note that for sgRNA acceptor sites the denominator will include not only gRNA but also
1180  sgRNAs with body TRSs upstream). For all TRS-spanning junctions the donor midpoint was set
1181  according to the known leader TRS sequence (genomic coordinate 188 for NA PRRSV and 219 for EU

1182  PRRSV).
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1183  Detection of novel viral ORFs

1184  Novel ORF discovery was performed using PRICE* (version 1.0.3b). A custom gtf file was made for
1185  each virus, with only the gRNA transcript and ORF1b CDS annotated. Other known viral ORFs were
1186  not annotated and served as positive controls. The custom viral gtf files were each individually
1187  concatenated with the host gtf file (ChlSab1.1.101, downloaded from Ensembl) to make the input of
1188  known OREFs (treating the viral genome as an additional host chromosome). The reference fasta files
1189  for the host and viruses were similarly concatenated to make the input reference sequences. RiboSeq
1190  reads were mapped to these combined references using STAR®, version 2.7.3a, with parameters as
1191  described  for novel transcript discovery but with the following  changes:
1192  --outFilterType Normal --outFilterMultimapNmax 10 --outFilterMismatchNmax 1 --chimOutType

1193  WithinBAM --outSAMattributes MD NH HI AS nM jM jI

1194  The STAR alignments were used as input for PRICE, and p values were corrected for multiple testing
1195  using the Benjamini-Hochberg method before filtering results to select significant viral ORFs. For
1196 noCHX NA PRRSV libraries, read lengths with minimal RNP contamination were used, while for EU
1197  PRRSV libraries all read lengths were used. The CHX NA PRRSYV library was not used for PRICE, as

1198  CHX pre-treatment can artefactually increase uORF translation'’.

1199  Analysis of sequence conservation

1200  Sequences were selected for inclusion in the alignment based on a requirement for > 50% amino acid
1201  identity (across all ORFs excluding overlapping regions), > 70% nucleotide identity and > 95%
1202 coverage compared with the prototype NA (NC_001961) or EU (NC_043487) PRRSV reference
1203  genomes, resulting in 661 and 120 sequences, respectively. For analyses of NA PRRSV genomes
1204  “representative of NA PRRSV diversity”, the NA PRRSV sequences were clustered using CD-HIT'®
1205 (version 4.8.1) based on the whole genome and with a nucleotide similarity threshold of 95% (all other

1206  parameters set to default), and one representative sequence from each cluster was selected to make a
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1207  sequence alignment of 137 sequences. Logo plots and mini-alignment plots were generated using
1208  CIAlign® and, for the uORF analyses, genome sequences which began partway through the ORF were
1209  excluded, as was KT257963 which has a likely sequencing artefact in the 5" UTR. Synonymous site
1210  conservation was analysed, for the representative NA PRRSV sequences or for all EU sequences, using

1211  SYNPLOT27! and p values plotted after application of a 25-codon running mean filter.

1212 Transcript abundance, total translation, and translation efficiency analyses

1213 For the main analysis, RiboSeq RPKM values were calculated using the read counts and ORF
1214 “Location”s from the PRICE output (Supplementary Table 8), using the same library size normalisation
1215  factors as the core pipeline (where positive-sense virus- and host-mRNA-mapping reads from the
1216 ~ bowtie output are the denominator). Each ORF was paired with the transcript(s) most likely to facilitate
1217  its expression (see schematic in Figure 7 and junction coordinates in Supplementary Tables 1 and 5-7).
1218  For some ORFs (NA PRRSV nsp10-iORF2, nsp11-iORF3, GP3-iORF and GP4-iORF), this included
1219  transcripts which are expected to produce slightly N-terminally truncated ORFs compared to the PRICE
1220  designation. ORFs overlapping ORF1ab for which there were no novel transcripts expected to facilitate
1221  expression were paired with gRNA. All ORF1b sgRNAs, defined as sgRNAs with body TRSs within
1222 ORF1b and > 50 or > 10 junction-spanning reads at 12 hpi (NA PRRSV) or 8 hpi (EU PRRSV), were
1223 included in the transcript abundance analysis regardless of whether they are expected to result in

1224 expression of a novel ORF.

1225  To estimate transcript abundance, reads aligned to the viral genome by STAR (see junction-spanning
1226  read analysis pipeline) were normalised by library size using the same library size normalisation factors
1227  as the core pipeline. In cases where multiple body TRSs are expected to give rise to two different forms
1228  of a transcript that express the same ORF(s), these were treated as a single transcript for the purposes
1229  of this analysis, and read counts for all junctions were combined. Abundance of the gRNA transcript
1230  was defined as the number of reads which span 12 nt either side of the midpoint of the leader TRS
1231  (genomic coordinate 188 for NA PRRSV and 291 for EU PRRSV). This is analogous to the 12-nt
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1232 overhang required either side of a junction to qualify for mapping by STAR; however, these reads are
1233 not junction-spanning, and map specifically to gRNA (and a small proportion of non-canonical
1234 transcripts such as heteroclite sgRNAs). Leader abundance was defined as the total number of reads for
1235  all other transcripts in the analysis combined, as the leader is present on all sgRNA species and the
1236 gRNA. TE was calculated by dividing RiboSeq RPKM values by RNASeq junction-spanning read RPM

1237  values, excluding conditions where the denominator was zero.

1238  For plots with logarithmic axes, data points with a value of zero were excluded from the plot, but not
1239  from mean calculations. WT and KO2 were treated as equivalent unless specified. For libraries with
1240  shorter read lengths (EU libraries and NA 9 hpi replicate 1 libraries) junction-spanning read counts are
1241  lower (and also subject to greater inaccuracies as a result of less dilution of possible read start- and end-
1242 point specific ligation biases) due to the requirement for a 12-nt overhang either side of the junction
1243 effectively representing a much larger proportion of the total read length. As such, these libraries are
1244 not directly comparable to the remaining NA PRRSV libraries and they were plotted separately and not

1245 included in NA PRRSV mean calculations.

1246  For the estimation of translation of different regions of ORF1b, sections were designated as the regions
1247  between the downstream-most body TRS of one ORF1b sgRNA and the upstream-most body TRS of
1248  the next (all region coordinates given in Supplementary Table 1). Bowtie-aligned RiboSeq reads (from
1249  the core pipeline) which mapped in-phase with ORF1b in the designated regions were counted, using
1250  only read lengths with minimal RNP contamination (NA PRRSV) or good phasing (EU PRRSV). Total
1251  read counts were normalised by library size and region length to give RPKM. The same process was
1252 applied to the region of ORFla between the major heteroclite junction and the nsp2 PRF site for

1253  comparison, counting reads mapping in-phase with ORF1a.

1254  For investigation of gene expression in different regions of ORFla, transcript abundance for the
1255  heteroclite sgRNAs was calculated by subtracting the gRNA RNASeq RPKM (measured in the region
1256  between the major [S-2] heteroclite SgRNA junction and the first ORF1b sgRNA body TRS) from the

1257  RPKM in the region between the leader TRS and the major heteroclite sgRNA junction (“heteroclite”).
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1258  This provides an averaged result for all heteroclite sgRNAs, although it does not take into account the
1259  reduced transcript length for the minor heteroclite sgRNAs compared to S-2. RiboSeq read density for
1260  the different regions of ORF1a (Supplementary Table 1) was calculated as described above for sections
1261  of ORF1b. For TE of the heteroclite region, the denominator was both gRNA and (decumulated)

1262 heteroclite sgRNAs combined.

1263  Nsp2 site PRF efficiency calculations based on phasing

1264  The proportion of reads in each phase in the upstream and transframe regions (coordinates in
1265  Supplementary Table 1) was calculated, where in both regions phase is taken relative to the ORFla
1266  reading frame. It was assumed that all ribosomes in the upstream region were translating in the O frame,
1267  and the phase distribution in this region was used to estimate what proportion of O-frame ribosomes
1268  generate reads attributed to the O phase (upstreamg) and the -2 phase (upstream-;). This was
1269  extrapolated to determine what proportion of reads are expected to be in the —2 phase in the transframe
1270  region (transframe_») in the absence of frameshifting (which is expected to be the same as in the
1271  upstream region). A proportion (FS_proportion) of ribosomes undergoing —2 PRF is expected to mean
1272 that, between the upstream and downstream region, FS_proportion of phase 0 reads change from the 0
1273 to the —2 phase and FS_proportion of —2 phase reads move to the —1 phase (leaving 1 — FS_proportion

1274 in the —2 phase). These concepts were combined to make the equation:
1275 transframe_, = (FS_proportion x upstreamo) + (1 — FS_proportion) x upstream-,

1276  This was rearranged to calculate percentage frameshift efficiency (which is FS_proportion expressed

1277  as a percentage):
1278 FS_efficiency = 100 x (transframe_, — upstream-,)/(upstreamo — upstream-»)

1279  This phasing-based method of calculating frameshift efficiency should theoretically be unaffected by
1280  RNP contamination, provided the RNP footprints are equally distributed between the three phases. Let

1281 R be the proportion of total reads that are RNPs, and let Py and P_; be the proportion of total RNPs that
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1282  are attributed to the 0 and —2 phases, respectively. The phasing of reads originating from RNPs is not
1283  expected to change due to frameshifting. Therefore, the equation for calculating the fraction of reads

1284  that change from the 0 to —2 phase becomes:

1285 FS_proportion x (upstreamo — RPp)

1286  and the equation for calculating the fraction of reads that remain in the —2 phase becomes:
1287 RP_, + [(1 — FS_proportion) x (upstream— — RP_,)]

1288  Combining these makes the equation:

1289 transframe_, = FS_proportion x [upstreamg — RPg] + RP_ + [(1 — FS_proportion) x (upstream-, —

1290 RP-,)]
1291  This rearranges to:
1292 FS_proportion = (upstream_; — transframe_»)/(RPo — upstreamo — RP_> + upstream_»)

1293 If Po = P, (for example if RNPs are equally distributed between all three phases) then this causes both
1294 terms involving R to cancel out of the equation, meaning RNPs would not affect the result. The same

1295  would hold for any other form of uniform non-phased contamination.

1296  For NA PRRSV libraries, read lengths identified as having minimal RNP contamination (indicated in
1297  Supplementary Figure 4) were used and, for EU PRRSV, read lengths with good phasing

1298  (Supplementary Figure 6D) were used.

1299  Nsp2 site PRF efficiency calculations based on KO2-normalised read density

1300  The density normalisation-based method calculates frameshift efficiency as 100 x [1-
1301  (downstream/upstream)], where downstream and upstream represent the RPKM values for the
1302  respective regions after normalisation of WT density by the density in its KO2 counterpart. WT and
1303  KO2 libraries were paired first according to processing batches, and within each batch (if there were

1304  multiple replicates) the WT library with the higher ratio of virus:host RiboSeq reads was paired with
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1305  the KO2 library with the higher ratio. This resulted in libraries with the same replicate number being
1306  paired, except 9 hpi WT-3 was paired with KO2-4, and WT-4 with KO2-3. For RiboSeq libraries, read
1307  lengths identified as having minimal RNP contamination (indicated in Supplementary Figure 4) were
1308  used, whereas for RNASeq negative control libraries all read lengths were used. This method could not

1309  be applied to EU PRRSV libraries as no KO2 libraries were made.

1310  ORF1ab site PRF efficiency calculations

1311  Frameshift efficiency was calculated as 100 x (downstream/upstream), where downstream and
1312 upstream represent the RPKM values for the respective regions. Mutation of this frameshift site
1313 prevents viral replication so normalisation by a frameshift-defective mutant was not possible. KO2 and
1314 WT libraries were treated as equivalent for the calculations and statistical tests. For NA PRRSV
1315  RiboSeq libraries, read lengths identified as having minimal RNP contamination (indicated in
1316 ~ Supplementary Figure 4) were used, and for EU PRRSV RiboSeq libraries read lengths with good
1317  phasing (Supplementary Figure 6D) were used. For all RNASeq negative control libraries, all read
1318  lengths were used. A two-tailed Mann-Whitney U test was employed to assess statistical significance

1319  of differences between groups of observed values.

1320  Bootstrap resampling for phasing-based nsp2 —2 PRF frameshift efficiency calculations

1321 100,000 randomised resamplings of codons in each respective region were performed. Each WT library
1322 was paired with its corresponding KO2 library (as described above), with matched codons selected for
1323 the two libraries in each resampling, and reads with 5’ ends mapping to these codons were used as input
1324 for the PRF efficiency calculations. Calculation of nsp2 —2 PRF efficiency for each resampling was
1325  performed using the phasing-based method as described above, with the results of individual libraries
1326  recorded, and then the mean of all libraries in each group calculated. Regions and bounding coordinates
1327  used were as described above, with an additional 147-codon downstream region (the same length as the
1328  region of nsp2TF used) added as a negative control (coordinates in Supplementary Table 1). For all
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1329  resamplings, n codons were sampled with replacement, where # is the total number of codons in the
1330  region undergoing resampling. Bootstrap resamplings were used to empirically determine p values.
1331  Confidence intervals for each bootstrap distribution were calculated using the bias-corrected accelerated
1332 (BCa) method, implemented through the R package coxed (version 0.3.3). This was performed for 95%,
1333 99.5% and 999.5% confidence intervals, and pairs of groups were considered as significantly different
1334 with p < 0.05, 0.005 or 0.005, respectively, if the mean of the "group one" bootstrap distribution was

1335  not within the confidence intervals of "group two" and vice versa.

1336 Host differential gene expression

1337  After basic processing and removal of rRNA- and vRNA-mapping reads using bowtie as described in
1338  the core analysis pipeline, remaining reads were aligned to the host genome (fasta and gtf from genome
1339  assembly ChlSabl.1) using STAR® (version 2.7.3a) with the following parameters: --runMode

1340  alignReads --outSAMtype BAM SortedByCoordinate --outFilterMismatchNmax n_mismatches

1341  --outFilterIntronMotifs RemoveNoncanonicalUnannotated --outMultimapperOrder Random (where
1342 n_mismatches was one for RiboSeq libraries and two for RNASeq libraries). Reads were tabulated
1343 using htseg-count'’ (version 0.13.5), with parameters -a 0 -m union -s yes -t gene (covering the whole
1344 gene) for the differential transcription and -a 0 -m intersection-strict -s yes -t CDS (covering only the
1345  CDS) for the differential TE. Genes with fewer than ten reads between all libraries in the analysis
1346  combined were excluded, and quality control was performed according to the recommendations in the
1347  DESeq2®! user guide, with all replicates deemed to be of sufficient quality. Read counts were
1348  normalised for differences in library size using DESeq2 (version 1.30.1), providing the input for
1349  differential transcription using DESeq?2 (default parameters) or differential TE using xtail®* (version
1350  1.1.5; parameters: normalize = FALSE). Shrinkage was applied to the DESeq?2 output using IfcShrink
1351  (parameters: type = “normal”). Where necessary (i.e. for the KO2 vs WT comparison), fdrtool was used
1352 to correct conservative p values for differential transcription (version 1.2.16; parameters: statistic =
1353 "normal"), in addition to the Benjamini-Hochberg correction for multiple testing. This correction could
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1354  not be applied to the xtail results as the test statistic is not included in the xtail output. Genes were
1355  considered significantly differentially expressed if they had FDR-corrected p value < 0.05 and log»(fold
1356  change) of magnitude > 1 (for comparisons to mock) or > 0.7 (for KO2 vs WT comparison). GO terms
1357  associated with lists of significantly differentially expressed genes were retrieved and tested, using
1358 DAVID' (version 6.8, functional annotation chart report, default parameters), for enrichment against
1359  a background of GO terms associated with all genes that passed the threshold for inclusion in that

1360  differential expression analysis.
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