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Abstract 34 

 35 

 The 2009 influenza A virus (IAV) pandemic (pdm2009) was caused by a swine H1N1 36 

virus with several atypical genetic features. Here, we investigate the origin and significance 37 

of an upstream AUG (uAUG) codon in the 5’-untranslated region of the NP gene. Phylogeny 38 

indicated that the uAUG codon arose in the classical swine IAV lineage in the mid 20th 39 

Century, and has become fixed in the current triple reassortant, variant pdm2009 swine IAV 40 

and human pdm2009 lineages. Functionally, it supports leaky ribosomal initiation in vitro 41 

and in vivo to produce two isoforms of NP: canonical, and a longer “eNP”. The uAUG codon 42 

had little effect on viral gene expression or replication in vitro. However, in both murine and 43 

porcine models of IAV infection, removing the uAUG codon gene attenuated pdm2009 virus 44 

pathogenicity. Thus, the NP uAUG codon is a virulence factor for swine IAVs with proven 45 

zoonotic ability.  46 
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Introduction 47 

The 2009 influenza A virus (IAV) pandemic was caused by a swine-origin H1N1 48 

(pdm2009) virus that, although highly transmissible, was markedly less pathogenic and 49 

caused substantially lower mortality than 20th Century pandemic strains. Notwithstanding 50 

marked regional variation in the incidence of severe disease, estimates place the overall 51 

human mortality burden from the pandemic phase of pdm2009 at a similar level to disease 52 

caused by the preceding seasonal strains  (1,2). Initial sequencing of the pdm2009 virus 53 

highlighted several features that could potentially explain this unexpectedly mild 54 

pathogenicity phenotype (3). These included a PB2 subunit of the viral RNA polymerase 55 

with avian-signature motifs at positions 627 and 701, a disrupted PB1-F2 gene, 56 

polymorphisms in the NS1 protein that abrogated host cell translational shut-off activity and 57 

removed a PDZ-binding domain, as well as a truncated PA-X gene (3-6). A further unusual 58 

feature of the pdm2009 genome is the presence of an upstream AUG (uAUG) codon in the 5’ 59 

untranslated region (UTR) of segment 5 (7). Segment 5 encodes the viral nucleoprotein (NP); 60 

a single strand RNA-binding protein that (along with the viral polymerase) encapsidates the 61 

single-stranded IAV genomic RNA segments into ribonucleoprotein (RNP) particles and 62 

thereby plays an essential role in supporting viral RNA synthesis (8,9). NP also contains 63 

nuclear localisation (NLS) and nuclear export signals and, in concert with the viral matrix 64 

(M1) and nuclear export protein (NEP) as well as many cellular proteins, helps direct the 65 

nuclear import of the viral genome at the start of infection and its export after genome 66 

replication (9). This functional importance is reflected in a high level of sequence 67 

conservation across IAV strains (10) and unlike the viral HA, NA and NS1 proteins, length 68 

polymorphisms of NP are very rare. However, the NP uAUG codon is in frame with the main 69 

NP open reading frame (ORF) and, if used for translation initiation, would add an extra 6 70 

amino-acids to the N-terminus of the protein. The N-terminal 20 amino acids of NP form a 71 
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flexible region not visible in crystal structures of the polypeptide (11,12) and contain the 72 

primary NLS of the polypeptide responsible for nuclear import of monomeric NP and RNPs 73 

(13-15). It was therefore reasonable to hypothesise that an alteration to this region to produce 74 

an extended NP (eNP) variant would have functional consequences for the protein that could 75 

downregulate viral pathogenicity, thus providing an explanation for the unexpectedly low 76 

levels of morbidity seen during the 2009 pandemic. Here, we describe a test of this 77 

hypothesis that shows that while eNP is produced in infection and the uAUG codon does 78 

affect in vivo viral pathogenicity in mice and pigs, it unexpectedly acts to increase virulence.  79 

 80 

Results 81 

 82 

The NP uAUG codon is of swine IAV origin   83 

 Segment 5 of the pdm2009 virus was acquired from the H1N1 classical swine virus 84 

lineage which in turn is a descendant of the 1918 pandemic strain, which lacked the uAUG 85 

(16,17). Examination of all available IAV segment 5 sequences on the Genbank database that  86 

 87 

Table 1. Prevalence of the uAUG in IAV segment 5 sequences 88 

 89 

Host Number of sequences Conventional Start  uAUG start (%) 

Avian 11210 11176  34 (0.3) 

Swine 2396 261 2135 (89.1) 

Human 19772 12852 6920 (35.0) 

Other 244 229 15 (6.1) 

Total 33622 24518 9104 (27.1) 

 90 

reported the 5’-UTR indicated that possession of the uAUG is a minority trait, with 9104 of 91 

33622 sequenced viruses (27%) containing it. However, within this overall population, there 92 

were clear differences between viruses from different host species (Fig 1A, Table 1), with the 93 

uAUG being extremely rare in avian isolates (~ 0.3%) but very frequent (approaching 90%) 94 
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in swine viruses. Around one third of human isolates contain the segment 5 uAUG, with the 95 

vast majority of these being pdm2009 isolates.  96 

 97 

 98 

Figure 1. Phylogenetic analysis of segment 5 uAUG occurrence. (A) The fraction of segment 5 sequences that 99 

report the 5’-UTR, split into broad host categories, that contain the uAUG codon (red) or only the 100 

conventional NP start codon (blue). (B) Maximum likelihood phylogenetic tree of stratified subsampled 101 

sequences. Tips and left hand bar are coloured according to host while the right hand bar reports the 102 

presence (red) or absence (blue) of the uAUG start codon. Major lineages are indicated. The section of 103 

the tree indicated with an asterisk is reported in greater detail in Figure S4. 104 

 105 
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To examine the evolution of the uAUG in IAV, a phylogenetic tree for segment 5 was 106 

constructed from a stratified subsampled dataset of over 6000 sequences (Tables S1, S2) and 107 

coloured according to host species and the presence or absence of the uAUG (Fig 1B). This 108 

indicated that the uAUG is primarily a feature of the classical swine virus segment 5 and, by 109 

descent (18), the triple reassortant, pdm2009 and variant pandemic lineages (Table S1, Table 110 

S2, Fig S1). Within this clade, the uAUG codon evolved in the early 1960s in the US swine 111 

population, becoming predominant by the 1970s (Fig S2). The uAUG polymorphism also 112 

shows almost complete fixation in the subsequent triple reassortant, pdm2009 and variant 113 

swine virus lineages (93% of the sequences analysed; Fig S3, Table S1).   In addition, the 114 

uAUG appears to have arisen independently on several other occasions: two or three times 115 

each in the avian and human seasonal H3N2 lineages, detectably persisting for no more than 116 

two or three years at most (Table S3), as well as twice within swine IAVs.  One of the swine 117 

episodes reflects a relatively short-lived occurrence, in which an H5N1 virus transferred from 118 

ducks to pigs (19), gaining the uAUG codon around the time of the epizootic transition (Fig 119 

S4). The other occasion represents a localized gain of the uAUG within the Eurasian swine 120 

IAV lineage in Hong Kong in the early/mid 2000s (Fig S5). Thus overall, segment 5 has 121 

gained the uAUG codon on at least seven occasions; three of these were associated with 122 

swine IAV and the first of these, acquired in the background of a segment from the 1918 123 

pandemic virus, has persisted for over half a century and resulted in world-wide colonization 124 

of swine, and via the 2009 pandemic, man.   125 

 126 

Initiation of translation occurs from the segment 5 uAUG in cell-free and cell-based 127 

systems 128 

The phylogenetic data suggested the hypothesis that the uAUG provided a host-129 

specific selective advantage in H1N1 viruses. As a first test of its biological significance, we 130 
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asked if it was used for translation. The uAUG arises from a C28A polymorphism and is in 131 

frame with the canonical start codon of the NP ORF (AUG1) such that, if used, it would  132 

 133 

Figure 2. Sequence and translation initiation potential of IAV segment 5. (A) Nucleotide sequence of 134 

the 5’-end (mRNA sense, starting from position 1 of cRNA; i.e. ignoring any cap-snatched leader sequence) of 135 

segment 5 from PR8 and Eng195 strains. Differences are highlighted in bold, while AUG codons are colour-136 

coded according to their Kozak initiation potential. Numbered positions were targeted for mutagenesis. (B) 137 

Amino-acid sequence of the N-terminal region of NP, highlighted as above. (C) Aliquots of rabbit reticulocyte 138 

lysate coupled in vitro transcription/translation reactions supplemented with 35S-methionine were programmed 139 

with pDUAL plasmids containing cDNA copies of the indicated WT and mutant segment 5s (or empty vector; 140 

VOC) before separation by SDS-PAGE. Radiolabelled translation products were detected by autoradiography. 141 

(D) Lysates from 293T cells transfected with plasmids containing the 5’-201 nucleotides of segment 5 cDNA, 142 

either WT or mutated as labelled, fused in frame with GFP (or with a plasmid only encoding GFP) were 143 

separated by SDS-PAGE and western blotted for NP. The migration position of polypeptides starting at the first 144 

three AUG codons is indicated. 145 
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produce an extended NP polypeptide with a 6 amino-acid extension (Figs 2A, B). However, 146 

the uAUG codon is in a poor ‘Kozak’ context for translation initiation (20) so it was unclear 147 

if, or to what extent, it might be seen by scanning ribosomes and used for translation 148 

initiation. A similarly poor context AUG codon near the 5’-end of segment 2 of IAV is not 149 

seen by scanning ribosomes to any appreciable extent (21). To address whether the segment 5 150 

uAUG is used for translation, we created a series of constructs based on segment 5 cDNA, 151 

from either the UK prototype pdm2009 virus A/England/195/2009 (Eng195) (22) or the 152 

laboratory-adapted A/Puerto Rico/8/34 (PR8) H1N1 strain, with mutations designed to alter 153 

potential translation start sites in the first 100 nucleotides. These included removing the 154 

uAUG from Eng195 or adding it to PR8 by A28C/C28A switches, altering AUGs 1 and 2 to 155 

CUG codons, improving the Kozak consensus sequence of uAUG (by U25G) and 156 

reciprocally swapping the context of AUG1 (by mutating nucleotides 40, 43 and 44) between 157 

Eng195 and PR8 identities (Fig 2A).  158 

These plasmids were then used to programme radiolabelled coupled in vitro 159 

transcription-translation reactions in rabbit reticulocyte lysate and polypeptide synthesis was 160 

monitored by SDS-PAGE (run for longer than normal to separate polypeptides predicted to 161 

differ in molecular weight by < 1 kDa) and autoradiography. The wild type (WT) PR8 162 

plasmid directed synthesis of a single major polypeptide species whereas WT Eng195 gave a 163 

doublet in which the slower migrating species was less abundant (Fig 2C, compare lane 1 164 

with 9, and lane 11 with 18), consistent with translation initiation at either of two closely 165 

spaced AUG codons in the Eng195 segment 5 mRNA. Further supporting this conclusion, 166 

improving the Kozak consensus of the Eng195 uAUG altered the proportions of the doublet 167 

so that the upper band was predominant, while mutating the uAUG removed it (Fig 2C, lanes 168 

2 and 3). Confirming the likely identity of the polypeptides, mutation of AUG1 to CUG 169 

further changed the ratio of the doublet species, with only a trace of the smaller polypeptide 170 
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now visible, but with the addition of a more prominent faster migrating band (lane 4) that co-171 

migrated with trace species visible in WT and other AUG1-containing translation reactions. 172 

Mutation of AUG2 removed this fast-migrating product (lane 5), suggesting that leaky 173 

ribosomal scanning past an inefficiently recognised uAUG in the absence of AUG1 led to 174 

increased usage of AUG2 for translation initiation. The small amount of a polypeptide with 175 

the expected size for canonical NP seen when AUG1 was replaced with CUG most likely 176 

arose from non-AUG initiation at a CUG codon in a strong Kozak consensus (23,24), as the 177 

alternative mutation of AUG -> AGG blocked its formation (data not shown). Pairwise 178 

knockouts of the first three AUG codons in Eng/195 segment 5 also indicated leaky 179 

ribosomal scanning leading to context-dependent recognition of all three start sites (lanes 6 180 

and 7). Creation of the equivalent mutations in the PR8 NP gene showed that similar rules 181 

applied; addition of uAUG led to production of a closely spaced NP doublet (Fig 2C, 182 

compare lanes 11 and 12), while mutating combinations of uAUG, AUG1 and AUG2 showed 183 

that the hierarchy of translation initiation potential in vitro was AUG1 > uAUG >> AUG2 184 

(lanes 13-16). However, swapping the entire 5’-UTRs of Eng/195 and PR8 had little effect 185 

beyond that of the addition or omission of the uAUG (compare lanes 8 and 9, 17 and 18), 186 

suggesting that the nucleotide polymorphisms at positions 40, 43 and 44 were of little 187 

significance for initiation at AUG1. 188 

The coupled in vitro transcription-translation system we used did not generate 189 

mRNAs with 5’-cap structures and nor was it optimised for KCl concentration, leading to the 190 

possibility of less accurate translation initiation than would occur in intact cells (25). We 191 

therefore tested NP expression after transfection of 293T cells with a corresponding set of 192 

plasmid constructs containing the first 201 nucleotides of segment 5 cDNA fused in frame to 193 

the green fluorescent protein (GFP) ORF (Fig 2D). This cloning strategy kept the 5’-end of 194 

the viral sequences intact but decreased the overall size of the expected polypeptides from ~ 195 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 19, 2019. ; https://doi.org/10.1101/738427doi: bioRxiv preprint 

https://doi.org/10.1101/738427


 10

56 kDa to ~ 34 kDa, thus aiding separation of the various isoforms, as well as permitting their 196 

detection by western blotting for GFP. In this system, all plasmids with an IAV UTR 197 

produced a low abundance product with the same mobility as GFP (compare lanes 10 and 198 

11). However, in addition to this, a construct with the WT PR8 UTR produced a single major 199 

species while the WT Eng195 plasmid produced a clearly separated doublet (Fig 2D, 200 

compare lanes 1 and 8, and lanes 11 and 18). As before, the relative abundance of the Eng195 201 

upper doublet species was increased by a mutation that improved the Kozak consensus of the 202 

uAUG while its synthesis was blocked by removal of the uAUG (lanes 2 and 3). Again, 203 

similarly to the outcome of the in vitro translation experiments, mutation of AUG1 to CUG 204 

produced a triplet species whose upper and lower constituents could be explained by 205 

initiation at the uAUG and AUG2 in the absence of AUG1, as well as lower levels of CUG 206 

codon-directed translation initiation at the mutated AUG1 codon (compare lane 4 with lanes 207 

5-7). Analysis of the counterpart mutations in a PR8 background produced corresponding 208 

results; introduction of the uAUG gave a doublet NP species (lane 12) while AUG2 was only 209 

used for translation initiation after mutation of AUG1 to CUG had downregulated but not 210 

abolished initiation at the canonical NP start site (lanes 13-16). Thus, the NP uAUG codon 211 

was seen by scanning ribosomes in a cellular context as well as in vitro to produce eNP, 212 

although AUG1 remained the preferred start site. In contrast to the cell-free setting, 213 

translation initiation at AUG2 could only be detected in the absence of AUG1. 214 

 215 

eNP is functionally equivalent to canonical NP in supporting viral gene expression and 216 

replication in cells  217 

Next, we examined the effect of a subset of these mutations on the ability of NP to 218 

support viral gene expression, using an assay in which RNPs were reconstituted by 219 

transfection of cells with plasmids encoding the three subunits of the viral RNA 220 
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 221 

Figure 3. Ability of NP mutants to support viral gene expression in RNP reconstitution assays. 293T cells were 222 

transfected with reverse genetics plasmids encoding the 3 polymerase proteins (from PR8 or Eng195 as 223 

indicated), WT or mutant forms of NP and a vRNA-like reporter segment encoding luciferase, thus 224 

reconstituting RNPs. (A) Cell lysates were analysed by SDS-PAGE and western blotting for the 225 

indicated polypeptides. (B) Luciferase activity in the lysates was measured and normalised to the 226 

amount seen with the corresponding WT gene. Data are the mean ± SEM of four independent 227 

experiments. Differences between samples with a complete RNP were non-significant (repeated 228 

measures ANOVA with Dunnett’s multiple comparison test comparing against the matched WT) (C, D) 229 

Luciferase activity was measured from RNP reconstitution assays in which the NP plasmid was titrated 230 

and all other plasmids kept constant and normalised to the maximum activity within an individual 231 

titration set. Data are the mean ± SEM of 3-6 independent experiments, curve fitted to a variable slope 232 

log10 [agonist]-response model using Graphpad Prism. The 95% confidence limits of the estimated EC50 233 

values within groups overlapped, indicating non-significance (data not shown). 234 

 235 

polymerase (3P) and WT or mutant copies of the NP gene (26,27), along with a vRNA-like 236 

reporter segment with an antisense luciferase gene. First, NP expression was examined by 237 
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western blotting, where again, the presence of an uAUG codon in both PR8 and Eng195 238 

backgrounds led to production of an NP doublet whose relative abundance varied according 239 

to the strength of the uAUG Kozak consensus (Fig 3A). Reconstitution of both WT PR8 and 240 

Eng195 RNPs led to around 300-fold increases in luciferase expression compared to a control 241 

reaction lacking NP (Fig 3B). However, at a fixed dose of NP plasmid, all of the mutants had 242 

comparable activity to their WT counterpart, with no more than 2-fold differences evident. 243 

To provide a more sensitive examination of NP activity, we titrated the amounts of NP 244 

plasmid and fitted the luciferase expression values to a variable slope dose-response enzyme 245 

kinetic model. The resulting curves for both the PR8 and Eng195 sets of plasmids were very 246 

similar (Fig 3C, D) and the estimated concentrations of plasmid required for half-maximal 247 

activity were not significantly different. Thus, the precise identity of the N-terminus of NP 248 

had little influence on viral gene expression, even at limiting amounts of the protein. 249 

We then examined what effect the presence of the uAUG codon had on virus 250 

replication in vitro. End-point titres following low multiplicity infection of MDCK cells with 251 

WT PR8 or variants with the uAUG codon added to PR8 segment 5 were essentially the same 252 

(Fig 4A, left hand bars). When the counterpart experiment was performed for viruses with 253 

segment 5 from either Eng195 or another early isolate from the 2009 pandemic, 254 

A/Halifax/210/2009 [SW210; (28)] (both as 7:1 reassortants on the PR8 background to 255 

confer efficient infection of MDCK cells), removal of the uAUG codon with an A28C 256 

mutation gave slight increases (4-5 fold) in average titres while replacing the normal Eng195 257 

UTR with the PR8 sequence gave an 8-fold increase (Fig 4A, middle and right hand bars). 258 

However, none of these differences were statistically significant. Western blot analysis of 259 

lysates from cells infected at high multiplicity confirmed that the A28C polymorphism 260 

behaved as expected with respect to production or not of the two NP isoforms  261 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 19, 2019. ; https://doi.org/10.1101/738427doi: bioRxiv preprint 

https://doi.org/10.1101/738427


 13

 262 

Figure 4. Expression and functional significance of eNP for virus replication in vitro. (A) MDCK cells were 263 

infected at an MOI of 0.01 with the indicated viruses and titres measured at 48 h p.i.. Data are the mean 264 

± SEM of 4-5 independent experiments. Differences within groups were not statistically significant 265 

(PR8, Eng195; One way ANOVA with Tukey’s post test, Sw210; t-test). (B) Cell lysates from A549 266 

cells infected at an MOI of 5 and harvested at 24 h p.i. were analysed by SDS-PAGE and western 267 

blotting for the indicated polypeptides (uAUG/AUG1 = NP). (C, D) A549 or NPTr cells were infected 268 

an an MOI of 0.03 and samples titred at the indicated times p.i. Data are the mean ± SEM of three 269 

independent experiments. (E) Lysates from MDCK-SIAT cells infected with the indicated viruses at 270 

high MOI and harvested at 16 h p.i.  were analysed by SDS-PAGE and western blotting for the 271 

indicated polypeptides.  272 

 273 

in all virus backgrounds, without affecting synthesis of other viral structural proteins (Fig 274 

4B). Since our clone of the Eng195 virus does not infect or replicate well in the continuous 275 
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cell lines commonly used to study IAV replication, we tested the full SW210 virus under 276 

multicycle growth conditions in human A549 cells or swine new-born pig tracheal (NPTr) 277 

cells. WT and A28C mutant viruses replicated with almost identical kinetics in both cell 278 

types (Figs 4C, D). Thus the presence or absence of the segment 5 uAUG codon and 279 

expression of eNP had little effect on IAV replication in vitro. 280 

Given the high proportion (97.9%) of pdm2009 isolates encoding uAUG (Table S1), 281 

we analysed three clinical isolates with known, limited in vitro passage histories (29) by 282 

western blotting following high multiplicity infection of MDCK-SIAT cells. All three viruses 283 

produced both NP and eNP (Fig 4E), further supporting the potential in vivo relevance of 284 

eNP expression.  285 

The terminal regions of IAV genome segments are involved in vRNA packaging, via 286 

specific RNA signals (30). To test whether the mutations that added or subtracted the uAUG 287 

codon affected segment 5 packaging, RNA was extracted from independently grown stocks 288 

of WT or mutant viruses and the amount of segment 5 measured by qRT-PCR. The values 289 

obtained were then considered as a ratio to the plaque titre of the stocks, normalised to WT 290 

PR8, to produce a relative vRNA:PFU ratio. As a positive control for a virus with a 291 

packaging defect, we analysed a PR8 mutant with two clusters of synonymous mutations (9 292 

nucleotide changes in total) introduced into the 5’-ends of segments 4 and 6, where 293 

bioinformatics analyses had predicted the likely location of packaging signals (31). The 294 

genome copy:PFU ratio of this “4c6c” virus  was elevated by over 2 log10 compared to WT 295 

virus (Fig 5A). In contrast, introduction of the C28A mutation into PR8 had very little effect 296 
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on the quantity of segment 5 required to form an infectious unit. Replacement of PR8 297 

 298 

Figure 5. Virion composition of PR8 and PR8 7:1 reassortants containing the Eng195 segment 5 (Eng195). (A) 299 

The segment 5 vRNA content of virus stocks of known infectious titre was determined by qRT-PCR and the 300 

values used to derive genome:PFU ratios, normalised to that of WT PR8. Data are the mean ± range of two 301 

independent replicates. (B) Aliquots of sucrose gradient purified virus or the corresponding fraction from 302 

uninfected allantoic fluid was analysed by SDS-PAGE and (upper panel) Coomassie Blue staining or (lower 303 

panel) western blotting for NP. The migration positions of molecular mass standards (kDa) and major viral 304 

structural proteins are indicated. Note that the gel used for the lower panel was run further to separate the two 305 

NP isoforms. 306 

 307 

segment 5 with the corresponding WT Eng195 vRNA elevated the genome:PFU ratio by ~ 308 

10-fold, suggestive of a packaging incompatibility between the PR8 backbone and the 309 

pdm2009 segment. However, addition of the A28C mutation into the Eng195 segment to 310 

remove the uAUG codon did not worsen this phenotype. Overall therefore, the data did not 311 

indicate any large effect of the A28C polymorphism on segment packaging.  312 

To determine if eNP is incorporated into virus particles, virus stocks were grown in 313 

embryonated hens' eggs and virions purified from allantoic fluid by pelleting through a 314 
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sucrose cushion followed by banding on a sucrose velocity gradient. SDS-PAGE and 315 

Coomassie blue staining of the resulting material showed the presence of the expected major 316 

viral structural proteins (Fig 5B, top panel). Re-analysis of the same material by western 317 

blotting for NP under PAGE conditions sufficient to separate the two forms of NP clearly 318 

showed the presence of both canonical and eNP in an approximately 2:1 ratio in viruses 319 

where the uAUG codon was present (Fig 5B, bottom panel). Thus consistent with its 320 

apparently normal function in minireplicon assays, eNP was incorporated into virus particles. 321 

 322 

The C28A polymorphism influences pathogenesis in mice 323 

To examine the role of eNP in vivo, the mouse model of IAV infection was used. 324 

First, groups of BALB/c mice were infected with PR8 or the PR8:Eng195 segment 5 325 

reassortant in either WT form or with the C28A polymorphism, and weight loss followed 326 

over 5 days. Uninfected mice gained weight over time, while mice infected with WT PR8 lost 327 

around 5% of their starting body weight (Fig 6A). Unexpectedly, the PR8 C28A mutant 328 

induced significantly greater weight loss in the animals, resulting in an average loss of over 329 

15%. Consistent with this, the PR8 C28A-infected mice showed increased clinical signs 330 

compared to their WT-infected counterparts, including increased respiratory rate, lower 331 

motility, more extreme staring of the coat and more emphatic hunching (data not shown). 332 

Animals infected with the PR8:Eng195 segment 5 WT or A28C viruses did not show obvious 333 

clinical signs or lose any substantial amount of weight over the 5 days (Fig 6A). At day 5, all 334 

animals were sacrificed and the lungs collected for further analyses. When viral loads were 335 

measured, both WT and C28A PR8 viruses gave titres of around 106 PFU/ml of homogenate 336 

(Fig 6B). The reassortant virus with WT Eng195 segment 5 produced titres of around 105  337 
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 338 
 339 

Figure 6. Pathogenesis of eNP-expressing viruses in Balb/c mice. Groups of 5 six-week old mice were infected 340 

with 200 PFU or PR8 viruses or 500 PFU of 7:1 PR8 reassortant viruses containing the Eng195 segment 341 

5 (Eng195). (A) Body weight was measured daily for 5 days after infection. Data are plotted as the 342 

mean ± SEM. * p < 0.05 (One way ANOVA with Tukey’s multiple comparison post test; WT PR8 343 

versus PR8 C28A). (B) Animals were euthanised at day 5, the left lungs homogenised and virus titres 344 

determined. Dashed line indicates limit of detection. Differences between pairs of viruses were non-345 

significant, as assessed by t-tests. (C) Aliquots of pooled lung homogenate (lung) or purified virus 346 

(virus) were analysed by SDS-PAGE and western blotting for the indicated proteins. (D) RNA was 347 

extracted from the left lung tip and IFN ß and GAPDH mRNA levels determined by qRT-PCR. IFN ß 348 

transcript was not detected in RNA from uninfected animals, so positive values were corrected for 349 

GAPDH levels and then expressed relative to the lowest samples that gave a Ct value (one animal each 350 

from WT and A28C Eng195 infections). Differences between virus pairs were not statistically 351 

significant (non-parametric t-tests). 352 

PFU/ml, despite the lack of clinical signs of infection. However, the corresponding A28C 353 

mutant lacking the uAUG codon gave substantially lower (on average, almost 2 log10) titres, 354 

suggesting attenuated virus replication. Examination of lung homogenates by western 355 
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blotting for viral NP confirmed that the PR8 C28A virus expressed eNP in vivo (Fig 6C). 356 

Neither form of NP could be detected in material from animals infected with the PR8:Eng195 357 

reassortant viruses, most likely because of the lower levels of virus replication. To measure 358 

innate immune response stimulation, levels of IFN-ß mRNA in the lung homogenates were 359 

assessed by qRT-PCR. Transcripts were undetectable from mock infected mouse lung but 360 

were clearly induced by PR8 virus infection (Fig 6D). However, despite the more severe 361 

disease seen with the PR8 C28A virus, there was no significant difference between this and 362 

WT virus samples. IFN-ß mRNA levels were substantially lower in animals infected with the 363 

WT PR8:Eng195 virus and were undetectable in all but one animal infected with the A28C 364 

mutant (Fig 6D); these differences plausibly correlated with virus load (Fig 6B). A similar 365 

outcome was obtained when a broader array of cytokines and chemokines were analysed; few 366 

differences of note between the PR8 pair of viruses and generally higher induction from WT 367 

Eng195 than its A28C counterpart (Fig S6).  368 

To assess histopathological changes in the mice, formalin-fixed lung sections were 369 

stained with haematoxylin and eosin and examined by a veterinary pathologist. Changes 370 

identified in infected mice were consistent with acute to subacute IAV infection; these were 371 

characterised by degeneration and necrosis of epithelial cells lining airways, accompanied by 372 

peribronchial and perivascular inflammation, as well as interstitial inflammation and necrosis 373 

(Fig 7A and data not shown). The inflammatory infiltrate consisted of lymphocytes and 374 

macrophages with fewer plasma cells, and rare neutrophils and eosinophils. When the slides 375 

were scored blind for various pathological features, the C28A PR8 mutant gave generally 376 

higher scores than WT PR8 in most categories (Fig 7B). Combining these scores along with a 377 

consideration of the area of lung affected by pathological changes to give an overall score 378 

showed significantly higher (p < 0.05, t-test) damage from the PR8 C28A virus (Table S4).  379 
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 380 

Figure 7. Histopathology of eNP-expressing viruses in Balb/c mice. At day 5 p.i., the right lung lobes 381 

of inoculated mice were collected, fixed, processed, and (A) stained with hematoxylin and eosin. Mock-infected 382 

mice showed no significant pathology (Table S4). Scale bars indicate 200 µm (top panels) or 20 µm (lower 383 

panels). (B, C) The severity of the pathology in individual lungs was assessed in a blind manner, and an overall 384 

score out of 4 for the various categories of damage was assigned (infil; infiltrate, inf; inflammation, ly; 385 

lymphocyte). Red bars indicate the median. 386 

 387 

Conversely, the A28C Eng195 mutant gave lower average scores in all categories than its 388 

WT counterpart and an overall highly significant difference of p < 0.005 (Fig 7C and Table 389 

S4), confirming that mutation of the uAUG codon substantially attenuated virus 390 

pathogenicity.  391 
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392 
Figure 8. Pathogenesis of eNP-expressing viruses in CD-1 mice. Groups of 4-5 animals were infected 393 

with 104 PFU of PR8 viruses or 5x105 PFU of SW210 viruses. (A) Body weight was measured daily for 394 

up to 11 days. Animals that met the humane end-point were euthanized earlier. Data are the mean ± 395 

SEM. ** p < 0.01, **** p < 0.0001 (t-tests between pairs of viruses). (B) For the SW210 pair of viruses, 396 

an additional six animals were included, and three animals were euthanized on each of days 3 and 5 p.i. 397 

for virus titres in lung homogenates to be determined. p < 0.05 (t-test between pairs of viruses on 398 

separate days). 399 

 400 

BALB/c mice are biased towards Th2-type responses (32) and mouse strain-401 

dependent variations in response to pdm2009 infection have been observed (33). 402 

Accordingly, to further test the effect of modulating NP start codons on viral pathogenicity, 403 

we examined the course of infection in the outbred CD-1 mouse strain after infection with a 404 

further two pairs of recombinant viruses differing only in the presence or absence of the 405 

segment 5 uAUG codon: a complete clone of the SW210 pdm2009 virus, and the St Jude 406 

Children’s Hospital clone of PR8 (34). Infection with both WT and C28A mutant PR8 407 

viruses led to severe weight loss from day 3 post infection onwards, resulting in all animals 408 

reaching a humane endpoint by day 11. However, consistent with the previous experiment, 409 

animals infected with the eNP-expressing mutant version of PR8 lost weight faster and died 410 

sooner (Fig 8A). Infection with WT SW210 virus led to animals losing around 10% of their 411 

body weight by day 7 followed by recovery from day 10. In contrast, the A28C derivative did 412 

not cause any evident disease (Fig 8A). Examination of lung titres taken at days 3 and 5 p.i. 413 

confirmed that the animals were infected but that the WT SW210 virus had replicated to titres 414 
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over 1 log10 higher than the A28C mutant (Fig 8B), indicating that removal of the NP uAUG 415 

codon was attenuating in vivo in the background of an authentic pdm2009 virus. Thus, the 416 

attenuating effect of altering the uAUG codon was consistent across virus strains and breeds 417 

of mice.  418 

 419 

 420 

Figure 9. Pathogenesis of a pdm2009 virus with altered eNP expression in pigs. Inbred Babraham pigs were 421 

challenged with WT or A28C Eng194 and (A, B) swabs and samples taken as indicated and titred for 422 

virus. Dashed line indicates the limit of detection. (C) Following necropsy at day 4 p.i., lungs were 423 

removed and scored for gross pathology. (D, E) Cut tissue sections were blinded and (D), stained with 424 

H&E and scored for the indicated categories of pathology or (E), stained for NP and scored for the 425 

quantity of viral antigen-positive cells. (F) – Iowa overall score, taking D and E together. * = p < 0.05 426 

(Mann Whitney t-test). 427 

 428 

 429 

The C28A polymorphism influences pathogenesis in pigs 430 
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With evidence from the mouse model of IAV infection that the presence of the 431 

segment 5 uAUG increased virulence, we tested whether this phenotype was replicated in 432 

pigs, where uAUG appeared to be strongly selected for in an evolutionary context. For this, 433 

we utilised a previously characterised challenge system using Babraham inbred pigs (35-37) 434 

for the Eng195 virus. Groups of animals were infected intranasally with 2.2 x 105 PFU of WT 435 

or A28C Eng195 and monitored for virus shedding by daily nasal swabs for 4 days. All 436 

animals shed detectable levels of virus for the duration of the experiment and although the 437 

average titres were higher from animals infected with the A28C virus at days 3 and 4 p.i. (Fig 438 

9A), the data were variable and the differences were not statistically significant. At day 4 p.i., 439 

animals were euthanized and samples taken from the respiratory tract for virus titration. 440 

Titres were highest in tracheal swabs, intermediate in bronchiolar lavage fluid (BALF) and 441 

lowest in lung tissue homogenates, where not all samples were detectably positive (Fig 9B). 442 

As with the shedding data, there were no significant differences between the two viruses 443 

however. Examination of the animals’ lungs showed areas of interstitial pneumonia and 444 

atelectasis mostly in the apical lung lobes (Fig S7).  However, the overall macroscopic 445 

pathology scores between the two groups were also not significantly different (Fig 9C). To 446 

examine microscopic pathology, five tissue samples per right lung (two apical and one each 447 

from the medial, diaphragmatic and accessory lobes) were formalin fixed, processed into 448 

paraffin-wax and cut sections stained with H&E. Histopathological analysis showed 449 

multifocal interstitial pneumonia, attenuation/necrosis of bronchial and bronchiolar epithelial 450 

cells, presence of inflammatory cell infiltrates within the interalveolar septa and the alveolar 451 

lumen, and oedema (Fig 10A, B). These histopathological changes were scored across all 452 

sections by a board-certified veterinary pathologist according to five parameters: necrosis of 453 

the bronchiolar epithelium, airway inflammation, perivascular/bronchiolar cuffing, alveolar 454 

exudates, and septal inflammation. Here, a clear difference between the two viruses became 455 
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apparent, with the A28C virus on average provoking lesser amounts of damage to the lung by 456 

each criterion (Fig 9D). To assess virus spread within the lung, sections were stained by IHC 457 

for IAV NP. Viral NP was observed mainly within the bronchial and bronchiolar epithelial 458 

cells (Figure 10C), but also within inflammatory cells inflitrating into the bronchiolar 459 

 460 

Figure 10. Histopathological analyses of pig lungs 4 days post challenge with WT and A28C Eng195 viruses. 461 

Representative sections of lung stained with (A, B) H&E and imaged at low (scale bar = 500 µm) and high 462 

(scale bar = 100 µm) magnification respectively or (C) stained for IAV NP (in brown) and counterstained with 463 

haematoxylin. Scale bar = 100 µm. 464 

 465 

lumen and alveolar spaces. NP-IHC staining was scored for the numbers of antigen-positive 466 

cells in airway epithelia and alveolar septa/lumens, showing reduced numbers of cells 467 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 19, 2019. ; https://doi.org/10.1101/738427doi: bioRxiv preprint 

https://doi.org/10.1101/738427


 24

infected with the A28C mutant (Fig 9E). When histopathological and IHC scores were 468 

combined to provide an overall measure of pathology (the “Iowa” scale) (35), animals 469 

infected with the WT virus had consistent and significantly worse disease than those infected 470 

with the A28C mutant virus (Fig 9F). Thus, removing the uAUG codon from a pdm2009 471 

virus led to reduced virulence in a biologically relevant large animal model of IAV infection. 472 

 473 

Discussion  474 

The pdm2009 virus possesses several genetic features which might have explained its 475 

unexpectedly mild disease characteristics in humans, including an avian IAV-like signature at 476 

PB2 residue 627 and truncated PB1-F2, PA-X and NS1 genes. However, artificially altering 477 

these sequences to what could reasonably be predicted to be a more pathogenic form and 478 

testing them in animal models of infection has generally failed to support a causative role in 479 

disease attenuation (6,36-42).  Here, we investigated another genetic quirk of the pdm2009 480 

virus; the presence of an extra in-frame start codon in the 5’-UTR of the NP gene. We found 481 

that this uAUG originally emerged in classical swine viruses circulating in the early 1960s, 482 

before being inherited by various reassortant lineages of viruses including the pdm2009 483 

strain. We showed that the uAUG codon is used for translation initiation to produce two 484 

isoforms of NP in infected cells, in a roughly 3:1 ratio of “normal” and “extended” [eNP] 485 

polypeptides. This had little apparent functional consequence in vitro, either for viral gene 486 

expression (something that NP plays a crucial role in) or for overall virus replication. 487 

However, while the presence or absence of the uAUG did affect pathogenicity in mice and in 488 

pigs, it acted to increase rather than decrease virulence in both animal models of infection. 489 

Importantly, this included pigs, where the human pandemic strain originated. Thus, once 490 

again, investigation of an unusual genetic feature of the pdm2009 virus has not supported the 491 

simple hypothesis of an attenuating role in virulence. 492 
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 A previous study has examined the functional significance of the segment 5 uAUG; 493 

the authors did not directly determine whether it was actually used for translation initiation, 494 

but using RNP reconstitution assays, they concluded that its presence significantly influenced 495 

viral transcriptional activity, albeit only by around 2-fold (7). Here, we saw similar 496 

magnitude effects, but without achieving statistical significance (Fig 2). We consider such 497 

small fluctuations in minireplicon activity unlikely to have much biological consequence; 498 

viruses with the same mutations replicated similarly in a variety of in vitro settings and had 499 

no obvious deficits in gene expression (Fig 3). The question therefore remains, of how the 500 

presence of the uAUG might enhance virulence. Whilst it is difficult to rule out subtle effects 501 

arising directly from the UTR mutation (e.g. on segment 5 RNA synthesis or packaging), 502 

these were normal as far as we could measure (Figs 4, 5). Instead, we prefer the hypothesis 503 

that the in vivo phenotypic change results from the expression of a new isoform of NP. The 504 

question then arises of how the function of the novel polypeptide varies from that of NP. 505 

The N-terminal 20 amino acids of the canonical form of NP appear to be flexible, as 506 

they are not visible in crystal structures of the whole protein (11,12,43). The primary function 507 

attributed to this region of NP is that of a non-classical nuclear localization signal (ncNLS) 508 

that binds cellular importin α (14,44-46). It is therefore possible that the addition of the 6 509 

amino acids unique to the eNP sequence could affect interactions with importin α; the much 510 

larger (50 amino acid) extension on the related influenza B virus NP has been shown to affect 511 

nuclear localization of the protein (47). However,  the structure of the IAV NP ncNLS bound 512 

to importin α suggests that this would not necessarily be the case here, as it binds to the 513 

relatively shallow minor NLS-binding site, leaving the N-terminus of the NP sequence free, 514 

where a short extension could easily be accommodated (46).  In addition, we did not see any 515 

appreciable differences in NP intracellular trafficking arising from the presence or absence of 516 

eNP during a time course of infection in A549 cells (data not shown).  The N-terminal 517 
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disordered region of NP is also a target for regulatory post-translational modification, such as 518 

phosphorylation (48-50) and sumoylation (51); again something that could potentially be 519 

affected by the addition of the 6 amino acids unique to eNP.  However, the post translational 520 

modifications only occur on a small fraction of the NP molecules in the cell and would 521 

presumably still occur normally on canonical NP, which remains the most abundant isoform 522 

in cells infected with a virus containing the uAUG codon. Thus, any changes to post 523 

translational modification of eNP seem unlikely to be the primary cause of the phenotypic 524 

effects seen here. 525 

Our working hypothesis is therefore that acquisition of the segment 5 uAUG codon 526 

represents a gain-of-function mutation for porcine IAV, reflecting a novel function for eNP 527 

versus NP. Since NP has not been convincingly associated with any intrinsic enzymatic 528 

activity, this would most simply be explained by the additional sequence mediating a new (or 529 

stronger) interaction with a cellular binding partner that affects the outcome of in vivo 530 

infection, but without affecting virus replication in vitro, at least in the cell lines tested. At 531 

present, we do not have candidates for such a cellular factor and further experimentation is 532 

required to identify these. Another question that remains to be answered is whether eNP 533 

modulates pathogenesis through incorporation into viral RNPs, or as an isolated protein.  534 

We found through evolutionary analyses that the segment 5 uAUG is primarily a trait 535 

associated with virus strains of swine origin, where its recurrent emergence and fixation in 536 

the major swine virus lineage implies it provides a host-specific selective advantage. This 537 

hypothesis is consistent with the reduced virulence exhibited by pdm2009 virus engineered to 538 

lack the uAUG codon (Figs 9, 10). Whether the uAUG codon provides a selective advantage 539 

in the human host is also unclear, but the sporadic emergence of the uAUG in humans prior 540 

to 2009 without provoking a selective sweep implies these events, and its dissemination in 541 
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2009, were driven by founder effect. However, its subsequent maintenance in the human 542 

pdm2009 lineage (Table S2) gives no sign that it is being selected against in humans. 543 

 In summary, we have characterised a swine host-specific mutation in the 5’UTR of 544 

IAV segment 5 which introduces an alternative start codon in frame with the NP ORF that 545 

adds 6 amino acids to the N-terminus of the protein. This mutation modulates virulence in 546 

mice and pigs, and was introduced to the human population via the 2009 pandemic. This 547 

knowledge adds to our ability to understand and predict IAV virulence in specific hosts and 548 

furthermore, suggests that the tendency for IAV sequencing efforts to disregard the viral 549 

UTRs may be missing useful information. 550 

 551 

Materials and Methods 552 

Bioinformatics 553 

On 31 Jan 2019, all full-length NP nucleotide sequences of IAV (any host, any location, any 554 

year) were downloaded from Genbank via the NCBI Influenza Virus Resource database. The 555 

sequences were named using the schema: 556 

“>{serotype}_{host}_{accession}_{strain}_{country}_{year}/{month}/{day}_{segname}”. 557 

50471 sequences in total were downloaded and of these there were 48288 with known 558 

subtype, host, country and year.  These were screened for duplicates and quality (number of 559 

ambiguities), leaving 48245 good quality sequences which were padded with 10 codons (30 560 

nucleotides) and then roughly aligned for further processing.  However, although these 561 

sequences were tagged as ‘full length’, not all of them reported sequence before the usual NP 562 

start codon, leaving 33622 which had 5’UTR data suitable for analysis, representing 69.7% 563 

of the good quality sequences. In order to determine in which major lineages the sequences 564 

with upstream start codons occur, a stratified subsampling was performed, based on a 565 

maximum of 1 sample per joint category of host + subtype + country or state (if USA, 566 
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Canada, China or Russia) + year + upstream start codon.  This type of subsampling retains 567 

the diversity of hosts, subtypes, locations, dates and start codons but will skew the 568 

percentages of hosts vs start codons.  The subsampling resulted in a data set of 6242 569 

sequences, which were aligned using MUSCLE in MEGA and manually adjusted (at the far 570 

3’ end of the coding region which was not guaranteed to be complete by the process). 571 

To construct phylogenetic trees, phylogeny was calculated from the stratified subsample 572 

of 6242 sequences using RAxML with the GTR model allowing for a gamma distribution of 573 

variable site rates and 100 bootstraps. Detailed time-resolved phylogenetic trees of selected 574 

lineages or clades of the 6242 sequences dataset were inferred with BEAST (1.10.4) (52) 575 

using the SRD06 codon partitioned nucleotide model with uncorrelated relaxed log normal 576 

clock models and the constant population size or skygrid tree priors.   Per lineage or clade, 577 

1000 trees were sampled from the resulting posterior distribution of trees (after 10% burn-in). 578 

For each selected clade or lineage, the start codon was mapped as a binary variable 579 

(Conventional or Upstream) onto the set of 1000 posterior trees using a discrete trait 580 

asymmetric model in BEAST, resulting in a set of 10,000 trees (approximately 10 mappings 581 

per original tree), which were summarised to a maximum clade credibility tree using 582 

TreeAnnotator 583 

 584 

Plasmids and antisera.  585 

Each of the eight IAV segments used throughout were encoded on IAV reverse gene 586 

plasmids containing bi-directional RNA polymerase I and II promoters. Two different PR8 587 

strains were used: most experiments used an MDCK-adapted variant of the UK National 588 

Institute of Biological Standards and Control vaccine strain of PR8 (53), while data shown in 589 

figure 7 used an egg-adapted PR8 strain described previously (28,34).   Plasmids for the 590 

A/England/195/2009 (Eng/195; an early UK pdm09 strain) are described in (22), while those 591 
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for A/Halifax/210/2009 (SW210; an early pandemic isolate from the Queen Elizabeth II 592 

Hospital, Halifax, Nova Scotia, Canada) are described in (54). A plasmid encoding a gene 593 

fusion between the 5‘-201 nucleotides of PR8 segment 5 and GFP was made by PCR-cloning 594 

the appropriate IAV sequence into pEGFP-1 (Clontech), followed by oligonucleotide-595 

directed PCR mutagenesis (using standard protocols) to remove the A of the GFP AUG 596 

codon. Nucleotide substitutions in the segment 5 plasmids to modify AUG motifs were made 597 

by further rounds of oligonucleotide-directed mutagenesis. To create the 4c6c PR8 virus with 598 

a genome packaging defect, codons 546-548 of the PR8 HA gene were synonymously  599 

mutated to tTaGGtGCc and codons 451 to 453 of PR8 NA were mutated to tcaATaGAt 600 

(altered nucleotides indicated in lower case bold, all sequences given in (+) sense). Primer 601 

sequences are available on request. Sequence modifications to plasmids were confirmed by 602 

commercial Sanger sequencing (GATC, Eurofins Genomics) before being used in 603 

downstream experiments.  604 

For western blotting, purchased antisera used were: mouse monoclonal anti-GFP 605 

(clone JL8, Clontech), rat monoclonal anti-ß tubulin (clone YL1/2, Abd-Serotech) and mouse 606 

monoclonal anti-IAV NP (clone AA5H, Abd-Serotech). In-house rabbit polyclonal antisera 607 

raised against IAV PB1, PB2, NP and M1 have been previously described (55-57). 608 

Secondary antibodies labelled with infrared-fluorescent dyes were obtained from Fisher. For 609 

IHC staining of cut tissue sections, mouse monoclonal anti-NP (hybridoma HB-65 from 610 

ATCC (Manassas, VA, USA)) was used. 611 

 612 

Viruses. 613 

 Virus rescues were performed as previously described (27,58). Briefly, 293T cells 614 

were transfected with 250ng each of the 8 plasmids from a viral reverse genetics set (or no 615 

segment 5 as a negative control), with 1µg/ml tosyl phenylalanyl chloromethyl ketone 616 
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(TPCK)-treated trypsin added at 48 hours post-transfection. At 72-96 hours post-transfection, 617 

supernatants were harvested and either passaged on MDCK cells in serum free medium with 618 

1µg/ml TPCK-treated trypsin, or 100 µl was inoculated into the allantoic cavity of 12 day-old 619 

embryonated hen’s eggs, the allantoic fluid of which was harvested at day 14 and aliquoted 620 

as virus stock. Titres were determined by plaque assay on MDCK (PR8; at 37°C) or MDCK-621 

SIAT cells (59)(Eng/195; at 35°C). Plaques on MDCK cells were typically visualized by 622 

toluidine blue staining, while plaques on MDCK-SIAT cells were immunostained for viral 623 

NP. The presence of the desired mutations in the virus genome was confirmed by RT-PCR 624 

and Sanger sequencing of RNA isolated from the virus stocks. Early-passage H1N1 pdm2009 625 

clinical isolates A/Nottingham/Adult-Community04/2009 (AC04), A/Nottingham/Child-626 

Community06/2009 (CC06) and A/Nottingham/Child-Community07/2009 (CC07) were 627 

isolated and passaged twice on MDCK cells as described (29,64).  628 

 629 

Cells and transfection methods 630 

293T, MDCK, A549, and NPTr cells were grown in DMEM supplemented with 10% 631 

FBS and 1% penicillin and streptomycin (Fisher) and maintained by twice weekly passage. 632 

IAV minireplicon assays were performed as described (27). Briefly, unless otherwise stated, 633 

50ng each of pDUAL plasmids encoding segment 1,2, 3 and 5 and 20ng of a construct that 634 

expresses an IAV-like vRNA encoding luciferase were transfected into 293T cells in 24 well 635 

format. Transfected cells were harvested in 100 µl cell culture lysis reagent (Promega) and 60 636 

µl supernatants were mixed with 25 µl 6mM beetle luciferin (Promega). Luminescence was 637 

measured on a GloMax luminometer (Promega). Assays were performed using four technical 638 

replicates for each datapoint as well as at least three biological repeats. 639 

 640 

Protein methods 641 
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 In vitro translation reactions were performed using coupled bacteriophage T7 RNA 642 

polymerase transcription-rabbit reticulocyte lysate translation reactions as per the 643 

manufacturer’s instructions (Promega TNT). Samples were radiolabelled with 35S-methionine 644 

(Perkin Elmer) and detected by SDS-PAGE and autoradiography. To separate eNP and NP, 645 

samples were loaded onto 10% pre-cast gels (BioRad) and run until the 50kDa ladder marker 646 

had just run off the bottom of the gel. For western blotting, wet transfers were performed, 647 

membranes were blocked with 5% milk for 30-60 minutes then incubated with specific 648 

antibodies in 2% BSA at 4ºC overnight. The next day, membranes were incubated with 649 

secondary anti-rabbit or anti-mouse IgG antibodies conjugated to fluorophore AlexaFluor 650 

680 or 800 as required, before imaging using a LiCor Odyssey FC. 651 

 To purify virus, allantoic fluid was clarified twice by centrifugation for 10 min at 652 

2100 x g, then loaded onto a 30% sucrose/PBS cushion and spun at 30,000 rpm using an 653 

SW28Ti Beckman rotor for 1 hour and 30 min at 4°C. The resulting pellet was gently washed   654 

once with 500 μl of PBS to remove residual sucrose and re-suspended back in 50 μl of PBS 655 

overnight. The virus was further purified by ultracentrifugation through a 15-60% sucrose 656 

gradient (in PBS) spun at 38,000rpm for 40 min using a Beckman SA41Ti rotor at 4°C. The 657 

virus band was extracted from the gradient using a syringe and virus pelleted by 658 

centrifugation at 30,000 rpm for 90 min at 4°C before being resuspended as above. 659 

For cytokine arrays of mouse lung homogenates, 20 µl of lung homogenate per mouse 660 

was collected and pooled within groups. Cytokines were then measured using Proteome 661 

Profiler Mouse Cytokine Array Kit (R&D Biosystems) according to manufacturer’s 662 

instructions. Arrays were imaged and spot intensities quantified using a LI-COR Odyssey 663 

Infrared Imaging System (LI-COR, Cambridge, UK). Following normalization to within-664 

assay control spots values were plotted as fold increase in cytokine expression over mock-665 

infected animals. 666 
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 667 

Ethics statement. 668 

Animal experimentation was approved by the Roslin Institute Animal Welfare and Ethical 669 

Review Board, the Pirbright Institute Ethical Review Board under the authority of Home 670 

Office project licences (60/4479 and 70/7505 respectively) within the terms and conditions of 671 

the UK Home Office  “Animals (Scientific Procedures) Act 1986“ and associated guidelines, 672 

or in compliance with the guidelines of the Canadian Council on Animal Care (CCAC) as 673 

outlined in the Care and Use of Experimental Animals, Vol. 1, 2nd Edn. (1993). In this case, 674 

the animal care protocol was approved by the University of Ottawa Animal Care Committee 675 

(Protocol Number: BMI-85) and all efforts were made to minimize suffering and mice were 676 

euthanized at humane end-points, if infection resulted in greater than 30% body weight loss 677 

plus respiratory distress. 678 

 679 

Mouse infections.  680 

BALB/c mice were purchased from Harlan UK Ltd (Oxon, UK), CD-1 mice were purchased 681 

from Charles River Laboratories, (Montreal, Quebec, Canada). Five- to 12-week-old female 682 

mice were used in all experiments. Mice were anaesthetized using isoflurane (Merial Animal 683 

Health Ltd) and infected intranasally with virus in 40 μl serum-free DMEM. Mice were 684 

weighed daily and assessed for visual signs of clinical disease, including inactivity, ruffled 685 

fur and laboured breathing. At day 5-post infection, mice were euthanized by CO2 686 

asphyxiation.  Virus titration and RNA extraction and qRT-PCR was undertaken as 687 

previously described (60). Briefly, left lung homogenates were collected in 500 µl DMEM 688 

and homogenised using a Qiagen TissueLyser II. For virus titration, standard plaque assays 689 

on MDCK cells were performed and the remaining supernatant was used for RNA 690 

quantification. RNA was extracted using a Qiagen Viral RNA mini kit according to 691 
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manufacturer’s instructions and DNAse treated using Promega RQ1-RNAse free DNAse. 692 

RT-qPCR was undertaken using a BioLine Sensifast one step RT-qPCR kit with modified 693 

cycling conditions of 45°C for 10 minutes, 95°C for 2 minutes, then 40 cycles of 95°C for 694 

10s and 60°C for 30s. Primer sequences are given in Table 2. For histopathological analysis,  695 

 696 

Table 2. Sequences of primers used for RT-qPCR. 697 

 698 

Gene Polarity Sequence 

Seg2 Sense GGAACAGGATACACCATGGA 

 Antisense AGTGGYCCATCAATCGGGTT 

Seg 5 Sense ATCATGGCGTCTCAAGGCAC 

Antisense CCGACGGATGCTCTGATTTC 

GAPDH Sense CTACCCCCAATGTGTCCGTCG 

Antisense GATGCCTGCTTCACCACCTTC 

IFN-β Sense CACAGCCCTCTCCATCAACT 

Antisense GCATCTTCTCCGTCATCTCC 

 699 

the four lobes of the right lung were inflated with and then immersed in 10% neutral buffered 700 

formalin (Sigma-Aldrich) until fixed, then processed using routine methods and embedded in 701 

paraffin blocks. 5 µm thin section were then cut and stained with haematoxylin and eosin for 702 

histological examination. Sections were assessed (blinded) by a veterinary pathologist 703 

(PMB). The individual pathology features assessed were damage to the airway epithelium 704 

(degeneration, necrosis and repair), perivascular inflammation, peribronchi/bronchiolar 705 

inflammation, interstitial inflammation, interstitial necrosis and type II pneumocyte 706 

hyperplasia. Each feature was scored from 1 (mild) to 3 (marked). The percentage of lung 707 

affected was also noted. 708 

 709 

Pig infection model 710 

Ten 12-14 wk old Babraham large white inbred pigs (average weight 30 kg) were obtained 711 

from the Pirbright Institute/ Animal Plant Health Agency. Pigs were screened for absence of 712 
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influenza infection by hemagglutination inhibition using four swine IAV antigens. Pigs were 713 

randomly divided into two groups. and were inoculated intranasally with 2.2 x 105 PFU virus. 714 

Two milliliters were administered to each nostril using a MAD300 mucosal atomization 715 

device (Wolfe Tory Medical).  Four nasal swabs (two per nostril) were taken daily after the 716 

challenge. Two nasal swabs were placed in 2 ml virus transport medium for the quantification 717 

of viral load by plaque assay as previously described (61). The other two nasal swab samples 718 

were put directly into TRIzol (Invitrogen, ThermoFisher Scientific, UK) for subsequent RNA 719 

isolation according to the manufacturer’s instructions.  Animals were humanely killed 5 d 720 

post challenge. At post mortem, the lungs were removed, and photographs taken of the dorsal 721 

and ventral aspects. Macroscopic pathology was scored blind, as previously reported (62). 722 

Tracheal swabs, bronchoalveolar lavage and the accessory lobe were collected to determine 723 

the viral load in the lower respiratory tract by plaque assay.  In brief, the accessory lobe was 724 

cut into small pieces and homogenised with a gentleMACS Octo Dissociator (Miltenyi 725 

Biotec) using C tubes (Miltenyi Biotec) in ice cold Dulbecco’s PBS supplemented with 0.1% 726 

BSA. The lung homogenates (10% w/v) were centrifuged and the clarified supernatant was 727 

used to determine the viral load and for RNA isolation. The tracheal swabs were processed 728 

like the nasal swabs. BALF was collected as previously described (61) and cell-free 729 

supernatant used to determine viral load. For histopathology, five lung tissue samples per 730 

animal from the right lung (two pieces from the apical, one from the medial, one from the 731 

diaphragmatic and one from the accessory lobe) were collected into 10% neutral buffered 732 

formalin for routine histological processing at the University of Surrey. Formalin-fixed 733 

tissues were paraffin wax–embedded, and 4 µm sections were cut and stained with H&E. 734 

Immunohistochemical staining of IAV NP was performed in 4 µm tissue sections as 735 

previously described (63). Histopathological changes in the stained lung tissue sections were 736 

scored by a veterinary pathologist blinded to the treatment group. Lung histopathology was 737 
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scored using five parameters (necrosis of the bronchiolar epithelium, airway inflammation, 738 

perivascular/bronchiolar cuffing, alveolar exudates and septal inflammation) scored on a five-739 

point scale of 0 to 4 and then summed to give a total slide score ranging from 0 to 20 and a 740 

total animal score from 0 to 100 (64). The Iowa system includes both histological lesions and 741 

immunohistochemical staining for NP (35). Sequencing of segment 5 from virus-positive 742 

samples from pigs confirmed that viruses produced during infection encoded uAUG or not, 743 

as expected (data not shown). 744 
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 970 

Table S1. Distribution of NP start codons by major IAV lineage in the stratified subsampled  971 

data set. 972 

Host-

lineage Avian Swine Human Other 

Total 

Sequences 

Conventional 

Start % 

uAUG 

Start % 

Avian-

Americas 2642 2 2 5 2651 99.9 0.1 

Avian-

Eurasia 1449 22 56 46 1573 99.6 0.4 

Equine-

Canine 0 2 0 71 73 100.0 0.0 

Human-

pdm2009 2 6 232 0 240 2.1 97.9 

Human-

Seasonal 1 28 894 1 924 99.6 0.4 

Swine-

Classical-

Triple 15 352 23 0 390 8.7 91.3 

Swine-

Eurasia 1 68 4 0 73 94.5 5.5 

Variant-

pdm2009 2 122 181 4 309 7.8 92.2 

Unclassified 2 1 0 6 9 100.0 0.0 

 973 

In the stratified subsampled data set of 6242 segment 5 sequences, the distribution of NP start 974 

codons by host was similar to that in the full data set, although the percentage of 975 

sequences with an upstream start codon was somewhat reduced compared to the full 976 

data set (see Table 1). 977 

Table S2. (see separate Excel file). Stratified subsampled dataset of IAV segment 5 978 

sequences, classified according to the presence (TRUE) or absence (FALSE) of an in-979 

frame upstream AUG codon in the NP gene, as well as H and N subtype, continent, 980 

region and country of isolation, host and date of isolation and named clade. The 981 

position of the first AUG codon in the segment (first_start) and the identity of the 982 

nucleotide triplet at the location of the uAUG (upstream3) are also tabulated. 983 
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 984 

 985 

 986 

Figure S1. Distribution of hosts and segment 5 start codon positions by major IAV lineage in 987 

the stratified subsampled data set. 988 

 989 

 990 
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 991 

Figure S2. Time scaled tree of segment 5 from the classical swine virus clade with skygrid 992 

tree prior and NP start codon as a discrete trait.  Sequences in red possess the uAUG, 993 

those in blue do not. The uAUG codon first appeared at an estimated date in 1962 994 

(range 1958-1965) in H1N1 swine IAV in Wisconsin. This is based on the mutation 995 

happening somewhere on the branch between nodes 1960.41 [Highest Posterior 996 

Density (HPD): 1958.1 - 1961.5] and 1963.55 [HPD: 1961.2 - 1965.7]). 997 

 998 
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 999 

Figure S3. Time scaled tree of 1000 

segment 5 from the triple 1001 

reassortant swine virus clade with 1002 

skygrid tree prior and NP start 1003 

codon as a discrete trait. Sequences 1004 

in red possess the uAUG, those in 1005 

blue do not. Triple reassortant 1006 

viruses most likely inherited an 1007 

uAUG-containing segment 5 from 1008 

their classical swine progenitor and 1009 

subsequently, have largely kept it. 1010 

 1011 

 1012 

 1013 

 1014 

 1015 

 1016 

 1017 

 1018 

 1019 

 1020 

 1021 

 1022 

 1023 
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Strain Accession Host Subtype Country 

A/duck/New_York/16873/1999 CY014891 Avian H6N2 USA 

A/mallard/Maryland/887/2002 EU026010 Avian H6N1 USA 

A/chicken/Italy/322/2001 CY021552 Avian H7N1 Italy 

A/chicken/Israel/702/2008 GQ148843 Avian H9N2 Israel 

A/duck/Taiwan/DC167/2010 KC693624 Avian H1N3 Taiwan 

A/Albany/20/1974 CY021096 Human H3N2 USA 

A/Bilthoven/2271/1976 KC296468 Human H3N2 Netherlands 

A/Singapore/64K/2007 KP223188 Human H3N2 Singapore 

A/Victoria/600/2016 CY254980 Human H3N2 Australia 

 1024 

Table S3. Sporadic occurrences of the uAUG in avian and human seasonal viruses. Isolate 1025 

name, subtype, segment 5 sequence accession code, host and country of isolation are 1026 

tabulated. Most isolates are too temporally and/or geographically separate to represent 1027 

linked events; the H6 duck isolates from the eastern USA in 1999 and 2002 and the 1028 

human H3N2 isolates from the mid 1970s might be exceptions. 1029 

 1030 

 1031 

 1032 

 1033 
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 1034 

Figure S4. Acquisition of the segment 5 uAUG codon associated with epizootic transfer 1035 

from ducks to swine. A time scaled tree of segment 5 from an avian virus clade with skygrid 1036 

tree prior and NP start codon as a discrete trait. Sequences in red possess the uAUG, those in 1037 

blue do not. The 5’-UTR sequence of segment 5 from the closest relative of the uAUG-1038 

possessing A/swine/Fujian/2001 and /2003 viruses (A/duck/Zhejiang/11/2000(H5N1)) has 1039 

not been reported, making it uncertain whether the polymorphism occurred before or after the 1040 

host-range jump. Note also that the apparent persistence of the uAUG-containing swine virus 1041 

in China until 2014 may be an artefact, as all eight segments of A/swine/Shandong/SD1/2014 1042 

have the corresponding genes from A/swine/Fujian viruses from the early 2000s as their 1043 

closest relatives (> 99.7% nucleotide identity) and conversely, lack close relatives from the 1044 

2010s, raising the possibility of laboratory contamination. 1045 

 1046 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 19, 2019. ; https://doi.org/10.1101/738427doi: bioRxiv preprint 

https://doi.org/10.1101/738427


 48

 1047 
 1048 

Figure S5. Acquisition of the segment 5 uAUG codon within the Eurasian swine IAV 1049 

lineage. A time scaled tree of segment 5 from an avian virus clade with skygrid tree prior and 1050 

NP start codon as a discrete trait. Sequences in red possess the uAUG, those in blue do not. 1051 
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 1053 

 1054 

 1055 

 1056 

Figure S6. Cytokine levels in infected mouse lung. Lung homogenates from mice infected 1057 

with the indicated viruses or mock infected animals were pooled and the levels of 1058 

various cytokines measured by cytokine array. 1059 

 1060 

Table S4. (see separate Excel file). Formalin-fixed lung sections were stained with 1061 

haematoxylin and eosin and examined by a veterinary pathologist. Six pathological changes 1062 

(epithelial cell degeneration and necrosis, perivascular inflammation, peribronchial 1063 

inflammation, interstitial inflammation, interstitial necrosis and lymphocyte cuffing) were 1064 

scored on a scale of 0-4.  The percentage of lung affected was estimated visually. The 1065 

pathological changes present along with a consideration of the area of lung affected was used 1066 

to give an overall qualitative score of the severity of histopathological changes. Slides from 1067 

three mice (22, 14 and 9) were not scored and excluded from the analysis due to marked 1068 

atelectasis (artefact) which precluded assessment of pathological changes.  1069 
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 1071 

 1072 

 1073 

 1074 
 1075 

Figure S7. Macroscopic pathology of pig lungs 4 days post challenge with WT (A, B and C) 1076 

and A28C Eng195 (D) viruses. Arrows indicate areas of atelectasis observed in the apical 1077 

lobe of the right lung (A) and medial lobes (B and C). Some animals from the A28C group 1078 

exhibited no remarkable gross pathology (D). 1079 

 1080 
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