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Gene Segment Interactions Can Drive the Emergence of Dominant Yet Suboptimal Gene Constellations During Influenza Virus Reassortment
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A segmented genome enables influenza virus to undergo reassortment when two viruses infect the same cell. Although reassortment is involved in the creation of pandemic influenza strains and is routinely used to produce influenza vaccines, our understanding of the factors that drive the emergence of dominant gene constellations during this process is incomplete. Recently, we defined a spectrum of interactions between the gene segments of the A/Udorn/307/72 (H3N2) (Udorn) strain that occur within virus particles, a major interaction being between the NA and PB1 gene segments. In addition, we showed that the Udorn PB1 is preferentially incorporated into reassortant viruses that express the Udorn NA. Here we use an influenza vaccine seed production model where eggs are coinfected with Udorn and the high yielding A/Puerto Rico/8/34 (H1N1) (PR8) virus and track viral genotypes through the reassortment process under antibody selective pressure to determine the impact of Udorn NA-PB1 co-selection. We discovered that 86% of the reassortants contained the PB1 from the Udorn parent after the initial co-infection and this bias towards Udorn PB1 was maintained after two further passages. Included in these were certain gene constellations containing Udorn HA, NA, and PB1 that confered low replicative fitness yet rapidly became dominant at the expense of more fit progeny, even when co-infection ratios of the two viruses favoured PR8. Fitness was not compromised, however, in the corresponding reassortants that also contained Udorn NP. Of particular note is the observation that relatively unfit reassortants could still fulfil the role of vaccine seed candidates as they provided high haemagglutinin (HA) antigen yields through co-production of non-infectious particles and/or by more HA molecules per virion. Our data illustrate the dynamics and complexity of reassortment and highlight how major gene segment interactions formed during packaging, in addition to antibody pressure, initially restrict the reassortant viruses that are formed.
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INTRODUCTION

Reassortment, or the swapping of gene segments, is a major mechanism of influenza virus evolution. After co-infection of a single cell by two or more influenza viruses, each viral genome is replicated and various combinations of individual gene segments, in the form of viral ribonucleoprotein complexes (vRNPs), are co-packaged into progeny virions. Since influenza has eight vRNPs, co-infection with two viruses could theoretically yield up to 256 (28) different gene segment constellations. Although reassortment can occur at high frequency (Ghedin et al., 2005; Lu et al., 2014; Steel and Lowen, 2014), studies have shown this to be a non-random process (Lubeck et al., 1979; Rabadan et al., 2008; Varich et al., 2008; Marshall et al., 2013) with progeny populations restricted due to incompatibilities between gene products (Li et al., 2008, 2010; Song et al., 2011), preferential co-packaging of gene segments (Gavazzi et al., 2013b; Cobbin et al., 2014; Gilbertson et al., 2016), and certain genes reassorting at higher frequencies (Downie, 2004; Nelson et al., 2012; Schrauwen et al., 2013; Lu et al., 2014).

Using cross-linking of gene segments in virio together with deep sequencing of digested products, we recently uncovered an extensive network of inter-segment interactions believed to be used by the virus to package its genome (Dadonaite et al., 2019). Contrary to existing dogma, these interactions were not restricted to the previously defined “packaging sequences” at the ends of the segments but occurred throughout their entire length (Cobbin et al., 2014; Dadonaite et al., 2019). The pattern of interactions differed markedly between viruses of different subtypes and to a lesser extent between strains of the one subtype (Dadonaite et al., 2019). Importantly, the observed interactions were numerous, with hundreds being detected in the population of virus particles as a whole. These findings led us to propose that the ability of the influenza virus genome to utilise different sets of interactions to package one of each of the eight gene segments provides sufficient flexibility to allow reassortment to occur between different influenza viruses. Importantly, of this suite of interactions, some were found at very high frequency, indicating these were likely present in the majority of virus particles. One such high-frequency interaction occurred between the NA and PB1 genes in the early H3N2 virus A/Udorn/307/72 (Udorn) (Cobbin et al., 2014; Gilbertson et al., 2016) at nucleotides NA 512-550:PB1 2004-2037 (3′–5′), equivalent to NA 917-955:PB1 305-338 (5′–3′) (Dadonaite et al., 2019). This NA:PB1 interaction was also maintained in a reverse engineered virus containing the NA and PB1 genes from Udorn and the remaining genes from the H1N1 virus A/Puerto Rico/8/34 (PR8) where the pattern of interactions were found to be essentially inherited from both parent viruses (Dadonaite et al., 2019). This supported the notion that the stronger interactions are preferentially maintained and shape the gene constellations of resulting reassortant progeny.

Our initial interest in the NA:PB1 gene segment interaction developed from the retrospective analysis of the gene constellations of H3N2 influenza vaccine seed candidate viruses (Cobbin et al., 2013). These are produced by reassortment with the highly egg-adapted PR8 virus to enable the creation of viruses displaying greater H3N2 surface antigen yields in eggs through incorporation of non-surface antigen genes from the PR8 parent (Kilbourne and Murphy, 1960). This classical reassortment process consists of an initial co-infection step in eggs, followed by antibody selection for reassortant viruses with seasonal haemagglutinin (HA) and neuraminidase (NA) surface antigens, and finally cloning by limit dilution to isolate dominant viruses, some of which will display high haemagglutination titres suitable for vaccine seeds. By genotyping past H3N2 vaccine seed candidates, we showed that, unlike other non-surface antigen genes, the PB1 gene of the seasonal H3N2 virus was present in high frequency in these vaccine seeds. Furthermore, the Udorn virus exemplified this process, with 75% of the progeny virus expressing Udorn PB1 following reassortment with PR8 in eggs (Cobbin et al., 2013). This occurred despite the fact that the resulting reassortant progeny expressing Udorn HA in addition to Udorn NA and PB1 were significantly less fit than viruses that contained the Udorn HA and NA genes together with the PB1 gene from the H1N1 strain (Cobbin et al., 2014).

Here we used the vaccine seed model, where antibody drives selection of viruses with Udorn HA and NA, and gene segment interactions potentially drive co-selection of Udorn NA and PB1 with the aim of better understanding the dynamics of co-selection of the seasonal NA and PB1 genes and the effects of the co-infection ratio of Udorn and PR8 viruses on the outcome. This model also allowed us to examine why the viruses that have gene constellations resulting in inferior replicative fitness, exemplified by those expressing Udorn HA, NA, and PB1 genes, could ever be chosen on the basis of high antigen yield as we had observed in our retrospective analysis of vaccine seed strains. Our study illustrates the dynamics and complexity of classical reassortment and the impact of gene co-selection in this process. We also present data that highlights the effect of genotype on phenotype in relation to antigen expression.



MATERIALS AND METHODS


Influenza A Viruses

The highly egg-adapted A/Puerto Rico/8/34 (PR8; H1N1) virus, currently used as a reassortment partner for the production of H3N2 vaccine seeds, and A/Udorn/307/72 (Udorn; H3N2) as a model seasonal isolate, were used in this study. An eight-plasmid DNA transfection system (Hoffmann et al., 2000) was used to generate reverse engineered (rg) virus. Specific gene constellations are referred to using the following standard nomenclature e.g., PR8(Ud-HA,NA,PB1,NP) referring to an isolate containing Udorn HA, NA, PB1, and NP genes with the remaining genes from PR8. All viruses were propagated in 10-day old embryonated hen’s eggs at 35°C for 2 days, then allantoic fluid was harvested and stored at −80°C.



Classical Reassortment

This was performed using a modification of the method devised by Kilbourne (1969) (Figure 1A). Ten-day-old embryonated hen’s eggs were co-infected with PR8 and Udorn viruses (Figure 1B) and incubated at 35°C in a moist environment for 24 h. As in seed strain production, different ratios of the two viruses were examined (Figure 1B). Allantoic fluid from the co-infected eggs was harvested and passaged twice in eggs in the presence of antibodies to neutralise the PR8 parent virus. These antibodies were in the form of purified gamma globulin from polyclonal sheep anti-PR8 antiserum that had been trypsin- and periodate-treated to remove non-specific inhibitors. For the first antiserum passage, eggs were inoculated with 0.2 ml virus-infected allantoic fluid from the co-infected eggs (10–3 dilution) followed by 0.2 ml of the anti-PR8 antibody preparation after 1 h. After 48 h the allantoic fluid was harvested and genotyped to detect the presence of the Udorn HA and NA genes. Virus-infected allantoic fluid with both Udorn HA and NA genes present was subjected to a second egg passage, this time being pre-incubated with the antiserum (the same amount as for the first passage) for 1 h prior to inoculation of the mixture into eggs. After 48 h the allantoic fluid was harvested and genotyped to determine the origin of the HA, NA, and M genes. The dominant progeny from classical reassortment were isolated by cloning via limit dilution. Briefly, serial dilutions of the allantoic fluid were inoculated into five eggs each and after 48 h the allantoic fluid was harvested. A haemagglutination assay was performed to detect the highest dilution containing virus for subsequent genotyping. If required, a further round of cloning by limit dilution was performed to obtain a pure population.
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FIGURE 1. The frequency of parent versus reassortant genotypes isolated throughout the classical reassortment process. (A) Schematic overview of the classical reassortment process used for the generation of seasonal influenza vaccine seeds. Ten-day-old embryonated hen’s eggs were co-infected with PR8 and Udorn viruses. The allantoic fluid from these eggs was then harvested and passaged into three eggs (e.g., E1A, B, and C) in the presence of antiserum against the PR8 surface glycoproteins. The allantoic fluid from each of these eggs was then further passaged into two eggs (e.g., E1A1 and E1A2). Viruses from these were cloned by limit dilution. (B) The experiment was carried out four times at different co-infection ratios (series E1-E4). The co-infection ratios and amounts of infectious PR8 and Udorn virus (PFU) used to inoculate the first eggs of each series are indicated. (C) The ratio of reassortant genotypes to the Udorn parent at each stage of the classical reassortment process. Viruses in the allantoic fluid were isolated by plaque formation in MDCK cells. For the co-infected eggs, plaquing was performed in the presence of anti-PR8 antiserum. Individual plaques were picked into 0.05% Triton X-100 and gene specific RT-PCR performed to determine the origin of each gene. (D–F) The number of PR8 and Udorn parent genotypes recovered as well as the number of viruses containing different combinations of HA and NA genes present on reassortant viruses in (D) the initial coinfection, (E) the first antiserum passage, and (F) the second antiserum passage.




Virus Quantitation

Assays to quantitate haemagglutination (Fazekas De St and Webster, 1966) (as haemagglutinating units, HAU) were performed in microtitre plates with 1% chicken red blood cells and infectious virus yields (plaque-forming units, PFU) were determined by plaque assay on confluent MDCK cells monolayers (Tannock et al., 1984). To establish the relative HA yields of reassortant viruses, a standardised infection was performed by inoculating 10-day embryonated eggs (n = 5) with 100 PFU of virus injected into the allantoic cavity. After 2 days at 35°C the eggs were chilled overnight at 4°C before harvesting the allantoic fluid.



Gene Specific RT-PCR for the Identification of Viral Genes

The origin of viral genes present in samples were determined by gene-specific reverse transcription polymerase chain reaction (RT-PCR) using a SensiFast Probe No-ROX one-step reverse transcription kit (Bioline, Meridian Biosciences, OH, United States). Each 20 μl reaction contained 5 μl of virus sample in 0.05% Triton-X 100, 10 μl of 2x SensiFast Probe No-ROX one-step master mix, 0.2 μl reverse transcriptase, 0.4 μl RiboSafe RNase inhibitor mix, 0.8 μl of each 10 μM forward and reverse primer and 0.08 μl of each 25 μM gene specific probe. The reverse transcription, amplification, and detection were performed in a BioRad CFX96 PCR System. The reaction conditions, primers (Geneworks, Adelaide, SA, Australia) and probe [Integrated DNA Technologies (IDT), Coralville, IA, United States] sequences are available on request.



Viral Replicative Fitness

Viral replication kinetics were determined by infecting MDCK cells using a multiplicity of infection (MOI) of 0.001 PFU/cell. After a 1-h adsorption period the inoculum was removed, cells were washed and incubated in media supplemented with 1 μg/ml TPCK (designated time = 0 h). Cell culture supernatants were harvested at various time points and stored at −80°C until required. Infectious viral titres were determined by plaque assay as above.



Mini Genome Assay

A β-lactamase (BLA) reporter assay (Cavrois et al., 2002) was used to compare the activities of viral polymerase complexes identified in the dominant reassortant viruses as previously described (Cobbin et al., 2013). Briefly, 293T cells were transfected with 2 ng each of plasmids expressing the three influenza virus polymerase genes (PB2, PB1, and PA) and the nucleoprotein (NP) gene, together with 2 ng of a plasmid encoding BLA (provided by CSL Ltd.). These pHW2000 plasmids were those used for genetic engineering of influenza viruses in which viral cDNA is inserted into a bicistronic expression system (CMV and RNA polymerase 1 promotors) (Hoffmann et al., 2000). For the BLA-expressing plasmid the reporter gene was cloned between the 5′ and 3′ non-coding regions of the H1 HA gene to provide specificity for the influenza polymerase complex. Background levels of BLA produced by direct transcription from the CMV promotor was assessed in cells transfected with the reporter gene alone. After incubation at 37°C and 5% CO2 for 24 h, cells were lysed and LyticBLazerTM-FRET B/G substrate (Life Technologies) added. The BLA cleavage of the green substrate to the blue product was measured by optical density every 15 min for a 2-h period using a CLARIOstar (BMG Labtech, Ortenberg, Germany) fluorescence reader with excitation at 405 nm and blue and green emission detected at 445 and 520 nm, respectively. Specific BLA activity and thus relative polymerase activity was calculated as follows: (445 nm/520 nm ratio of the sample)/(445 nm/520 nm ratio of BLA plasmid alone).



Electron Microscopy

Transmission electron microscopy was performed at CSL Ltd. by Ross Hamilton using a method modified from that of Hayat and Miller (1990). Allantoic fluid was transferred onto Formar-coated copper TEM grids (Athene), which were inverted onto 2% agar plates to remove excess liquid. Grids were negatively stained using 2% sodium phosphotungstate (PTA) pH 7.0, excess stain was blotted away using filter paper (Whatman) and allowed to air-dry. Negatively-stained samples were examined using a Philips CM10 transmission electron microscope running iTEM software (EMSIS GmbH).



Quantification of Viral RNA and Viral mRNA/cRNA

To quantitate viral RNA production in MDCK cells, total RNA from infected cells was extracted using an RNeasy Mini Kit (Qiagen). Viral vRNA and mRNA were detected by polarity-specific quantitative RT-PCR using the SensiFast Probe No-ROX one-step kit (Bioline). Each 20 μl reaction contained 5 μl of RNA, 10 μl of 2x SensiFast Probe No-ROX one-step master mix, 0.2 μl Reverse Transcriptase, 0.4 μl RiboSafe RNase inhibitor mix and 0.08 μl of 25 μM gene specific probe. Detection of vRNA or mRNA/cRNA was facilitated by addition of 0.8 μl of 10 μM gene-specific forward or reverse primer, respectively. The RT reaction was incubated at 45°C for 10 min. Following this step, 0.8 μl of 10 μM of the opposite primer was added. In all qRT-PCR assays, serially diluted plasmids of corresponding influenza genes with known copy number were used as standards for quantification.



Viral Protein Quantification by Slot Blot Analysis

The relative protein content of virus in allantoic fluid was determined by staining for viral proteins in native conformation using a slot blot apparatus. Viral samples were adsorbed to nitrocellulose using a vacuum pump. The nitrocellulose strips were blocked in PBS with casein for 30 min at room temperature and then probed for 1 h with monoclonal antibodies (mAb) recognising H3 HA [clone 36/2 (Brown et al., 1990)] or IAV M1matrix protein (clone MCA401, BioRad). Strips were washed and incubated for 1 h with a horse radish peroxidase (HRP)-conjugated secondary immunoglobulin (DAKO). The strips were washed and immersed in citrate-EDTA before addition of the TMB substrate for 1 hour. Strips were then washed, dried overnight and digitised. The signal intensities for the viral HA and M1 protein bands were determined using ImageJ analysis software (NIH, Bethesda, MD, United States).



Viral Protein Quantification by Flow Cytometry

The relative viral protein content within infected MDCK cells was determined by flow cytometry. Infected MDCK monolayers were harvested 6 h after 1-h absorption period. Cells were fixed, permeabilised and incubated with either clone 36/2 recognising the HA or clone MCA401 recognising M1 for 30 min. Cells were washed and incubated with an Alexa Fluor 488-conjugated rabbit anti-mouse immunoglobulin (Life Technologies) for 30 min. Data were acquired using a FACSCanto II and analysed with FlowJo X version 10 (Tree Star, Ashland, OR, United States).



Statistical Analysis

All of the data were analysed using GraphPad Prism version 8.4.2 (GraphPad Software Inc., La Jolla, CA, United States). Unless otherwise stated, the data were analysed for statistical significance by either a one-way analysis of variance (ANOVA) with a Tukey post-test or a two-way ANOVA with a Sidak post-test. A probability (p) value of <0.05 was considered to be statistically significant.




RESULTS


Classical Reassortment Generates a Diverse Range of Gene Constellations

To examine the spectrum of reassortants generated through the initial stages of the classical reassortment process (Figure 1A), the model seasonal strain Udorn (H3N2) was reassorted with the highly egg-adapted PR8 strain (H1N1) in four different co-infection conditions representing independent experiments (Figure 1B). Throughout the process, allantoic fluid from individual eggs was screened to detect haemagglutination and the presence of the Udorn HA and NA genes. Viruses were then isolated by plaque assay and the origin of each gene determined by gene-specific RT-PCR.

After the initial co-infection step, the progeny viruses were isolated by plaque formation in the presence of anti-PR8 antisera, which effectively prevented residual PR8 parent virus or viruses with PR8 surface antigens from dominating the plaque assay (Figures 1C,D). Of the remaining viruses present after co-infection, cumulative data across the four co-infection conditions revealed that 33% of the non-neutralised viruses were reassortants and 67% were the Udorn parent (Figure 1C). Consistent with what is observed for a seasonal influenza virus, the Udorn parent was represented least in the E2 series where the co-infection ratio favoured PR8 over Udorn by 100-fold (Figure 1D). The percentage of reassortants continued to increase throughout the process, with 91.5% of the viruses being reassortants after the first antibody passage and 99.7% after the second antibody passage (Figures 1C,E,F), indicating strong selective pressure for reassortment.

Figure 2A illustrates the complexity of the different genotypes present in the resulting reassortant pool (detailed in the Supplementary Table 1). After the initial co-infection, 63 discrete gene constellations were present and after two additional rounds of replication and antibody selection, this reduced to 39 distinct genotypes. Depending on the co-infection ratio and input dose, differences were observed in the gene constellations detected or their frequencies in each reassortment series (Figure 2 and Supplementary Table 1). In most cases, the dominant reassortant detected in the first and second antiserum passages was not identical. In the E4 series, the dominant reassortant of the second antiserum passage represented between 40 and 53% of the total reassortants isolated and yet only represented approximately 10% of the reassortants in the first antiserum passage. When considering reassortants incorporating the PB1 gene from the Udorn parent (Figure 2B), it was clear that these dominated after the initial co-infection and after the second round of antiserum selection for the Udorn HA and NA. Overall, 85.5% (cumulative data from all series) contained the Udorn PB1 after the initial co-infection and 88.5% after two antiserum passages. In the E3 series 100% of the reassortants contained the Udorn PB1 after the first antiserum passage. Even in the E2 series where the co-infection ratio favoured PR8 over Udorn by 100-fold, 90% of isolates contained the Udorn PB1 after the second antiserum passage.
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FIGURE 2. The diversity of reassortant viruses isolated during the reassortment process. Viruses from the allantoic fluid of each egg were isolated by plaque assay. For the co-infected eggs, plaquing was performed in the presence of PR8 antiserum. The genotype of virus in individual plaques was determined using gene specific RT-PCR. Each of the four larger panels represents eggs that originated from the different co-infection ratios (Figure 1B). The pie charts represent the viruses isolated in the individual eggs corresponding to the co-infection and antiserum passages (Figure 1A). The dominant gene constellations present in the individual eggs are represented according to the colours in the key. The nomenclature used indicates the Udorn genes on the PR8 background, e.g., PR8(Ud-HA) is a virus with the HA gene from Udorn and the remaining seven genes from PR8. White segments represent gene constellations that were only present in that particular egg. No data is available for eggs E2A1 and E2A2 as the allantoic fluids did not have detectable haemagglutination titres and were not examined further. Initial screening of egg E4B showed that Udorn NA was not present so complete genotypes were not analysed. The number of individual plaques analysed for each egg is indicated in the bottom left of each pie chart panel. (B) The frequency of the Udorn PB1 gene (teal) and PR8 PB1 gene (orange) in the genotypes of the individual virus plaques shown in panel (A).


The cumulative frequency of other non-HA and NA genes in the reassortants in each series at the different stages is shown for comparison in Figure 3. The pattern observed with Udorn PB1 was closely reflected by that of the Udorn NP, which dominated after both the initial co-infection and second antiserum passage, present in 81 and 81.3% of genotypes, respectively (Figure 3D). In contrast, the PA and M genes of the PR8 virus dominated by the second antiserum passage, present in 84.5 and 99.5%, respectively of the gene constellations isolated (Figures 3C,E). Only the PB2 and NS genes appeared to be greatly influenced by the initial coinfection ratios, with the E3 series having the respective Udorn genes dominating (Figures 3A,F). Three reassortant genotypes, PR8(Ud-HA,NA,PB2,PB1,NP,NS), PR8(Ud-HA,NA,PB2,PB1,NP), and PR8(Ud-HA,NA,PB1,NP), all containing Udorn PB1 and NP in addition to the HA and NA genes, occurred most frequently in the final reassortant populations and were detected in all the reassortment series.
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FIGURE 3. Tracking the frequency of the six internal Udorn (teal) and PR8 (orange) genes throughout the reassortment process. The source of individual genes in the reassortants shown in Figure 2 is summarised for each series. Data are expressed as a percentage of the total viruses isolated in that series at each stage of the reassortment process, with replicate eggs pooled for the first (two eggs) and second (four eggs) antisera passages. The origin of the (A) PB2, (B) PB1, (C) PA, (D) NP, (E) M, and (F) NS genes were determined to be either from the PR8 parent (orange) or the Udorn parent (teal).




Reassortants That Produce High Haemagglutination Titres in Eggs Do Not Always Have a High Yield of Infectious Virus

Use of limit dilution to obtain the most abundant reassortants from each egg after the second antiserum passage yielded 11 different viruses, 9 of which incorporated Udorn NA and PB1 genes. Although PR8(Ud-HA,NA), which is expected to be the high HA yielding vaccine seed virus in our system, was present in some eggs after the second passage, it was not the dominant species in these eggs (Supplementary Table 1) and not isolated by limit dilution. The surrogate virus, rg PR8(Ud-HA,NA), was therefore made by reverse genetics as a comparator. Eight of the 11 reassortants had significantly higher haemagglutination titres than the parent Udorn virus (Figure 4A). Four, namely R9 PR8(Ud-HA,NA,PB1), R4 PR8(Ud-HA,NA,PB2,PB1), R8 PR8(Ud-HA,NA,PB1,NP), and R3 PR8(Ud-HA,NA,PB2,PB1,NP) were not significantly different to PR8 virus, illustrating the power of reassortment to enhance the yield of HA from seasonal isolates. To establish whether a greater replicative capacity was responsible for selection of these reassortants, infectious viral titres were determined by plaque assay in MDCK cells (Figure 4B). Compared to Udorn virus, all but two reassortants had higher infectious virus titres (p < 0.0001; one-way ANOVA), with six reassortants having equivalent titres to PR8 virus (p > 0.05; one-way ANOVA). The rgPR8(Ud-HA,NA) virus also had an infectious virus titre that was comparable to PR8 virus (p > 0.05; one-way ANOVA) and significantly greater than that of Udorn virus and five of the reassortants (p < 0.0001; one-way ANOVA). These data indicate that the absence of PR8(Ud-HA,NA) virus from the final dominant reassortant progeny was not due to a reduced replicative capacity. Of the four reassortants with haemagglutination titres similar to that of PR8 virus, R8 PR8(Ud-HA,NA,PB1,NP) and R3 PR8(Ud-HA,NA,PB2,PB1,NP) viruses also replicated to the same extent as the PR8 virus (p > 0.05; one-way ANOVA) yet the two other reassortants, R9 PR8(Ud-HA,NA,PB1) and R4 PR8(Ud-HA,NA,PB2,PB1), did not (p < 0.0001; one-way ANOVA). These data indicate that the enhanced haemagglutination phenotype for some reassortants must be due to mechanisms other than the acquisition of greater replication capacity.
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FIGURE 4. Haemagglutination titres and replicative fitness of dominant reassortant progeny isolated through classical reassortment. (A,B) Eggs were infected with a standard dose (100 PFU) of one of the 11 reassortant viruses (R1–R11) isolated after limit dilution (n = 5), the parental PR8 and Udorn (Ud) viruses (n = 5) or the reverse genetics-derived virus rgPR8(Ud-HA,NA) (n = 4). Virus genotypes are shown in the key by number and colour. Three days post infection, allantoic fluid was harvested and (A) haemagglutination titres and (B) infectious viral titres determined. Each symbol represents the titre of virus from an individual egg and the line represents the geometric mean. Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) for panel (A) (F13,55 = 23.39) and (B) (F13,55 = 61.78). Orange, teal, and grey asterisk indicate comparisons of viruses with PR8, Udorn, and rgPR8(Ud-HA,NA), respectively. (C) MDCK cells were infected with the panel of reassortant viruses and rgPR8(Ud-HA,NA) at an MOI of 0.001. At the specified time points post infection, virus titres in the supernatants were determined by plaque assay on confluent MDCK cell monolayers. The data represents the mean and standard deviation of three individual experiments. (D) Infectious yields in vitro (C) at 24 hr as a function of the infectious viral titres in ovo (B). The dotted line represents a linear regression analysis (p < 0.0001, r2 = 0.81). (E) The data from (C) pertaining only to the reassortants with haemagglutination titres equivalent to PR8 in ovo (A) are shown for clarity. The data represents the mean and standard deviation of three individual experiments. Statistical significance was determined by two-way ANOVA with Sidak’s multiple comparisons test (F3,8 = 97.28, **p < 0.01, ****p < 0.0001). Brown asterisk indicate comparisons between PR8(Ud-HA,NA,PB2,PB1,NP) with PR8(Ud-HA,NA,PB2,PB1) and blue asterisk indicate comparisons between PR8(Ud-HA,NA,PB1,NP) with PR8(Ud-HA,NA,PB1).


To confirm the phenotypes of the viruses observed in eggs, MDCK monolayers were infected with a standardised dose of the different viruses and viral loads within cultures determined over time (Figure 4C). Infectious virus yields at the plateau of the replication curve in MDCK cells mirrored the hierarchy found in embryonated eggs as shown by regression analysis of the titres in MDCK cells at 24 h post infection versus those in eggs (p < 0.0001, r2 = 0.81; Figure 4D). Of the four reassortants with haemagglutination titres not significantly different to PR8 virus, PR8(Ud-HA,NA,PB1) had an approximately 1.5 log lower plateau titre than the corresponding virus with the Udorn NP, PR8(Ud-HA,NA,PB1,NP) (p > 0.0001; two-way ANOVA; Figure 4E). Likewise, PR8(Ud-HA,NA,PB2,PB1) had a 2.5 log lower titre compared to PR8(Ud-HA,NA,PB2,PB1,NP) (p > 0.0001; two-way ANOVA; Figure 4E). Therefore, the addition of the Udorn NP dramatically improved the infectious virus yield obtained when the Udorn HA, NA and PB1 were present in a virion, despite no difference in haemagglutination capacity.



Reduced Replicative Capacities of PR8(Ud-HA,NA,PB2,PB1) and PR8(Ud-HA,NA,PB1) Viruses Are Not Due to Low Polymerase Activity

It has been proposed that differences in polymerase activity can account for differences in viral replication (Li et al., 2008; Octaviani et al., 2011; Nakazono et al., 2012; Hara et al., 2013). To investigate this, a BLA reporter assay was performed in cells co-transfected with the different combinations of viral polymerase and NP genes represented in the viruses under study (Figure 5A). Although infection with PR8(Ud-HA,NA,PB1) and PR8(Ud-HA,NA,PB2,PB1) viruses had resulted in lower infectious virus yields compared to the corresponding viruses with Udorn NP (Figure 4E), their respective RNP complexes (PPB2UPB1PPAPNP and UPB2UPB1PPAPNP), demonstrated no significant difference in activity (p > 0.05; one-way ANOVA; Figure 5A) to complexes with the Udorn NP (PPB2UPB1PPAUNP and UPB2UPB1PPAUNP). Substitution of PR8 PB2 with Udorn PB2 significantly increased the polymerase activity of PPB2UPB1PPAPNP (p < 0.01, one-way ANOVA) and PPB2UPB1PPAUNP (p < 0.001, one-way ANOVA), yet no increase in infectious titres was observed for the corresponding viruses both in vitro and in vivo. These data demonstrate that the viral polymerase activity, as measured by the BLA assay, does not correlate with the efficiency of replication of viruses with these different gene constellations.
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FIGURE 5. The relative polymerase activity and viral RNA production of the reassortants with high haemagglutination titres. (A) A β-lactamase (BLA) reporter assay was performed in HEK 293T cells that were transfected with the pCAGGS-BLA reporter gene and four pHW2000 plasmids coding for the indicated PB2, PB1, PA, and NP genes, which correspond to the RNPs of the indicated viruses or controls without the PB1-encoding plasmid. The relative polymerase activities were normalised to the PR8 RNP activity and each bar represents the mean and standard error of four experiments at the half max of each curve. Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparison test (F8,27 = 49.28, ns p > 0.05, *p < 0.05, **p < 0.01, ****p < 0.0001). Orange, teal, brown, and yellow asterisk indicate comparisons between the RNP complexes with PPB2PPB1PPAPNP, UPB2UPB1UPAUNP, UPB2UPB1PPAUNP and UPB2UPB1PPAPNP, respectively. (B,C,E,F) MDCK cells were infected with the indicated virus at an MOI of 3 and total RNA extracted from 1 × 106 cells at 0, 4, 8, and 24 h after a 1 h virus absorption period. The copy numbers of (B) Udorn HA vRNA, (C) PR8 M vRNA, (E) Udorn HA mRNA/cRNA, and (F) PR8 M mRNA/cRNA were assessed by quantitative RT-PCR and the data represents the mean and standard deviation (n = 3) and is representative of four experiments. (D) The presence of free RNP complexes in the allantoic fluid of PR8(Ud-HA,NA,PB1,NP) and PR8(Ud-HA,NA,PB2,PB1,NP) were visualised by negative staining transmission electron microscopy. A representative image is shown with some of the free RNP complexes indicated by a white arrowhead.




The Addition of the Udorn NP to PR8(Ud-HA,NA,PB1) and PR8(Ud-HA,NA,PB2,PB1) Results in Increased vRNA Production

The amount of Udorn HA vRNA (Figure 5B) and PR8 M vRNA (Figure 5C), which are common to all the reassortants, were assessed in infected MDCK cells via quantitative RT-PCR. The presence of the Udorn PB1± the Udorn PB2 in a PR8(Ud-HA,NA) background, resulted in significantly reduced levels of HA and M vRNA at 24 h post-infection compared to the rgPR8(Ud-HA,NA) virus (p < 0.001 and p < 0.0001, respectively; two-way ANOVA). Upon the inclusion of the Udorn NP to the PR8(Ud-HA,NA,PB1) and PR8(Ud-HA,NA,PB2,PB1) backgrounds, the HA and M vRNA levels were restored to the levels seen in rgPR8(Ud-HA,NA) at 24 h post infection. The addition of the Udorn NP to PR8(Ud-HA,NA,PB1) virus increased the amount of HA vRNA at the 8 and 24 h time points (p < 0.05, p < 0.0001 respectively; two-way ANOVA) and also the levels of M vRNA at the 8 and 24 h time points (p < 0.01, p < 0.0001 respectively; two-way ANOVA). Similarly, PR8(Ud-HA,NA,PB2,PB1,NP) displayed significantly higher levels of HA vRNA than PR8(Ud-HA,NA,PB2,PB1) at the 8 and 24 h time points (p < 0.001, p < 0.0001 respectively; two-way ANOVA) and M vRNA at the 4, 8, and 24 h time points (p < 0.001, p < 0.0001, p < 0.0001, respectively; two-way ANOVA). These data suggest that the higher levels of vRNA produced by viruses with Udorn NP, in addition to Udorn HA, NA, PB1 ± PB2, may contribute to the greater infectious particle yields of these viruses compared to the corresponding reassortants with PR8 NP. That said, we observed by electron microscopy of the virus-containing allantoic fluid preparations of PR8(Ud-HA,NA,PB1,NP) and PR8(Ud-HA,NA,PB2,PB1,NP) that free RNPs were present in these (Figure 5D) but not in the corresponding reassortants with PR8 NP, suggesting the possibility that the greater levels of vRNA produced by these Udorn NP-containing viruses may not be all incorporated into virions.



High Haemagglutination Titres Did Not Result From Increased HA Protein in the Virion Due to Increased Transcription or Translation of HA in Infected Cells

It was possible that the lower levels of HA and M vRNA production observed for PR8(Ud-HA,NA,PB2,PB1) and PR8(Ud-HA,NA,PB1) compared to the corresponding viruses with Udorn NP, might be due to the preferential production of viral mRNA over vRNA. To examine this, the level of Udorn HA and PR8 M viral mRNA transcription was quantified in infected MDCK cells by gene-specific qRT-PCR (Figures 5E,F). Comparison between rgPR8(Ud-HA,NA) and the four reassortant viruses showed no difference in viral mRNA production for either the Udorn HA or PR8 M genes at any time point (p > 0.05, two-way ANOVA).

To examine whether selective protein modulation was occurring in our system, the amount of HA present in infected MDCK cells was assessed by flow cytometry 6 h post infection (Figure 6A). Matrix protein was also analysed to determine whether any potential modulation of Udorn HA translation was specific for the HA (Figure 6B). The data showed a trend towards slightly more HA produced in cells infected with rgPR8(Ud-HA,NA) than with PR8(Ud-HA,NA,PB2,PB1) and PR8(Ud-HA,NA,PB2,PB1,NP) (p < 0.05; one-way ANOVA). However, the levels of M1 protein expression between infected cells differed considerably with rgPR8(Ud-HA,NA)-infected cells producing more of this protein than the reassortants (p < 0.0001; one-way ANOVA). When the ratio of HA staining to M1 staining was calculated for each allantoic fluid and the means of the different reassortant groups expressed relative to rgPR8(Ud-HA,NA) (Figure 6 key), the fold difference was less than 1.3 suggesting only minor, if any, effects on protein expression specific for HA in infected cells.


[image: image]

FIGURE 6. Flow cytometric analysis of Udorn HA and PR8 M1 protein production in infected cells. MDCK cells (1 × 106) were infected with different viruses at an MOI of 3 and protein production assessed 6 h after a 1 h virus absorption period. Cells were stained with either (A) anti-Udorn HA (AF647) or (B) anti-M1 (MCA401) followed by a secondary antibody coupled to a fluorescent dye for the detection of proteins. Left panels show example flow cytometry histograms of stained cells with the fluorescence range for positive cells indicated; right panels show individual data for the mean fluorescent intensity (MFI) from five replicate cultures and is representative of three experiments. Statistical significance was determined by one-way ANOVA with Sidak’s multiple comparison test (**p < 0.01, ****p < 0.0001) for (A) (F4,20 = 3.24) and (B) (F4,20 = 45.59). Grey, brown and yellow asterisks indicate comparison of viruses with rgPR8(Ud-HA,NA), PR8(Ud-HA,NA,PB2,PB1,NP), and PR8(Ud-HA,NA,PB2,PB1) respectively. Values in the key represent the mean and SD of the ratios of HA staining to M1 staining for each individual allantoic fluid within each group with the fold difference compared to rgPR8(Ud-HA,NA) in brackets.




An Increased Number of Non-infectious Particles and a Higher HA Density Contributes to the High HAU

To further examine what contributes to the high haemagglutination titres of the reassortants we required a measure of relative particle number. Usually this is done by some measurement of the RNA, however, we had observed that the Udorn NP-containing reassortants had free RNPs (Figure 5F) that would make such measurement misleading. Instead, an analysis of HA protein relative to M1 protein content of the different viruses was performed. As virion size and morphology were similar between the viruses when observed via electron microscopy (Figure 7A), we made the assumption that the amount of matrix protein (M1) present in the viral particles in the different preparations would be approximately equivalent on average and correlate directly with particle number in the preparation.
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FIGURE 7. The structure and HA protein content of reassortant viruses. (A) Violin plots of particle sizes visualised by transmission electron microscopy of infected allantoic fluid. White filled circles represent individual measurements along the longest axis of 60–130 distinctive viral particles from one to three printed images per virus preparation converted to nm. The median size is shown as a blue line with quartiles shown as red lines. Analysis by one-way ANOVA shows no difference in the mean particle size (p = 0.27) (B,C) Allantoic fluid containing infectious virus was diluted to 107 PFU/ml, or 106 PFU/ml for PR8(Ud-HA,NA,PB2,PB1), and two-fold serial dilutions were performed. Each dilution (100 μl) was transferred to a nitrocellulose membrane and the (B) Udorn HA protein or (C) PR8 M1 protein was detected with a mouse monoclonal antibody and visualised by secondary staining with rabbit anti-mouse HRP and the addition of substrate (left panels). Densitometry analysis was performed on the bands obtained in each of the strips and the peak heights were plotted against the amount of infectious virus in that sample (right panels). The horizontal line is used to determine the number of PFU required to provide an arbitrary amount of HA or M1 staining. The data is representative of two experiments. (D) Depiction of the relative amount of HA and its distribution between infectious and non-infectious virions. Infectious particles are depicted with gene segments; non-infectious particles are depicted without gene segments. The predicted number of particles (×107) is indicated beside each virion (Table 2). For ease of representation one arbitrary unit of HA protein (Table 1) is depicted as four HA spikes on the virion. The distribution of the HA protein was assumed to be equal between the infectious and non-infectious particles.



TABLE 1. Amount of infectious virus required to achieve an equivalent level of HA or M1 staining and relative abundance of HA per virion.
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TABLE 2. Predicted HA distribution on infectious and non-infectious particles.

[image: Table 2]The amounts of HA and M1 in each of the reassortants were determined by the binding of specific monoclonal antibodies using a slot blot assay (Figures 7B,C). Compared to rgPR8(Ud-HA,NA), less infectious virus was required to provide the same amount of HA staining for each of the reassortants (Figure 7B), particularly for PR8(Ud-HA,NA,PB2,PB1) where only about one-hundredth of the infectious virus was required (Table 1). With the exception of PR8(Ud-HA,NA,PB2,PB1,NP), less infectious virus was also required to provide the same amount of PR8 M1 staining compared to rgPR8(Ud-HA,NA) (Figure 7C). By dividing the relative PFU/M1 unit by the relative PFU/HA unit, the resultant HA/M1 ratio indicates the relative amount of HA protein present per arbitrary amount of M1 protein, which, given the assumption of a correlation between M1 and virions, reflects the relative abundance of HA per virion (Table 1). The 3.9-fold greater HA protein density per PR8(Ud-HA,NA,PB1) particle compared to rgPR8(Ud-HA,NA) supports the findings of Cobbin et al. (2013), who also identified a four-fold increase in HA per viral particle for rgPR8(Ud-HA,NA,PB1) by western blotting. The substitution of Udorn NP for PR8 NP in the PR8(Ud-HA,NA,PB1) virus resulted in an 8-fold decrease in HA density from 3.9 to 0.5 HA/M1. The PR8(Ud-HA,NA,PB2,PB1) virus was similar to rgPR8(Ud-HA,NA) with 1.2 HA/M1 and, in this case, the presence of the Udorn NP led to an increase in HA density to 4 HA/M1. Thus, changes in the gene constellation of the virus can dramatically alter the amount of HA on the virion surface.

Data from Table 1, taken in conjunction with the infectious virus titres from the allantoic fluid of eggs infected with a standard amount of each of the viruses (Figure 4B), allows an estimation of how many total virus particles are predicted to be present and the relative total yield of HA from these eggs (Table 2). As an example of these calculations and the underlying assumptions, for a given amount of M1 protein, which we equate to a given amount of virus particles, PR8(Ud-HA,NA,PB1) has only half the number of infectious particles as rgPR8(Ud-HA,NA) (Table 1, relative PFU/M1 unit). To provide a baseline to calculate relative particle numbers of the reassortants we assume that all the virions in the reverse engineered rgPR8(Ud-HA,NA) are infectious. So for a given amount of infectious PR8(Ud-HA,NA,PB1) virions there is an equivalent number of non-infectious virions contributing to the amount of HA in the egg. Dividing the observed titre of infectious virions by the relative PFU/M1 unit ratio for each virus (Table 1) provides the predicted total number of virions in the egg in M1 units/ml (Table 2, predicted total virions). In this way, the PR8(Ud-HA,NA,PB1) virus is predicted to have a total virion count of 5.6 × 108 M1 units/ml. As each particle had 3.9 times the amount of HA than did rgPR8(Ud-HA,NA) (Table 1 relative HA/M1), which we designate as having 1 arbitrary unit of HA per virion, the predicted total yield of HA in the PR8(Ud-HA,NA,PB1)-infected eggs is 2.2 × 109 HA units/ml (M1 units/ml × HA/M1) which is 2.5-fold greater than rgPR8(Ud-HA,NA) (Table 2, relative HA yield). Likewise, PR8(Ud-HA,NA,PB1,NP) had a 1.5-fold greater overall yield of HA, PR8(Ud-HA,NA,PB2,PB1) had 2.3-fold and PR8(Ud-HA,NA,PB2,PB1,NP) had 5.3-fold greater HA yield than did rgPR8(Ud-HA,NA) (Table 2).

The relationship between HA density per particle, the number of virus particles and the capacity to haemagglutinate chicken erythrocytes is yet to be completely understood. Nevertheless, together these data provide a possible explanation of how high HA yields, predicted from HAU titres, could be achieved by PR8(Ud-HA,NA,PB1) and PR8(Ud-HA,NA,PB2,PB1) despite their poor replicative capacity. This work highlights how different mechanisms operate to achieve high HA yields (Figure 7D) in different reassortants. A higher HA density per virion was the main contributing factor for PR8(Ud-HA,NA,PB1) and PR8(Ud-HA,NA,PB2,PB1,NP) whereas a greater number of non-infectious particles allowed for the high HA yields of PR8(Ud-HA,NA,PB2,PB1) and PR8(Ud-HA,NA,PB1,NP).




DISCUSSION

In this study we utilised a model of vaccine seed production with the aim of assessing the influence of selective pressures on viral reassortment over multiple passages. Contrary to current thinking, we show that replicative fitness and antibody resistance are not the only determinants dictating which reassortant progeny will come to dominate in this system. We show data compatible with gene co-selection, resulting from dominant gene segment interactions, as a powerful force for shaping the viruses that are formed and we document the dynamics of the rise and fall of different constellations across the stages of the process. Though counter intuitive, we show that gene co-selection can lead to less fit viruses being positively selected to the point that they are isolated by limit dilution as dominant progeny. We also asked how these dominant but less fit viruses may display high antigen yields such that they can be chosen as vaccine seed candidates and reveal different phenotypes that are likely to account for this.

Generally, reassortment of H3N2 seasonal viruses with PR8 is thought to increase the yields of HA protein by generating reassortants that replicate to high titres (Gerdil, 2003) by virtue of their acquisition of a full complement of genes encoding PR8 non-surface antigens. However, from the four reassortants that expressed high haemagglutination titres equivalent to PR8, only PR8(Ud-HA,NA,PB1,NP) and PR8(Ud-HA,NA,PB2,PB1,NP) displayed high infectious virus yields that likely contributed to the high haemagglutination titres achieved. Comparison between the gene constellations of the four final “vaccine seed candidates” indicated that the presence of the Udorn NP significantly improved infectious virus yields, suggesting some incompatibility of Udorn HA, NA or PB1 with PR8 NP. Viral infectious yields are often associated with the function of the polymerase complex and the relative activity is believed to determine the replicative capacity of a virus (Li et al., 2008; Octaviani et al., 2011; Nakazono et al., 2012; Hara et al., 2013). However, the addition of the Udorn NP had no impact on polymerase activity in the reporter assay, demonstrating that polymerase activity is not necessarily indicative of the replicative ability of a virus. Despite no difference in polymerase activity, in vitro analysis of RNA production demonstrated that viruses with the Udorn NP had significantly increased levels of vRNA, but not viral mRNA, compared to the corresponding viruses with PR8 NP. The NP protein encapsidates vRNA and complementary cRNA but not mRNA and interacts directly with PB1 and PB2 (Biswas et al., 1998). In addition, regions in the NP have been identified as important for vRNA production (Mena et al., 1999; Li et al., 2009; Davis et al., 2017), for selective modulation of NA expression (Brooke et al., 2014) and for efficient packaging (Brooke et al., 2014; Moreira et al., 2016; Bolte et al., 2019). Although virus strain differences in these functions have not yet been investigated, it is possible that a mismatch of NP with PB1 or NA may impair correct packaging of segments resulting in the over-abundance of non-infectious particles in some reassortant genotypes, such as PR8(Ud-HA,NA,PB2,PB1) but not in the corresponding virus with Udorn NP. However it occurs, the restoration of infectious yields by the Udorn NP is possibly contributed to by the increased amounts of vRNA available for packaging into progeny virions to generate a greater number of infectious particles.

In this study, we provide a possible explanation for how dominant gene constellations could provide a high HA yielding phenotype. We show this may be as a result of either a high replicative capacity, the concomitant production of a large number of non-infectious particles, a greater density of HA per virion or a combination of these factors. PR8(Ud-HA,NA,PB1) and PR8(Ud-HA,NA,PB2,PB1,NP) had an overall increase of HA/particle compared to rgPR8(Ud-HA,NA) whereas PR8(Ud-HA,NA,PB1,NP) and PR8(Ud-HA,NA,PB2,PB1) achieved high haemagglutination titres mainly through an increase in the number of total viral particles. Although the calculations used to determine the relative numbers of infectious and non-infectious particles were based on a number of underlying assumptions, the observations on which these assumptions were made, such as infectious yield and the HA and M1 protein content, were all determined experimentally. Therefore, although the actual numbers are notional, relative differences between reassortants stem from empirical data. Previously in our laboratory it was demonstrated that the Udorn PB1 could selectively modulate Udorn HA protein production in cells (Cobbin et al., 2013). This as yet undefined mechanism, thought to operate post-transcriptionally (Cobbin et al., 2013), may be operating here to explain how PR8(Ud-HA,NA,PB1) and PR8(Ud-HA,NA,PB2,PB1) achieved high haemagglutination titres despite their reduced replication kinetics.

Until recently, viral replicative fitness was considered the main factor to drive the emergence of dominant gene constellations (Kimble et al., 2014; Steel and Lowen, 2014). Viruses with lower infectious yields would likely be outcompeted by genotypes with higher replication kinetics, which would then dominate the population. However, in this study, the isolation of six dominant reassortant gene constellations with infectious yields lower than rgPR8(Ud-HA,NA), but not PR8(Ud-HA,NA) itself, demonstrates that viral fitness doesn’t always dictate dominance, at least not in the initial stages of the selection process. Interactions between viral gene segments are known to be important during the assembly and packaging of the eight RNPs into progeny virions (Fournier et al., 2012; Essere et al., 2013; Gavazzi et al., 2013a; Le Sage et al., 2020) and the data shown here enforce our previous observation of the preferential co-packaging of the Udorn PB1 and NA gene segments during progeny virion formation (Cobbin et al., 2014; Gilbertson et al., 2016). We show that the co-selection of the Udorn PB1 gene with the Udorn NA gene is likely responsible for the prevalence of the Udorn PB1 in all stages of the reassortment process and in the final dominant reassortants in our model system and the increased replicative fitness observed upon the inclusion of the Udorn NP in the presence of the Udorn PB1, HA and NA, likely drove the increased prevalence of the Udorn NP. However, we need to entertain the possibility that the Udorn PB1-NA co-selection relationship is reinforced by other co-selection relationships between the PR8 genes that might remove them from the available “packaging pool.” As we are neutralising reassortants expressing PR8 HA and or NA with antisera, genes that co-select strongly with PR8 HA or NA genes will remain unidentified in this study. The fact that the reassortant PR8(Ud-HA,NA) was not isolated as one of the dominant progeny, despite its high replicative capacity and high HA yield, attests to the strength of co-selection in our system and its influence on the availability of genes that would otherwise create highly fit viruses.

The Udorn PB1-NA co-selection relationship is in accord with our retrospective analysis of past H3N2 vaccine seed strains, where the seasonal PB1 was present at a higher frequency compared to the other non-HA and NA genes from the seasonal virus parent (Cobbin et al., 2013). The co-selection of internal genes with the HA or NA genes also has direct implications for the generation of pandemic strains. In the event of reassortment between human and avian IAVs, progeny reassortant viruses expressing the surface glycoproteins of the human strain would be inhibited by pre-existing antibodies within the human population, allowing reassortants with the avian HA and potentially also NA, to dominate. As the HA and NA genes may have co-selection relationships with other internal gene segments, this can dictate which avian internal genes are also carried through into the human-infecting strain, shaping the phenotype of the emergent virus and influencing its impact on the human population. For example, co-selection of an avian PB1 would allow expression of a full-length and inflammatory PB1-F2 (McAuley et al., 2010, 2017) which has been shown to be a driver of severe secondary bacterial infection (McAuley et al., 2007).

Our study provides new information on the drivers of influenza virus reassortment and the factors that may influence the phenotype of dominant progeny. The eventual move from classical reassortment to reverse engineering for vaccine seed generation will require this understanding so that gene constellations that provide greatest HA and NA protein content can be produced. In addition, a greater understanding of the factors that dictate gene constellations and their corresponding phenotypes likely to arise by reassortment between influenza viruses of human and other reservoir species, will help in prediction of the likelihood and impact of future pandemics.
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Virus PFU/HA unit? Relative PFU/HA unit? PFU/M1 unit® Relative PFU/M1 unitd Relative HA/M1¢

rgPR8(Ud-HA,NA) 1.8 x 10° 1.00 2.0 x 105 1.00 1.0
PR8(Ud-HA,NA,PB1) 2.3 x 104 0.13 9.8 x 10% 0.50 3.9
PR8(Ud-HA,NA,PB1,NP) 1.5 x 10° 0.80 8.6 x 104 0.44 0.5
PR8(Ud-HA,NA,PB2,PB1) 2.3 x 108 0.012 2.9 % 10° 0.015 12
PR8(Ud-HA,NA,PB2,PB1,NP) 6.0 x 10 0.33 2.6 x 108 1.33 4.0

aFrom slot blot analysis, the infectious virus (PFU) corresponding to an arbitrarily level (referred to as 1 unit) of HA staining (read at the line indlicated in Figure 6B graph).
PPFU/HA unit of reassortant expressed relative to rgPR8(Ud-HA,NA).

CFrom slot blot analysis, the infectious virus (PFU) corresponding to an arbitrarily level (referred to as 1 unit) of M1 staining (read at the line indicated in Figure 6C graph).
dPFU/M1 unit of reassortant expressed relative to rgPR8(Ud-HA,NA).

eCalculated as PFU/M1 units divided by PFU/HA units and corresponds to the relative amount of HA per virion assuming that the amount of M1 is proportional to the
total number of virions and is present in similar amounts on average in infectious and non-infectious virus.





OPS/images/fmicb-12-683152-t002.jpg
Virus Infectious virus titre Predicted total Predicted total HA Relative HA yieldd
(PFU/mI)? virions (M1 units/ml)® yield (HA units/ml)®

rgPR8(Ud-HANA) 8.7+18x10° 8.7+ 1.8 x 108 8.7+18x 108 1.0

PR8(Ud-HA,NA,PB1) 28+18x108 56+ 3.6 x 108 22+ 1.4 x10° 25

PR8(Ud-HA,NA,PB1,NP) 1.1+05 x 10° 24401 x10° 1.340.6 x 10° 1.4

PR8(Ud-HA,NA,PB2,PB1) 24407 x 107 1.6+ 0.5 x 10° 2.0+ 06 x 10° 2.2

PR8(Ud-HA,NA,PB2,PB1,NP) 15+0.2 x 10° 11401 x 109 46405 x10° 5.2

a|nfectious titres determined by plaque assay on allantoic fluid from eggs infected with a standard dose of virus (Figure 3B). Mean + SD.

bObserved infectious virus titre (PFU/mI) divided by relative PFU/M1 unit (Table 1). Prediction of total virions assumes all rgPR8(Ud-HA,NA) virions are infectious.
CM1 units/ml multiplied by the relative HA/M1 (Table 1). Assumes rgPR8(Ud-HA,NA) has one arbitrary unit of HA per virion.
dPredicted yield of HA relative to rgPR8(Ud-HA,NA).





