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Abstract  23 

Infection with a single influenza A virus (IAV) is only rarely sufficient to initiate productive infection. 24 

Here, we exploit both single-cell approaches and whole-animal systems to show that IAV reliance 25 

on multiple infection can form an important species barrier to infection. Namely, we find that H9N2 26 

subtype viruses representative of those circulating widely at the poultry-human interface exhibit 27 

acute dependence on collective interactions in mammalian systems. This need for multiple 28 

infection is greatly reduced in the natural host. Quantification of incomplete viral genomes showed 29 

that their complementation accounts for the more moderate reliance on coinfection seen in avian 30 

cells, but not the added reliance seen in mammalian cells. This finding suggests an additional 31 

form of virus-virus interaction is needed to support infection in mammalian cells. Genetic mapping 32 

implicated the PA gene segment as a major driver of this phenotype and quantification of viral 33 

RNA synthesis indicated that both replication and transcription were affected. These findings 34 

indicate that multiple distinct mechanisms underlie IAV reliance on multiple infection and 35 

underscore the importance of virus-virus interactions in IAV infection, evolution and emergence. 36 

  37 
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Introduction 38 

Classically, an infectious unit has been defined as a single virus particle which delivers its genome 39 

to a cell, initiates the viral reproductive program, and yields progeny viruses. The importance to 40 

infection of collective interactions among viruses is being increasingly recognized, however1-3. 41 

The delivery of multiple viral genomes to a cell allows antagonistic and beneficial interactions to 42 

occur, and these interactions have the potential to shape transmission, pathogenicity, and viral 43 

evolution.   44 

Recent work has revealed several distinct mechanisms by which multiple viral genomes 45 

are co-delivered to a target cell4-8. Various mechanisms of direct cell-to-cell spread yield a similar 46 

outcome9-11. The implications of multiple infection in these diverse systems are still being 47 

explored. In a number of cases, however, collective delivery was demonstrated to increase the 48 

efficiency of infection relative to free virus particles4,5, or to increase the rate of genetic exchange 49 

through recombination6. 50 

When distinct variants coinfect, beneficial effects such as compensation of deleterious 51 

mutations can increase overall fitness12-14. In the case of IAV, several lines of evidence point to a 52 

major role in infection for multiplicity reactivation, the process by which segmented genomes 53 

lacking one or more functional segments complement each other15-19. Conversely, negative 54 

interactions can also arise in which deleteriously mutated genes act in a dominant negative 55 

fashion. Defective interfering particles, which often potently interfere with the production of 56 

infectious progeny from a coinfected cell, are the most extreme example of such antagonism20-22.  57 

Importantly, multiple infection with identical viral genomes can also alter infection 58 

outcomes. Such cooperation was documented for VSV and HIV, where rates of transcription and 59 

replication were enhanced with increasing multiplicity of infection (MOI)23,24. Similarly, faster 60 

kinetics of virus production were seen at high MOI for poliovirus and IAV19,25. In these instances, 61 

it is thought that increased copy number of infecting viral genomes provides a kinetic benefit 62 

important in the race to establish infection before innate antiviral responses take hold. Indeed, it 63 
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has been suggested that multiple infection may be particularly relevant for facilitating viral growth 64 

under adverse conditions, such as antiviral drug treatment3,26.  65 

For IAV, an important adverse condition to consider is that of a novel host environment. 66 

IAVs occupy a broad host range, including multiple species of wild waterfowl, poultry, swine, 67 

humans and other mammals27,28. Host barriers to infection typically confine a given lineage to 68 

circulation in one species or a small number of related species29,30. Spillovers occur occasionally, 69 

however, and can seed novel lineages. When a novel IAV lineage is established in humans, the 70 

result is a pandemic of major public health consequence31,32. The likelihood of successful cross-71 

species transfer of IAV is determined largely by the presence, absence, and compatibility of host 72 

factors on which the virus relies to complete its life cycle, and on the viruses’ ability to overcome 73 

antiviral defenses in the novel host33-35.  74 

Our objective herein was to assess the degree to which IAV relies on the delivery of 75 

multiple viral genomes to a cell to ensure production of progeny. In particular, we sought to 76 

determine whether this phenotype varies with host species. We therefore examined the 77 

multiplicity dependence of one human and a panel of avian-origin viruses in multiple host systems. 78 

Results from all virus/cell combinations tested confirm prior reports that cells multiply-infected with 79 

IAV produce more viral progeny than singly-infected cells. Importantly, however, the extent to 80 

which viral progeny production is concentrated within the multiply-infected fraction of a cell 81 

population varies greatly with virus-host context. Two poultry-adapted H9N2 viruses (A/guinea 82 

fowl/HK/WF10/99 (GFHK99) and A/quail/HK/A28945/88 (QaHK88)) exhibit an acute dependence 83 

on multiple infection in mammalian systems that is greatly diminished in natural host systems. 84 

This strong dependence on multiple infection is not seen for the human strain, influenza 85 

A/Netherlands/602/2009 (H1N1) (NL09) virus, or for an IAV from wild birds, influenza 86 

A/mallard/199106/99 (H3N8) (MaMN99) virus. The host-specific dependence of GFHK99 virus 87 

on multiple infection is driven by its PA gene segment. In line with this finding, both bulk and 88 

single-cell measurements of viral RNA showed that polymerase activity in mammalian cells is 89 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 7, 2020. ; https://doi.org/10.1101/736108doi: bioRxiv preprint 

https://doi.org/10.1101/736108
http://creativecommons.org/licenses/by-nc-nd/4.0/


enhanced with multiple infection. A need for complementation of incomplete viral genomes 90 

partially accounts for this cooperative effect. Importantly, however, single-cell data indicate that 91 

additional multiplicity-dependent mechanisms support RNA synthesis by the GFHK99 virus in 92 

mammalian cells. Thus, our data point to an important role for multiple infection in determining 93 

the potential for IAV replication in diverse hosts. 94 

 95 

Results 96 

Degree of multiplicity dependence varies with strain and cell type 97 

To evaluate the extent to which IAV relies on multiple infection for productive infection, we 98 

initially used reassortment and coinfection as readouts. While singly infected cells yield only 99 

parental progeny, reassortment is highly efficient within coinfected cells36. Monitoring 100 

reassortment therefore indicates the proportion of progeny in a bulk virus population that were 101 

produced from multiply infected cells. To ensure accurate quantification of reassortment, 102 

coinfections were performed under single-cycle conditions with homologous viruses that differ 103 

only by a silent mutation in each segment and the presence of either an HA or HIS epitope tag 104 

fused to the HA protein. The silent mutations allow identification of reassortant viruses. The 105 

epitope tags enable quantification of cellular coinfection across a range of MOIs. Homologous 106 

coinfection partners, termed WT and VAR, were generated in NL09, MaMN99 and GFHK99 strain 107 

backgrounds.  108 

Coinfection and reassortment were examined in canine MDCK and chicken DF-1 cells 109 

(Figure 1). In MDCK cells, GFHK99 viruses showed a near linear relationship between total HA+ 110 

cells and dual-HA+ cells, suggesting a strict dependence on multiple infection for HA expression 111 

(Figure 1A). By contrast, HA expression resulting from infection with a single strain was more 112 

common for GFHK99 in DF-1 cells, MaMN99 in MDCK cells and NL09 in MDCK cells (Figure 113 

1A). To give a quantitative measure of the differences among these virus/cell pairings, we 114 

determined the degree of linearity from the regression models of each dataset (Figure 1B). The 115 
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more dependent expression of any HA protein is on coinfection, the more linear the relationship 116 

between dual-HA+ cells and HA+ cells becomes. Conversely, a relationship closer to the Poisson 117 

expectation indicates less dependence on coinfection. Among the viruses tested, we found that 118 

only GFHK99 virus in MDCK cells exhibits strong linearity in the relationship between HA+ and 119 

dual-HA+ cells (Figure 1B).  120 

In line with observed levels of coinfection, GFHK99 virus exhibits high levels of 121 

reassortment in MDCK cells, indicating that nearly all progeny virus is produced from WT-VAR1 122 

coinfected cells (Figure 1C). MaMN99 or NL09 viruses infecting MDCK cells show relatively lower 123 

levels of reassortment. Moreover, reassortment of GFHK99 viruses is markedly reduced in DF-1 124 

cells compared to MDCK cells (Figure 1C). These results clearly reveal differing degrees of 125 

multiplicity dependence for different virus/cell pairings and therefore indicate that multiple infection 126 

dependence is determined through virus-host interactions. 127 

That all virus-cell pairings tested show evidence of multiplicity dependence is highlighted 128 

by comparison of the experimental reassortment data to a theoretical prediction (Figure 1C). This 129 

theoretical prediction was published previously18 and is derived from a computational model in 130 

which the number of viral progeny produced by an infected cell is constant, irrespective of the 131 

number of input viral genomes. Because singly- and multiply-infected cells make equivalent 132 

numbers of progeny in this model, reassortment is predicted to increase only gradually at low 133 

levels of infection where coinfection is relatively rare. The experimental observation that 134 

reassortment reaches high levels much more rapidly than expected indicates that viral progeny 135 

production is enriched in the proportion of the infected cell population that is multiply infected.   136 

Frequent reassortment and the linear relationship between overall HA expression and HA 137 

co-expression provide two measures of multiplicity dependence for a given virus-cell pairing. To 138 

summarize these two measures and analyze the relationships between the virus-cell pairings 139 

tested, we conducted a hierarchical clustering analysis using the parameters of the regression 140 

models shown in Figure 1A and 1C. MaMN99 and NL09 viruses in MDCK cells, as well as 141 
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GFHK99 virus in DF-1 cells, represent one cluster, while GFHK99 virus in MDCK cells partitioned 142 

into its own cluster (Figure 1D). Coinfection dependence, therefore, is evident in all virus-cell 143 

pairings, but particularly strong for GFHK99 virus in MDCK cells.  144 

 145 

Strain- and host-specific phenotypes are also evident in vivo  146 

To determine whether host-dependent reliance on multiple infection extended to in vivo 147 

models, we performed coinfections in guinea pigs and quail. GFHK99, MaMN99, and NL09 148 

viruses were tested in guinea pigs and GFHK99 virus was examined in quail. To ensure use of 149 

comparable effective doses for each virus/host pairing, the 50% infectious dose (ID50) of each 150 

virus mixture was first determined experimentally in the animal models used. Guinea pigs were 151 

then infected intranasally with 102 GPID50 of each WT/VAR mixture and nasal washes were 152 

collected daily. Quail were infected with 102 QID50 of the GFHK99 virus mixture via an oculo-naso-153 

tracheal route and tracheal swabs were collected daily. To evaluate the frequency of 154 

reassortment, plaque isolates from these upper respiratory samples were genotyped for each 155 

animal on each day. Because multicycle replication in vivo allows the propagation of reassortants, 156 

analysis of genotypic diversity rather than percent reassortment is more informative for these 157 

experiments. Thus, the effective diversity (Hill’s N2) was calculated for each dataset and plotted 158 

as a function of time post-inoculation (Figure 1E, 1F). The viruses collected from GFHK99-159 

infected guinea pigs show much higher genotypic diversity throughout the course of infection than 160 

viruses isolated from MaMN99- or NL09-infected guinea pigs (Figure 1E) or GFHK99-infected 161 

quail (Figure 1F). These data indicate that the virus-host interactions which determine 162 

dependence on multiple infection in cell culture extend to in vivo infection.  163 

 164 

Multiple infection enhances viral growth 165 

The abundant reassortment observed with GFHK99 viruses in mammalian systems 166 

suggests that multiple infection plays a major role in determining the productivity of an infected 167 
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cell. We therefore hypothesized that increasing MOI would augment the viral output of infected 168 

cells and that the magnitude of this effect would be greater for GFHK99 virus in MDCK cells than 169 

for GFHK99 virus in DF-1 cells or MaMN99 and NL09 viruses in MDCK cells. To test this 170 

prediction, we infected over a range of MOIs and then measured PFU produced per cell under 171 

single-cycle conditions. The input MOIs for this series of experiments were based on PFU as 172 

determined in MDCK cells. Which MOI conditions were saturating was determined empirically by 173 

flow cytometry in MDCK and DF-1 cells (Supplementary Figure 1). MOIs < 1 PFU/cell were 174 

found to be non-saturating. Under these non-saturating conditions, increasing MOI resulted in 175 

accelerated viral growth and higher burst size for all virus/cell pairings (Figure 2A–D). As 176 

predicted, however, increasing the MOI of GFHK99 virus in MDCK cells resulted in a further 177 

enhancement of viral amplification (Figure 2G). Thus, the benefit conferred by multiple infection 178 

was greater for GFHK99 virus in MDCK cells compared to the other virus-cell pairings tested.   179 

We reasoned that the cooperative effect observed might result from i) complementation 180 

of incomplete viral genomes or ii) a benefit of increased viral genome copy number per cell. In an 181 

effort to differentiate between these possibilities, we measured growth of GFHK99 virus in MDCK 182 

and DF-1 cells infected over range of saturating MOIs. Note that plaque assays in MDCK cells 183 

underestimate the infectious potential of GFHK99 virus, and increasing viral MOI beyond 1 184 

PFU/cell did not lead to increased levels of HA+ cells, indicating saturation (Supplementary 185 

Figure 1). Under these conditions, incomplete viral genomes are unlikely to be prevalent and any 186 

benefit of increasing MOI would be attributable to increasing genome copy numbers per cell. In 187 

both cell types, MOIs between 1 and 20 PFU per cell result in similar peak viral titers (Figure 2E, 188 

F, H). This saturation of cooperation at higher MOIs suggests diminishing returns from additional 189 

genome copies above a certain threshold. Whether this threshold is imposed by a need for 190 

complementation or another mechanism sensitive to saturation remained unclear.  191 

 192 

Multiple infection enhances viral RNA replication 193 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 7, 2020. ; https://doi.org/10.1101/736108doi: bioRxiv preprint 

https://doi.org/10.1101/736108
http://creativecommons.org/licenses/by-nc-nd/4.0/


To test whether multiple infection was beneficial to the virus at the level of genome 194 

replication, we measured WT viral RNA synthesis in the absence and presence of increasing 195 

amounts of a homologous coinfecting virus. We also broadened the panel of viruses examined to 196 

include two additional strains: A/duck/HK/448/78 (H9N2) (DkHK78), a wild bird isolate that 197 

predates the establishment of H9N2 viruses in poultry, and A/quail/HK/88 (H9N2) (Qa/HK/88), an 198 

early isolate of the H9N2 poultry lineage37. To evaluate host specificity, we measured WT viral 199 

RNA synthesis in both mammalian and avian cells (Figure 3). Cells were infected with low MOI 200 

of WT virus to ensure receipt of a single copy of the WT virus genome. Concurrently, cells were 201 

infected with increasing doses of a VAR virus. Droplet digital PCR (ddPCR) was then used to 202 

quantify replication of WT genomes using primer/probe sets that do not detect VAR templates.  203 

The results for NL09 and MaMN99 viruses show little to no increase in WT vRNA 204 

production with VAR virus addition, in all cell types tested (Figure 3A and B). DkHK78 virus 205 

exhibits an intermediate phenotype, with up to 7-fold increases in WT vRNA levels seen with VAR 206 

virus addition in MDCK and NHBE cells. For this virus in avian DF-1 cells, only a 1.6-fold increase 207 

is observed (Figure 3C). GFHK99 and QaHK88 viruses show much stronger enhancement of WT 208 

vRNA replication with VAR virus coinfection: in MDCK and NHBE cells, respectively, GFHK99 209 

virus show increases of 60-fold and 20-fold, while QaHK88 virus shows increases of more than 210 

2000-fold and 200-fold. In contrast, these two poultry isolates show markedly less enhancement 211 

in WT vRNA replication with VAR coinfection in avian DF-1 cells (Figure 3D and E). Of note, 212 

addition of VAR at high doses suppresses WT vRNA production in several virus/cell pairings, 213 

likely indicating competition for limited resources in the cell.  This antagonistic interaction is 214 

stronger in systems where little benefit of coinfection is detected.  215 

In summary, for both GFHK99 and QaHK88 viruses, the introduction of coinfecting VAR 216 

virus reveals a cooperative effect acting at the level of RNA synthesis, which is particularly potent 217 

in mammalian cells. That the replication of NL09 and MaMN99 viruses is not detectably enhanced 218 
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by the addition of VAR virus suggests a reduced reliance on multiple infection, consistent with 219 

reassortment and dual-HA positivity data presented above. 220 

 221 

The viral PA segment is a major determinant of multiple infection dependence 222 

To identify viral genetic determinants of multiple infection dependence, we mapped 223 

segments responsible for the high reassortment phenotype of GFHK99 virus in MDCK cells. One 224 

or more genes from GFHK99 virus was placed into a MaMN99 virus background. For each 225 

chimeric genotype, WT and VAR strains were generated to allow tracking of homologous 226 

reassortment. Coinfections were performed in MDCK cells and HA expression and reassortment 227 

were measured as in Figure 1. Two viruses are similar to the parental GFHK99 virus in the levels 228 

of dual HA positivity observed: MaMN99:GFHK99 3PNP and MaMN99:GFHK99 PA (Figure 4A–229 

B). Quantification of reassortment revealed that several chimeric viruses reassort at a higher 230 

frequency than MaMN99 parental strains, but that the MaMN99:GFHK99 3PNP and 231 

MaMN99:GFHK99 PA viruses show the highest reassortment, comparable to that seen for the 232 

parental GFHK99 genotype (Figure 4C-D). A clustering analysis similar to the one shown in 233 

Figure 1D revealed that only these two genotypes cluster with GFHK99 parental virus, while each 234 

of the other genotypes clusters with MaMN99 virus (Figure 4E). Thus, while other viral genes 235 

may contribute, PA is the primary genetic determinant of the high reassortment exhibited by 236 

GFHK99 virus in MDCK cells and defines a need for cooperation between coinfecting viruses. To 237 

verify the contribution of the PA segment by a second approach, we evaluated the impact of VAR 238 

virus coinfection on WT vRNA synthesis for the MaMN99:GFHK99 PA chimeric strain in MDCK 239 

and DF-1 cells. The results confirm that the PA segment of GFHK99 virus increases reliance on 240 

multiple infection, specifically in mammalian cells (Supplementary Figure 2). 241 

 242 

Multiple infection accelerates viral replication and transcription 243 
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Because mapping of the GFHK99 high reassortment phenotype implicated the viral PA, 244 

we tested the effects of multiple infection on viral replication and transcription by measuring vRNA 245 

and mRNA over time following low or high MOI infection (Figure 5). GFHK99 virus was examined 246 

in DF-1 and MDCK cells and MaMN99 virus was tested in MDCK cells. To ensure viral genomes 247 

were supplied as low or single copies, a dose of 0.5 RNA copies per cell was used for low MOI 248 

infection. Under these low MOI conditions in MDCK cells, GFHK99 genomic RNA levels remain 249 

low throughout the time course. GFHK99 mRNA increases early, perhaps reflecting robust 250 

primary transcription, then accumulates at a relatively slow rate from 2 h post-infection onward 251 

(Figure 5A). Both viral RNA species accumulate at a significantly higher rate for GFHK99 virus 252 

in DF-1 cells and MaMN99 virus in MDCK cells (Figure 5B, C, G). For the high MOI dose, we 253 

used 3.0 HA-expressing units per cell, as determined by flow cytometry (Supplementary Figure 254 

3). This measure of infectivity gives a functional readout for polymerase activity, and therefore 255 

ensures the vast majority of cells carry an active viral polymerase. At this high MOI, accumulation 256 

of GFHK99 mRNA and vRNA in MDCK cells occurs at a similar rate to that seen for GFHK99 257 

virus in DF-1 cells or MaMN99 virus in MDCK cells (Figure 5D–F, H). Thus, a host-specific defect 258 

in GFHK99 polymerase activity that affects both replication and transcription is seen at low MOI. 259 

This defect is, however, resolved under conditions where multiple infection is prevalent.  260 

 261 

Single-cell mRNA sequencing reveals a need for cooperation  262 

To evaluate the heterogeneity of viral RNA synthesis at the single-cell level, we infected DF-1 or 263 

MDCK cells with GFHK99 virus under single-cycle conditions and collected cells at 8 h post-264 

infection for mRNA barcoding on the 10x Genomics Chromium platform prior to sequencing. Cells 265 

in which no viral mRNA was detected were excluded from further analysis. In addition, we used 266 

a thresholding approach to exclude cells that were unlikely to be truly infected, but rather may 267 

carry small amounts of viral mRNA owing to lysis of neighboring cells (Supplementary Figure 268 

4). Following these two exclusion steps, the number of cells remaining ranged between 110 and 269 
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440 per infection condition. Next, to allow comparison between cell types and between 270 

experiments, each cell’s total transcript abundance was normalized to the median number of 271 

transcripts per cell in the relevant sample. The normalized and log10 transformed counts of viral 272 

transcripts per cell were then compared across conditions. We found that the amount of detected 273 

GFHK99 viral mRNA varies widely between individual DF-1 cells, which is consistent with 274 

previous observations38-40. In contrast, GFHK99 viral mRNA levels are uniformly low in MDCK 275 

cells, especially at the lower MOIs tested (Figure 6A, left facet).  276 

To evaluate whether low transcript abundance corresponded with the failure to detect one 277 

or more polymerase-encoding segments, we stratified the data based on detection of all four 278 

segments necessary to support transcription (PB2, PB1, PA and NP). Consistent with prior 279 

reports38, viral transcript levels are higher in cells that contained PB2, PB1, PA, and NP transcripts 280 

compared to those in which one or more of these transcripts was not detected (Supplementary 281 

Figure 5). We noted that the PB2, PB1, and PA mRNAs were markedly less abundant than the 282 

other viral transcripts, however. Thus, the correspondence between failure to detect polymerase 283 

transcripts and low viral mRNA abundance may simply be due to the higher likelihood of these 284 

mRNAs falling below the limit of detection in cells that have low overall viral transcription. 285 

        To measure the impact of coinfecting viruses in individual cells, we repeated the single-286 

cell sequencing experiment with the addition of two variants of GFHK99 virus, GFHK99 mVAR1 287 

and GFHK99 mVAR2. Cells were inoculated with GFHK99 WT and GFHK99 mVAR1 viruses in a 288 

1:1 ratio. Coinfection with GFHK99 mVAR2 virus was performed simultaneously and this virus 289 

was used at the concentration found to give optimal support of WT viral RNA replication in Figure 290 

3D: 0.1 PFU per cell in DF-1 cells and 1.0 PFU per cell in MDCK cells. After mRNA sequencing, 291 

only cells in which transcripts from all eight mVAR2 virus segments were detected were analyzed 292 

further. Cells that likely obtained WT or mVAR1 viral RNA through lysis were excluded  293 

(Supplementary Figure 4). Between 64 and 217 cells per infection condition met both criteria to 294 

be included in further analysis. As expected, no significant difference was detected between WT 295 
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and mVar1 transcript levels (p > 0.05, linear mixed effects model) (Supplementary Figure 5). No 296 

differentiation is therefore made between strains in further analysis. In cells infected with both WT 297 

and mVAR1 viruses, viral transcript abundance is calculated separately for each, so that 298 

coinfected cells contribute two distinct measurements to the dataset. The viral transcript levels 299 

per cell detected in this second experiment are shown in Figure 6A alongside data from the first 300 

experiment. In comparing the two infections, we observe that total viral transcript abundance is 301 

markedly lower in MDCK cells compared to DF-1 cells in the first infection, but this effect is almost 302 

entirely mitigated by the presence of mVAR2 virus in the second infection. This reduction in the 303 

disparity between DF-1 and MDCK cells resulted from the fact that mVAR2 virus increased 304 

transcript abundance by 149% in DF-1 cells, but 258% in MDCK cells (p < 10–4, linear mixed 305 

effects model) (Figure 6A). These data underscore the significance of viral collective interaction 306 

to ensure productive infection in diverse hosts. 307 

 Because only a subset of a cell’s transcripts is captured and therefore reliably detected41, 308 

the 10x platform does not allow a robust determination of segment presence or absence in a cell. 309 

The addition of mVAR2 virus improves the sensitivity with which WT transcripts can be detected, 310 

however, and – as noted above – levels the playing field between MDCK and DF-1 cells. We 311 

therefore evaluated the number of distinct viral gene segments detected per cell, as indicated by 312 

the presence of the corresponding mRNAs. Failure to detect a subset of the eight segments in a 313 

given cell is very common in our datasets, as with others38,40. The addition of mVAR2 virus 314 

increases the number of segments per cell detected, however, suggesting that failure to detect is 315 

often a result of transcript levels falling below the limit of detection of the assay (Figure 6B). 316 

Importantly, in the presence of mVAR2 virus, the number of segments detected per cell was 317 

comparable between MDCK and DF-1 cells across all MOIs tested (Figure 6B). This result 318 

suggests that the frequency with which incomplete GFHK99 viral genomes are expressed is 319 

comparable between these mammalian and avian cell lines.  320 

 321 
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Frequency of incomplete GFHK99 genomes in MDCK cells is moderate 322 

Given the limitations of single-cell mRNA sequencing for the detection of relatively rare 323 

transcripts, we employed a second single-cell approach to quantify the frequency with which fewer 324 

than eight vRNAs are replicated in GFHK99 infected MDCK cells19. MDCK cells were coinfected 325 

with a low MOI of GFHK99 WT virus and a high MOI of GFHK99 VAR2 virus. The GFHK99 VAR2 326 

virus acts to ensure propagation of the WT virus gene segments, even when less than the full WT 327 

viral genome is available for transcription and replication. Following inoculation, single cells were 328 

sorted into wells which contain a naïve cell monolayer and multicycle replication was allowed for 329 

48 h. To determine which viral gene segments were present in the initially sorted cell, RT-qPCR 330 

with primers that differentiate WT and VAR2 gene segments was applied. As detailed in the 331 

Methods, the results were used to calculate the probability that a cell infected with a single WT 332 

virus contains a given segment. We termed the resultant parameter Probability Present (PP). The 333 

experimentally determined PP values vary among the segments, with a range of 0.56 to 0.8 334 

(Figure 7A). The product of the eight PP values gives an estimate of the proportion of singular 335 

infections in which all eight segments are available for replication. This estimate is 3.2% for 336 

GFHK99 virus in MDCK cells. 337 

To evaluate whether incomplete viral genomes account for the focusing of GFHK99 virus 338 

production within multiply infected cells, we used our previously published computational model 339 

of IAV coinfection and reassortment18. In this model, the frequency of successful segment 340 

replication is governed by eight PP parameters and an infected cell only produces virus if at least 341 

one copy of all eight segments are replicated. Importantly, in this model the amount of virus 342 

produced from productively infected cells is constant – there is no additional benefit to multiple 343 

infection. When the eight experimentally determined PP values for GFHK99 virus in MDCK cells 344 

are used to parameterize the model, the theoretical prediction of reassortment frequency is much 345 

lower than that observed experimentally for GFHK99 viruses in MDCK cells, but a good match 346 

with the reassortment seen in DF-1 cells (Figure 7B). Clearly, the frequency with which GFHK99 347 
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segments fail to be replicated cannot fully account for the high reassortment seen in the 348 

mammalian MDCK cell system, but can fully account for the more moderate reliance on multiple 349 

infection seen in DF-1 cells. Thus, in mammalian cells, a full GFHK99 viral genome is necessary 350 

but not sufficient to support robust replication.  351 

 352 

Discussion 353 

Our data reveal that moderate reliance of IAV on multiple infection is the norm. An exceptionally 354 

high need for multiple infection can, however, occur when an IAV infects a new host species. 355 

Thus, our findings identify increased reliance on multiple infection as a novel component of IAV 356 

host restriction. Since not all mismatched virus-host combinations show a high reliance on 357 

multiple infection, the data indicate that a need for collective interactions is a potential 358 

manifestation of IAV host restriction, not a universal feature. Dependence on multiple infection is 359 

of particular interest as a barrier to cross-species transfer for two reasons: first, it can be overcome 360 

in the absence of genetic adaptation, through high dose infection; and second, it leads to high 361 

levels of reassortment, which in turn can facilitate adaptation to a new host. 362 

An important consequence of viral genome segmentation is the potential for replication of 363 

incomplete genomes2. Complementation is therefore a major class of collective interaction for 364 

viruses with segmented genomes. The relevance of complementation for a given virus species 365 

likely depends on the extent to which packaging, delivery and replication of genome segments is 366 

coordinated42. For IAV, we and others have demonstrated that a subset of segments fails to be 367 

replicated or expressed in infected cells with high frequency16,19,38,40. Specifically, for influenza 368 

A/Panama/2007/99 (H3N2) virus in MDCK cells, we found that delivery of a single viral genome 369 

results in replication of all eight segments only 1.2% of the time19.  Data reported herein for 370 

GFHK99 virus indicate that a somewhat higher proportion of replicated viral genomes are 371 

complete – namely, 3.2%. Thus, GFHK99 virus is partially dependent on complementation for 372 

productive infection. However, the high levels of reassortment seen between GFHK99 WT and 373 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 7, 2020. ; https://doi.org/10.1101/736108doi: bioRxiv preprint 

https://doi.org/10.1101/736108
http://creativecommons.org/licenses/by-nc-nd/4.0/


VAR viruses in mammalian cells indicate that additional cooperative interactions are at play. This 374 

is clear from the discrepancy between observed GFHK99 virus reassortment in MDCK cells and 375 

the reassortment levels expected if complementation is the only cooperative effect considered. 376 

These data point to a model in which the presence of not just complete genomes, but rather 377 

multiple copies of the viral genome, are needed to overcome host-specific barriers to GFHK99 378 

infection in mammalian systems (Figure 8).   379 

Insight into the nature of this second cooperative interaction is gleaned from the 380 

observation that the amount of viral RNA produced from GFHK99 WT viral genomes is 381 

significantly increased with the addition of a homologous virus. From these data, we can conclude 382 

that the coinfecting virus functions in trans to support WT virus RNA replication in mammalian 383 

cells. In addition, our genetic data implicate the viral PA in defining an acute reliance on 384 

cooperation. The PA gene segment encodes two proteins: PA and PA-X43. Together with PB2 385 

and PB1, PA is an essential component of the trimeric polymerase complex44. PA carries the 386 

endonuclease activity required for cap-snatching from nascent Pol II transcripts, which is essential 387 

for viral transcription45. It also comprises much of the interface for viral polymerase dimerization, 388 

which is needed for viral replication46. PA-X shares its N-terminus with PA but has a unique 41 or 389 

61 amino acid C-terminus43,47. PA-X contributes to the shut-off of host protein synthesis by 390 

targeting host Pol II transcripts for destruction48,49. Alignment of PA and PA-X proteins encoded 391 

by GFHK99 and MaMN99 viruses reveals 29 differences in PA and 9 differences in PA-X 392 

(Supplementary Figure 6). Three-dimensional modeling of the GFHK99 and MaMN99 PA 393 

proteins based on the recently reported structure of the A/NT/60/1968 (H3N2) virus polymerase46 394 

did not predict marked differences. Nevertheless, the polymorphisms noted in and near the 395 

dimerization loop suggest a model in which the reliance of GFHK99 virus on multiple infection 396 

may result from an inefficiency of polymerase dimerization and consequent inefficiency of vRNA 397 

synthesis46. This model is attractive based on the results of Fan et al., who reported that aberrant 398 

in vitro initiation of vRNA synthesis by a dimerization mutant was ameliorated with increased 399 
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polymerase concentration46. We speculate that multiple infection could lead to a similar effect 400 

within the infected cell. If this speculation is correct, it would suggest a role for host factors in viral 401 

polymerase dimerization, since the observed GFHK99 reliance on multiple infection is specific to 402 

mammalian cells. Finer mapping of the phenotype within PA and targeted functional studies are 403 

needed to test this model and explore other possible mechanisms.  404 

Of note, high reliance on multiple infection in mammalian cells does not extend to all avian 405 

IAVs. Our experiments indicate that this phenotype is a feature of H9N2 subtype avian IAV 406 

prevalent at the poultry-human interface, while two avian IAV derived from wild birds, MaMN99 407 

and DkHK78 viruses, showed no increase or a modest increase in reliance on multiple infection 408 

in mammalian relative to avian systems. Whether a need for multiple infection in mammalian cells 409 

extends to other poultry-adapted lineages is an interesting question for future study. H9N2 410 

subtype viruses are, however, highly relevant in the context of zoonotic infection due to their 411 

prevalence at the poultry-human interface. Sporadic human infections with poultry-adapted H9N2 412 

viruses have been reported, including with strains closely related to GFHK99 virus. These H9N2 413 

viruses furthermore share several related genes with H5N1 and H7N9 subtype viruses that have 414 

caused hundreds of severe human infections50-55. The G1 lineage to which the GFHK99 virus 415 

belongs circulates widely in the poultry of Southeast Asia, the Middle East, and North Africa and 416 

reassorts frequently with other poultry adapted IAVs56-59. Our comparison of reassortment in 417 

guinea pigs and quail indicates that reassortment could be particularly prevalent in the context of 418 

zoonotic infection of mammals. This phenotype of high reassortment in mammals is expected to 419 

extend to the H5N1 and H7N9 subtype viruses of public health concern, which carry polymerase 420 

genes related to those of the GFHK99 virus53-55. While reassortment is typically deleterious60,61, 421 

high frequencies increase opportunity for fit genotypes to arise and adapt, and should therefore 422 

be considered in assessing the risk of emergence posed by non-human adapted IAVs. 423 

Our data reveal novel concepts in both virus-host and virus-virus interactions. In the 424 

context of virus-host interactions, the extent of IAV reliance on cooperation is determined in part 425 
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by interactions with the host cell, such that infection of novel hosts may be characterized by an 426 

acute dependence on multiple infection. In the context of virus-virus interactions, our data show 427 

that cooperation is not limited to complementation; rather, interactions among homologous 428 

coinfecting viruses can be highly biologically significant. Viral dependence on multiple infection is 429 

expected to have a strong impact on viral fitness and evolution by modulating the efficiency of 430 

spread within and between hosts and by changing how a virus population samples sequence 431 

space62-65. Thus, multiple infection dependence is likely to play an important role in determining 432 

the outcomes of IAV infection and evolution in diverse hosts. 433 
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 467 

Methods 468 

Cells and cell culture media 469 

Madin-Darby canine kidney (MDCK) cells, a gift from Peter Palese, Icahn School of Medicine at 470 

Mount Sinai, were used in all experiments. MDCK cells from Daniel Perez at University of Georgia 471 

were used for plaque assays as this variant of the MDCK line was found to yield more distinct 472 

plaques for the GFHK99 strain. Both MDCK cell lines were maintained in minimal essential 473 

medium (MEM; Gibco) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals), 474 

penicillin (100 IU), and streptomycin (100 µg per mL) (PS; Corning). 293T cells (ATCC CRL-3216) 475 
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and DF-1 cells (ATCC CRL-12203) were maintained in Dulbecco’s minimal essential medium 476 

(DMEM; Gibco) supplemented with 10% FBS and PS. Duck embryo cells (ATCC CCL-141) were 477 

maintained in Eagle's minimum essential medium (EMEM; ATCC) supplemented with 10% FBS 478 

and PS. Normal human bronchial epithelial (NHBE) cells were acquired from Lonza and were 479 

amplified and differentiated into air-liquid interface cultures as recommended by Lonza and 480 

described by Danzy et al.66. All cells were cultured at 37oC and 5% CO2 in a humidified incubator. 481 

Medium for culture of IAV in each cell line (virus medium) was prepared by supplementing the 482 

appropriate media with 4.3% bovine serum albumin and penicillin (100 IU), and streptomycin (100 483 

µg per mL). Ammonium chloride-containing virus medium was prepared by the addition of HEPES 484 

buffer and NH4Cl at final concentrations of 50 mM and 20 mM, respectively. 485 

 486 

Viruses 487 

All viruses were generated by reverse genetics67. For avian viruses, 293T cells transfected with 488 

reverse genetics plasmids 16–24 h prior were injected into the allantoic cavity of 9–11 day old 489 

embryonated chicken eggs and incubated at 37oC for 40–48 h. The resultant egg passage 1 490 

stocks were used in experiments. For NL09-based viruses, 293T cells transfected with reverse 491 

genetics plasmids 16–24 h prior were co-cultured with MDCK cells at 37oC for 40–48 h. 492 

Supernatants were then propagated in MDCK cells from low MOI to generate NL09 working 493 

stocks. Defective interfering segment content of PB2, PB1, and PA segments was confirmed to 494 

be minimal for each virus stock, as described previously68 (Supplementary Figure 7). All plaque 495 

assays were performed in MDCK cells; viruses were also titered by flow cytometry and/or RT 496 

qPCR-based methods where indicated. The reverse genetics system for influenza A/guinea 497 

fowl/Hong Kong/WF10/99 (H9N2) virus was reported previously69,70. This strain has been referred 498 

to as WF10 in previous publications69-71. For consistency with other strains used in the present 499 

manuscript, it is referred to herein as GFHK99. A low passage isolate of influenza 500 

A/mallard/Minnesota/199106/99 (H3N8) virus, referred to herein as MaMN99, was obtained from 501 
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David Stallknecht at the University of Georgia72. The virus was passaged once in eggs and then 502 

the eight cDNAs were generated and cloned into the pDP2002 vector73. A low passage isolates 503 

of influenza A/duck/Hong Kong/448/1978 (H9N2) and A/quail/Hong Kong/A28945/1988 (H9N2), 504 

referred to herein as dkHK78 and QaHK88, were passaged once in eggs and then the eight 505 

cDNAs were generated and cloned into the pDP2002 vector. To increase the recovery efficiency 506 

of viruses containing polymerase components from the MaMN99 virus, pCAGGS support 507 

plasmids encoding PB2, PB1, PA, and NP proteins of the A/WSN/33 (H1N1) strain were supplied.   508 

GFHK99 WT, MaMN99 VAR and NL09 VAR viruses were engineered to contain a 6XHis 509 

epitope tag plus GGGS linker at the N-terminus of the HA protein following the signal peptide. 510 

GFHK99 VAR1, MaMN99 WT and NL09 VAR viruses contain similarly modified HA genes, with 511 

an HA epitope tag plus a GGGS linker inserted at the N-terminus of the HA protein36. All assays 512 

except the single-cell mRNA sequencing used viruses carrying these epitope tags. 513 

Silent mutations were introduced into VAR viruses by site-directed mutagenesis to allow 514 

genotyping of WT and VAR segment origin. The specific changes introduced into all VAR viruses 515 

used here are listed in Supplementary Table 1. Mutations introduced into GFHK99 VAR1, 516 

MaMN99 VAR, and NL09 VAR viruses enable detection by high-resolution melt analysis or probe-517 

based droplet digital PCR. Mutations introduced into the GFHK99 VAR2 strain were designed to 518 

confer unique primer binding sites relative to GFHK99 WT virus. Viruses used for single-cell 519 

mRNA sequencing, GFHK99 mVAR1 and GFHK99 mVAR2, carry mutations near the 3’ end of 520 

each transcript to allow detection by sequencing following oligo-dT priming38.  521 

 522 

Synchronized, single-cycle infection conditions 523 

Conditions designed to synchronize viral entry and prevent propagation of progeny viruses were 524 

used for all cell culture-based infections with the exception of those performed for measurement 525 

of PP values. Synchronized, single-cycle infections were performed as follows: Cell monolayers 526 

were washed three times with PBS and placed on ice. Chilled virus inoculum was added to each 527 
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well and incubated at 4°C for 45 minutes with occasional rocking to allow attachment without 528 

entry74. Inoculum was aspirated and cell monolayer was washed three times with cold PBS before 529 

addition of warm virus medium lacking trypsin. Cultures were incubated at 37oC. At 3 h post-530 

infection, virus medium was replaced with ammonium chloride-containing virus medium. Addition 531 

of ammonium chloride to the medium prevents acidification of endosomes, thereby blocking 532 

further IAV infection75. Cultures were returned to 37oC for the remainder of the incubation time. 533 

 534 

Infection of cultured cells for quantification of coinfection and reassortment 535 

MDCK or DF-1 cells were seeded at a density of 4 x105 cells per well in 6-well dishes 24 h before 536 

inoculation. Virus inoculum was prepared by combining WT and VAR viruses at high titer in a 1:1 537 

ratio based on PFU titers, and then diluting in PBS to achieve MOIs ranging from 10 to 0.01 PFU 538 

per cell. Synchronized, single cycle infection conditions were used. In addition, owing to the low 539 

yield of IAV in DF-1 cells, acid inactivation of inoculum virus was performed at 1 h post-infection 540 

for this cell type. This procedure is needed if residual inoculum virus would otherwise comprise 541 

an appreciable proportion of the virus sampled at 12 or 16 h post-inoculation. For acid inactivation, 542 

media was aspirated and replaced with 500 µL of PBS-HCl, pH 3.00 and incubated 5 min at 37°C. 543 

Cells were then washed once with PBS before the addition of virus medium.  GFHK99 virus-544 

infected cells were harvested at 12 h post-infection due to high amounts of cytopathic effects at 545 

later time points. Cells infected with MaMN99 virus and MaMN99:GFHK99 chimeric viruses were 546 

harvested at 16 h post-infection. NL09 virus reassortment data shown in Figure 1C were reported 547 

previously76 and are included here to allow comparison to the avian strains used. 548 

 549 

Determination of infection and coinfection levels based on HA surface expression. To 550 

enumerate infected cells, surface expression of HIS and HA epitope tags was detected by flow 551 

cytometry (Supplementary Figure 8). This method was previously described in detail36. Cells 552 

were fixed following staining by resuspending in FACS buffer and 1% paraformaldehyde. The 553 
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percentage of cells positive for either or both epitope tags is expressed as % cells HA+. The 554 

percentage of cells positive for both epitope tags is expressed as % cells dual-HA+. The 555 

relationship between these two parameters was evaluated by plotting % cells dual-HA+ against % 556 

cells HA+ and regressing the resultant curve as a polynomial: 557 

% cells dual-HA+ = b2* Expectation(% cells HA+) + b1*(% cells HA+), 558 

where b2 and b1 are genotype-specific. For a given fraction of cells expressing HA, the expected 559 

fraction of cells expressing both HA proteins is derived from the Poisson distribution with  560 

l = –ln(1 – % cells HA+): 561 

!
𝑒#$𝜆&

𝑣!
(1 − 2 ∗ 0.5&)

2

&34

 562 

 563 

From the regression models, we then quantified the degree of linearity using the equation:  564 

%	𝑙𝑖𝑛𝑒𝑎𝑟𝑖𝑡𝑦	 = 	 |@A|
|@A|B|@C|

. 565 

 566 

Animal models and reassortment in vivo 567 

Ethics Statement. All animal experiments were conducted in accordance with the Guide for the 568 

Care and Use of Laboratory Animals of the National Institutes of Health. Studies were conducted 569 

under animal biosafety level 2 (ABSL-2) containment and approved by the IACUC of the 570 

University of Georgia (protocols A201506-026-Y3-A2 and A201506-026-Y3-A5) for quail studies 571 

or the IACUC of Emory University (protocol PROTO201700595) for guinea pig studies. Animals 572 

were humanely euthanized following guidelines approved by the American Veterinary Medical 573 

Association (AVMA). 574 

Quail eggs obtained from the College of Veterinary Medicine, University of Georgia, were 575 

hatched at the Poultry Diagnostic and Research Center, University of Georgia. Two days before 576 

virus inoculation, quail sera were confirmed to be seronegative for IAV exposure by NP ELISA 577 
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(IDEXX, Westbrook, ME). At 3 weeks of age, birds were moved into a HEPA in/out BSL2 facility 578 

and each group divided into individual isolator units.  579 

Groups (n=6) of 3 week old Japanese quail (Coturnix Japonica) were used to determine 580 

the 50% quail infectious dose of the 1:1 GFHK99 WT and GFHK99 VAR1 virus mixture. Each 581 

quail was inoculated with 500 µl by oculo-naso-tracheal route of virus mixture in PBS, at 582 

increasing concentrations of 100 to 106 TCID50 per 500 µL. Tracheal and cloacal swab specimens 583 

were collected daily from each bird in brain heart infusion media (BHI). Swab samples were 584 

analyzed by TCID50 assay and titers of tracheal swabs collected at 4 d post-inoculation were used 585 

to determine the QID50 by the Reed and Muench method77. Virus was not detected in cloacal 586 

swabs. QID50 was found to be equivalent to 1 TCID50.  587 

To quantify reassortment in quail, samples collected from quail (n=6) infected with the 102 588 

TCID50 dose of the 1:1 GFHK99 WT and GFHK99 VAR1 virus mixture were used. These were the 589 

same birds as used to determine QID50. Virus shedding kinetics were determined by plaque assay 590 

of tracheal swab samples and samples from days 1, 3, and 5 were chosen for genotyping of virus 591 

isolates.  592 

Female Hartley strain guinea pigs weighing 250–350 g were obtained from Charles River 593 

Laboratories (Wilmington, MA) and housed by Emory University Department of Animal 594 

Resources. Prior to intranasal inoculation and nasal washing, guinea pigs were sedated by 595 

intramuscular injection with 30 mg per kg ketamine/ 4 mg per kg xylazine. The GPID50 of GFHK99 596 

WT/VAR1 and MaMN99 WT/VAR virus mixtures were determined as follows. Groups of four 597 

guinea pigs were inoculated intranasally with virus mixture in PBS at doses of 100 to 105 PFU per 598 

300 µL inoculum. Daily nasal washes were collected in 1 mL PBS and titered by plaque assay. 599 

Results from day 2 nasal washes were used to determine the GPID50 by the Reed and Muench 600 

method77. The GPID50 of GFHK99 virus was found to be 2.1 x 103 PFU; that of MaMN99 virus 601 

was 2.1 x 101 PFU. The GPID50 of NL09 virus was previously determined to be 1 x 101 PFU (ref78 602 

and data not shown). 603 
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To evaluate reassortment kinetics in guinea pigs, groups of six animals were infected with 604 

102 x GPID50 of the aforementioned GFHK99 WT / VAR1, MaMN99 WT / VAR or NL09 WT / VAR 605 

virus mixtures. Virus inoculum was given intrasnasally in a 300 µL volume of PBS. Nasal washes 606 

were performed on days 1–6 post-inoculation and titered for viral shedding by plaque assay. HRM 607 

genotyping was performed on samples collected on day 1, 3, and 5 for each guinea pig. 608 

 609 

Quantification of reassortment and effective diversity 610 

Reassortment was quantified for in vitro coinfection supernatants, guinea pig nasal washes, and 611 

quail tracheal swabs as described previously36. Briefly, plaque assays were performed in 10 cm 612 

dishes to isolate virus clones. 1 mL serological pipettes were used to collect agar plugs into 160 613 

µl PBS. Using a ZR-96 viral RNA kit (Zymo), RNA was extracted from the agar plugs and eluted 614 

in 40 µl nuclease free water (Invitrogen). Reverse transcription was performed using Maxima RT 615 

(Thermofisher) according to the manufacturer’s protocol. The resulting cDNA was diluted 1:4 in 616 

nuclease free water and each cDNA was combined with segment specific primers 617 

(Supplementary Table 2) and Precision Melt Supermix (Bio-Rad) and analyzed by qPCR in a 618 

CFX384 Touch real-time PCR detection system (Bio-Rad) designed to amplify a ~100 bp region 619 

of each gene segment which contains a single nucleotide change in the VAR virus. The qPCR 620 

was followed by high-resolution melt (HRM) analysis to differentiate WT and VAR amplicons79. 621 

Precision Melt Analysis software (Bio-Rad) was used to determine the parental virus origin of 622 

each gene segment based on melting properties of the cDNAs and comparison to WT and VAR 623 

controls. Each individual plaque was assigned a genotype based on the combination of WT and 624 

VAR genome segments, with 2 variants on each of 8 segments allowing for 256 potential 625 

genotypes. 626 

Reassortment data was used to calculate viral genotypic diversity; that is, the diversity of 627 

the 256 possible WT/VAR genotypes present in a given sample. Diversity was quantified as 628 

reported previously80, by calculating Simpson's Index, given by D = sum(pi
2), where pi represents 629 
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the proportional abundance of each genotype81. Simpson's Index accounts for both the raw 630 

number of species and variation in abundance of each, and is sensitive to the abundance of 631 

dominant species. These features are important to ensure that overrepresentation of a single 632 

reassortant genotype does not cause a viral population to appear more diverse than it actually is. 633 

Because Simpson's Index does not scale linearly, each sample's Simpson’s Index value was 634 

converted to a corresponding Hill number to derive its effective diversity, N2 = 1/D82, which is 635 

defined as the number of equally abundant species required to generate the observed diversity 636 

in a sample community. Because it scales linearly, Hill's N2 allows a more intuitive comparison 637 

between communities (i.e., a community with N2 = 10 species is twice as diverse as one with N2 = 638 

5) and is suitable for statistical analysis by basic linear regression methods83. Robust linear 639 

models of N2 vs. time were regressed using the R package robustlmm. 640 

 641 

Hierarchical clustering analysis 642 

To compare the behavior of multiple viruses during in vitro coinfections, a hierarchical clustering 643 

algorithm was used. In these experiments, multiplicity dependence was measured by analyzing 644 

HA co-expression and reassortment as a function of the percentage of cells expressing HA. Each 645 

of these regression models contain two parameters (% cells dual-HA+ = b2* Expectation(% cells 646 

HA+) + b1*(% cells HA+), and % reassortment = b0 + b1 * ln(% cells HA+). The behavior of a given 647 

virus can therefore be expressed as a set of four parameters. These parameters were used to 648 

calculate the distance between each pair of viruses, and Ward’s method of aggolomerative 649 

hierarchial clustering was then used to organize viruses into clusters based on these distances84. 650 

Briefly, this algorithm combines a nearby pair of elements into a cluster with a new position that 651 

is halfway between the original individuals. This process is repeated until all elements have been 652 

incorporated into one cluster. The R package pvclust was used to calculate statistical support for 653 

the existence of each node by multiscale bootstrap resampling, with nodes appearing in 95% of 654 
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trials being deemed statistically significant. Each dendrogram was then divided into two clusters 655 

to determine whether the behavior of GFHK99 virus in MDCK cells represented a true outgroup 656 

(Figure 1), or to determine whether each GFHK99:MaMN99 chimeric virus was more similar to 657 

GFHK99 or MaMN99 parent virus (Figure 4). 658 

 659 

Single-cycle viral growth kinetics 660 

DF-1 or MDCK cells were seeded at 4x105 cells per well in 6 well dishes 24 h prior to infection. 661 

Virus was serially diluted using PBS. Synchronized, single cycle infection conditions with acid 662 

inactivation of inoculum virus as described above were used. At each time point, 120 µl 663 

supernatant was collected. Viral titers for each sample were assessed by plaque assay in MDCK 664 

cells. Each MOI condition was used in 5–6 wells in parallel infections. Three wells served as 665 

technical replicates for growth curve sampling while the remaining wells were harvested at 24 h 666 

post-infection to enumerate HA-expressing cells via flow cytometry. Flow cytometry data for NL09 667 

in MDCK cells are not included owing to low sensitivity of the assay for this virus. In cases where 668 

acid inactivation was inefficient, the replicate was eliminated, and data are plotted in duplicate. 669 

 670 

Effect of increasing multiple infection on viral RNA replication 671 

For DF-1 and MDCK cell experiments, 12-well plates were seeded with 3x105 cells per well 24 h 672 

prior to infection. For NHBE cells, cells were cultured at an air-liquid interface as previously 673 

described66. Cell surfaces were washed three times with PBS prior to inoculation. Triplicate wells 674 

were then inoculated with increasing doses of VAR virus, plus 0.005 PFU per cell of WT virus in 675 

DF-1 and MDCK cells or 0.05 PFU per cell of WT virus in NHBE cells. VAR viruses used were 676 

GFHK99 VAR2, MaMN99 VAR, NL09 VAR, MaMN99-Anhui-PA VAR, MaMN99-GFHK99-PA 677 

VAR, dkHK78 VAR, and QaHK88 VAR. After 55 minutes at 37°C, inoculum was aspirated, cells 678 

were washed three times with PBS and 1 ml per well virus medium was added. Media was 679 

exchanged for ammonium chloride-containing media 3 h later. At 12 h post-infection, virus media 680 
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was removed and cells were harvested using RNAprotect Cell Reagent (Qiagen). RNA was 681 

extracted using RNeasy columns (Qiagen) and then reverse transcribed with universal influenza 682 

primers85 and Maxima RT per protocol instructions. Droplet digital PCR (ddPCR) was performed 683 

on the resultant cDNA. For GFHK99 virus, QX200™ ddPCR™ EvaGreen Supermix (Bio-Rad) 684 

was used with a combination of PB2, M, and NS primers specific for the GFHK99 WT virus (final 685 

primer concentration of 200 nM) (Supplementary Table 3). For MaMN99, MaMN99-Anhui-PA, 686 

MaMN99-GFHK99-PA, dkHK78, QaHK88 and NL09 viruses, QX200™ ddPCR™ Supermix for 687 

Probes (Bio-Rad) was used with NP specific primers and probes (Supplementary Table 3). 688 

 689 

Strand-specific quantification of viral RNA species over time 690 

Viruses used for this experiment were the same GFHK99 WT/VAR1 or MaMN99 WT/VAR 691 

virus mixtures used to measure reassortment, but in this case each mixture was considered as a 692 

single virus population (i.e. the RT ddPCR assay outlined below to quantify viral m/vRNA does 693 

not differentiate between WT and VAR genotypes). Doses used were 0.5 RNA copies per cell for 694 

the low MOI and 3.0 HA-expressing units/cell for the high MOI. RNA copy numbers of virus stocks 695 

were determined by ddPCR targeting at least four segments (mean values were used). HA-696 

expressing units per mL was determined by counting HA+ cells by flow cytometry in the relevant 697 

cell type. Specifically, cells were infected with serial dilutions of virus under synchronized, single 698 

cycle conditions. At 24 h post-infection, cells were harvested and flow cytometry was performed 699 

targeting His and HA epitope tags. HA expressing units per mL for each virus / cell combination 700 

was calculated based on the linear range of %HA+ cells plotted as a function of volume of virus 701 

added to cells86 (Supplementary Figure 3).  702 

12-well plates were seeded with 2x105 cells per well of MDCK or DF-1 cells and incubated 703 

at 37oC for 24 h. Synchronized, single cycle infection conditions were used, as described above. 704 

Chilled virus was added at a volume of 125 µL per well. At 0, 1, 2, 4, 6, 8, and 10 h post-infection, 705 

virus medium was aspirated and cells were harvested using 400 µL of RNAprotect Cell Reagent 706 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 7, 2020. ; https://doi.org/10.1101/736108doi: bioRxiv preprint 

https://doi.org/10.1101/736108
http://creativecommons.org/licenses/by-nc-nd/4.0/


(Qiagen). RNA was extracted using the Qiagen RNAeasy Mini kit. Two reverse transcription 707 

reactions per sample were set up with primers targeting mRNA or vRNA of the NS segment, each 708 

containing different nucleotide barcode tags (Supplementary Table 4). Maxima RT was used 709 

according to the manufacturer’s instructions and combined with 300 ng MDCK or 150 ng DF-1 710 

RNA. Absolute copy number of cDNA was determined by ddPCR. Forward and reverse primers 711 

for vRNA or mRNA of NS at a total concentration of 200 nM were combined with diluted cDNA 712 

and QX200™ ddPCR™ EvaGreen Supermix (Bio-Rad). Primer sequences are given in 713 

Supplementary Table 4. Thermocycler protocol was 95oC for 5 min, [95oC for 30s, 57oC for 60s] 714 

repeat 40x, 4oC for 5 min, 90oC for 5 min, 4oC hold. Copy number was normalized to RNA input 715 

to give final results in units of copy number per ng RNA. We did attempt to measure cRNA in this 716 

assay but found that primers designed to be specific for cRNA cross-primed on viral mRNA. 717 

 718 

Single-cell mRNA sequencing 719 

For this assay, viruses were titered in DF-1 cells using flow cytometry with anti-NP antibody. DF-720 

1 cells were used because they give more sensitive detection of GFHK99 virus infection than 721 

MDCK cells. Cells were infected with serial dilutions of virus under synchronized, single-cycle 722 

conditions. At 24 h post-infection flow cytometry was performed targeting NP: cells were 723 

processed with the BD Cytofix/Cytoperm™ Kit (catalog no. 554714) and stained with anti-NP 724 

antibody (Abcam, clone 9G8, catalog no. ab43821) followed by donkey anti-Mouse IgG Alexa 725 

Fluor 488 (Invitrogen catalog no. A-21202). NP expression units per were calculated based on 726 

the linear range of % cells NP+ plotted as a function of volume of virus added to cells86 727 

(Supplementary Figure 3).  728 

To perform single-cell mRNA sequencing, MDCK and DF-1 cells were seeded into 6-well 729 

plates at 5x105 cells per well. At 24 h post seeding, cells were infected with synchronized, single 730 

cycle conditions. In the first experiment, MDCK or DF-1 cells were inoculated with GFHK99 WT 731 

virus at an MOI of 0.07, 0.2, 0.6, or 1.8 NP units per cell. In the second experiment, MDCK or DF-732 
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1 cells were inoculated with a 1:1 ratio of GFHK99 WT virus and GFHK99 mVAR1 virus that 733 

amounted to a MOI of 0.02, 0.07, 0.2 or 0.6 NP units per cell. GFHK99 mVAR2 virus was added 734 

to MDCK and DF-1 cell infections at MOIs of 1 PFU per cell and 0.1 PFU per cell, respectively. 735 

Infected cells were incubated for 8 h at 37oC. Culture media was then aspirated and cells washed 736 

once with 1X PBS. Cells were then trypsinized with 200 µL of 0.25% Trypsin EDTA until all cells 737 

came off the plate and were mono-dispersed. To each well, 0.5 mL of virus medium was added 738 

and replicates were pooled (2 wells per MOI). Cells for each sample were counted. Samples were 739 

spun at 150 rcf for 3 minutes and washed with 0.5 mL of 1X PBS/0.04% BSA. Washings were 740 

performed two more times. Finally, cells were resuspended with 1X PBS/0.04% BSA to give 7 x 741 

105 cells per mL. Preparation for single-cell transcriptomic sequencing followed the protocol for 742 

10x Genomics Chromium Single Cell platform.  743 

Analysis of viral transcripts from single cells was performed with the sequencing data from 744 

all experiments using Cell Ranger software. Briefly, the Cell Ranger software assigns each read 745 

to individual cells and transcripts based on two sets of unique molecular identifiers (UMIs) that 746 

are ligated prior to amplification. This approach allows the quantification of amplification bias at 747 

both the cellular and transcript levels. The first step of the analytical workflow was to map the 748 

reads to concatenated transcriptomes of GFHK99 virus with the transcriptomes of dog or chicken 749 

to analyze MDCK and DF-1 cell infections, respectively. Protein coding regions for the dog and 750 

chicken transcriptomes were identified in the GTF file associated with genome builds 751 

CanFam3.1.98 (NCBI accession number GCA_000002285.2) and GRCg6a (NCBI accession 752 

number GCA_000002315.5), respectively, while GFHK99 virus coding regions were extracted 753 

from the reverse-complement sequences of the GFHK99 strains. The aligned sequencing data is 754 

available on the GEO database with the accession number XXXXXXXX. Cell Ranger output in 755 

the form of gene and barcode counts were then analyzed in R using the package CellrangerRkit. 756 

To account for the issue of cellular lysis, which can allow uninfected cells to acquire viral RNA 757 
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from the supernatant and thus appear infected, a preliminary analysis was conducted to exclude 758 

cells that were likely false positives. This analysis was informed by the reasoning that 1) 759 

contaminated cells were likely to contain less viral RNA than truly infected cells, and 2) the amount 760 

of viral RNA present in contaminated cells should be less consistent than the amount present in 761 

truly infected cells. Within each infection, the proportion of each cell’s transcriptome that was 762 

comprised of viral RNA was calculated, and cells were ordered according to this proportion so 763 

that the marginal gain in % viral RNA from one cell to the next could be calculated. Excluding cells 764 

with no marginal gain (indicating two cells with the same % viral RNA), the marginal gain vs. % 765 

viral RNA was plotted for each infection, which showed that this marginal gain is initially a rapidly 766 

decreasing function of % viral RNA. The first local minimum of a local regression was derived for 767 

each infection, to determine the point at which marginal gain became more consistent and less 768 

affected by % viral RNA, and cells with % viral RNA below that threshold were excluded from 769 

further analysis (Supplementary Figure 4). To enable comparisons between samples, the 770 

median number of UMIs per cell was calculated for each infection, and the UMI counts of each 771 

cell within that infection were normalized to this median value (e.g. if the total number of UMIs in 772 

a cell was 50% of that detected in the median cell, all of its UMI counts were multiplied by 2). The 773 

number of viral RNA transcripts per cell was then calculated and log10-transformed.  774 

 775 

Single-cell sorting assay for measurement of PP values 776 

Segment-specific PP values were determined as previously described for influenza 777 

A/Panama/2007/99 (H3N2) virus19, and as follows. 4x105 MDCK cells were seeded into each well 778 

of a 6-well dish. 24 h later, cells were washed 3x with PBS and inoculated with 0.018 PFU per 779 

cell of GFHK99 WT virus and 1 PFU per cell of GFHK99 VAR2 virus in 250 µL of PBS. Virus was 780 

allowed to attach at 37oC for 1 h. Inoculum was then removed and cells were rinsed 3x with PBS 781 

and 2 mL of virus medium was added to the well. After 1 h at 37oC, medium was removed and 782 

cells were washed 3x with PBS and harvested by addition of Cell Dissociation Buffer (Corning). 783 
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Cells were resuspended in complete medium and washed 3x with 2 mL FACS buffer (2% FBS in 784 

PBS). A final resuspension step was performed in PBS containing 1% FBS, 10 mM HEPES, and 785 

0.1% EDTA. Cells were strained through a cell strainer cap (Falcon) and sorted on a BD Aria II 786 

cell sorter. Gating was performed to remove debris and multiplets and one event per well was 787 

sorted into each well of a 96-well plate containing MDCK monolayers at 30% confluency in 50 µl 788 

virus medium supplemented with 1 ug per mL TPCK-treated trypsin. Following the sort, an 789 

additional 50 µl of virus medium plus TPCK-treated trypsin was added to each well and plates 790 

were centrifuged at 1,800 rpm for 2 minutes to promote cell attachment. Plates were incubated at 791 

37oC for 48 h to allow propagation of virus from the sorted cell. 792 

RNA was extracted from infected cells in the 96-well plate using a ZR-96 Viral RNA Kit 793 

(Zymo Research) per manufacturer instructions. Extracted RNA was converted to cDNA using 794 

universal influenza primers85 and Maxima RT according to manufacturer instructions. After 795 

conversion, cDNA was diluted 1:4 with nuclease-free water and used as template (4 µL per 796 

reaction) for segment-specific qPCR using SsoFast EvaGreen Supermix (Bio-Rad) in 10 µl 797 

reactions, with 200 nM final primer concentration. Primers employed targeted each segment of 798 

GFHK99 WT virus, as well as the PB2 and PB1 segments of GFHK99 VAR2 virus. Primer 799 

sequences are listed in Supplementary Table 3.  800 

Given the MOI of GFHK99 WT virus used in the experiments, an appreciable number of 801 

wells are expected to receive two or more viral genomes, and so a mathematical adjustment is 802 

needed to estimate the probability of each genome segment being delivered by a single virion. 803 

Using the relationship between MOI and the fraction of cells infected from Poisson statistics, i.e., 804 

f = 1 – e–MOI, the probability of the ith segment being present in a singly infected cell, or PP,i can 805 

be calculated from the 96-well plate using the following equation: 806 

𝑃E,G =
MOIG
MOIKL

=
−ln	(1 − 𝑓G)
−ln	(1 − 𝑓KL)

=
ln	(1 −	𝐶G𝐴)

ln	(1 −	𝐵𝐴)
 807 
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where A is the number of VAR2
+ wells, B is the number of WT+ wells (containing any WT segment), 808 

and Ci is the number of wells positive for the WT segment in question. Wells that were negative 809 

for VAR2 virus segments were excluded from analysis.  810 
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Figure Legends 811 

Figure 1. Coinfection and reassortment frequencies indicate that IAV multiplicity 812 

dependence varies with virus strain and host species. A–D) MDCK or DF-1 cells were 813 

coinfected with homologous WT and VAR viruses of either GFHK99, MaMN99, or NL09 strain 814 

backgrounds at a range of MOIs. The relationship between % cells HA+ and % cells dual-HA+ (A) 815 

varies with strain and cell type, resulting in curves of differing % linearity (B). GFHK99, MaMN99, 816 

and NL09 viruses exhibit different reassortment levels in MDCK cells, but all show high 817 

reassortment relative to a theoretical prediction in which singly infected and multiply infected cells 818 

have equivalent burst sizes (C). GFHK99 virus reassortment levels differ in MDCK and DF-1 cells, 819 

but again reassortment in DF-1 cells remains high relative to the theoretical prediction in which 820 

multiple infection confers no advantage (C). Clustering analysis of reassortment and HA co-821 

expression regression models determines that GFHK99 virus exhibits unique behavior in MDCK 822 

cells compared to DF-1 cells or other viruses in MDCK cells (D). Yellow circles indicate nodes 823 

with >95% bootstrap support. In guinea pigs (n=6), GFHK99 WT and VAR1 viruses exhibit higher 824 

reassortment than MaMN99 or NL09 WT and VAR viruses, as indicated by increased genotypic 825 

diversity (E). The GFHK99 WT and VAR1 viruses exhibit higher reassortment in guinea pigs than 826 

in quail (n=5) (F). Guinea pig data shown in panels E and F are the same. NL09 virus reassortment 827 

data shown in (C) were reported previously76. Shading represents 95% CI. 828 

 829 

Figure 2. Increasing MOI increases viral productivity at sub-saturating, but not saturating 830 

MOIs. MDCK or DF-1 cells were infected under single-cycle conditions at a range of MOIs in 831 

triplicate wells for each MOI. A–F) Viral titers observed at the indicated MOIs are plotted against 832 

time post-infection for GFHK99 virus in MDCK cells (A), GFHK99 virus in DF-1 cells (B), MaMN99 833 

virus in MDCK cells (C), NL09 virus in MDCK cells (D), GFHK99 virus in MDCK cells (E), and 834 

GFHK99 virus in DF-1 cells (F). G) Fold change in amplification (maximum PFU output / PFU 835 

input) relative to the MOI=0.01 PFU per cell condition is plotted for each virus-cell pairing. H) Burst 836 
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size, calculated as maximum PFU output / number of HA+ cells detected by flow cytometry, is 837 

plotted for each virus-cell pairing tested in the higher MOI range. MOIs shown are in units of PFU 838 

per cell, as determined in MDCK cells. Error bars represent mean ± standard error. 839 

 840 

Figure 3. Coinfection enhances GFHK99 vRNA synthesis in a dose and host dependent 841 

manner. Cells were coinfected with WT virus and increasing doses of VAR virus. WT virus MOI 842 

was 0.05 PFU per cell in NHBE cells and 0.005 PFU per cell in all other cell types. The fold change 843 

in WT vRNA copy number, relative to that detected in the VAR virus, is plotted for NL09 virus in 844 

MDCK and NHBE cells (A), MaMN99 virus in MDCK and duck embryo (DE) cells (B), dkHK78 845 

virus in MDCK, NHBE, and DF-1 cells (C), GFHK99 virus in MDCK, NHBE, and DF-1 cells (D) 846 

and QaHK88 virus in MDCK, NHBE, and DF-1 cells (E). n=3 cell culture dishes per condition. 847 

Error bars represent mean ± standard deviation. 848 

 849 

Figure 4. Coinfection and reassortment of chimeric viruses reveal a major role for the viral 850 

PA gene segment. Reverse genetics was used to place one or more genes from GFHK99 virus 851 

into a MaMN99 background. Coinfections with homologous WT and VAR strains were performed 852 

in MDCK cells as in Figure 1. The relationship between % cells HA positive and % cells dually HA 853 

positive (A, B) and reassortment levels (C, D) are shown for each genotype. Experimental results 854 

are compared to a theoretical prediction based on Poisson statistics and in which singly infected 855 

and multiply infected cells have equivalent burst sizes (Prediction). Clustering analysis of the 856 

regression models shown in (A-D) is used to partition the behavior of each chimeric genotype into 857 

one of two clusters, denoting closer similarity to GFHK99 or MaMN99 (E). Yellow circles indicate 858 

nodes with >95% bootstrap support. Data shown for GFHK99 and MaMN99 viruses are the same 859 

as those displayed in Figure 1. 860 

 861 
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Figure 5. High multiplicity of infection is needed for robust GFHK99 polymerase activity in 862 

MDCK cells.  Dishes of MDCK or DF-1 cells (n=3) were infected with GFHK99 or MaMN99 virus 863 

at low (0.5 RNA copies per cell) or high (3 HA-expressing units per cell) MOI. NS segment vRNA 864 

and mRNA was quantified at the indicated time points (A–F). The average fold change from initial 865 

(t=0) to peak RNA copy number is plotted for low MOI infections (G) and high MOI infections (H). 866 

Error bars represent standard deviation. Significance was assessed by multiple unpaired t-tests 867 

with correction for multiple comparisons using the Holm-Sidak method, with alpha = 5.0%. Each 868 

row was analyzed individually, without assuming a consistent SD: *p < 0.05, **<0.01, ***<0.001. 869 

ns = not significant. 870 

 871 

Figure 6. Homologous coinfecting virus boosts GFHK99 viral transcription in single cells 872 

and reveals comparable rates of segment detection in MDCK and DF-1 cells. DF-1 or MDCK 873 

cells were infected with GFHK99 virus (left facet) at MOIs of 0.07, 0.2, 0.6, or 1.8 NP-expressing 874 

units per cell, or a 1:1 mixture of GFHK99 WT and GFHK99 mVAR1 viruses at four different total 875 

MOIs (0.02, 0.07, 0.2, 0.6 NP-expressing units per cell) and a constant amount of GFHK99 876 

mVAR2 virus (0.1 PFU per cell in DF-1 cells, 1.0 PFU per cell in MDCK cells) (right facet). Violin 877 

plots show the distribution of total viral RNA (A) or distinct viral genome segments (B) per cell in 878 

each cell-MOI infection condition. Vertical lines denote the median of each distribution. UMI = 879 

unique molecular identifier. 880 

 881 

Figure 7. Incomplete GFHK99 virus genomes are present but not sufficiently abundant to 882 

account for observed reassortment in MDCK cells. Incomplete viral genomes were quantified 883 

experimentally by a single-cell assay which relies on the amplification of incomplete viral genomes 884 

of GFHK99 WT virus (0.018 PFU per cell) by a genetically similar coinfecting virus, GFHK99 885 

VAR2. Based on the rate of detection of GFHK99 WT virus segments in this assay, the probability 886 

that a given segment would be present and replicated in a singly infected MDCK cell is reported 887 
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as PP. A) Summary of experimental PP data. n = 4 biological replicates, distinguished by color. 888 

Horizontal bars and shading represent mean ± standard deviation. Mean PP,i values for each 889 

segment are indicated at the bottom of the plot area. Average PP for each experiment was 890 

calculated as the geometric mean of the eight PP,i values, and the mean ± standard deviation of 891 

those four summary PP values is shown at the top of the plot area. B) Experimentally obtained 892 

PP,i values in A were used to parameterize a computational model18. Levels of reassortment 893 

predicted using the experimentally determined parameters are shown with colors corresponding 894 

to points in (A). Levels of reassortment predicted if PP=1.0 are shown with the dashed line. 895 

Observed reassortment of GFHK99 WT and VAR viruses in MDCK cells are shown with blue 896 

circles. Observed reassortment of GFHK99 WT and VAR viruses in DF-1 cells are shown with 897 

pink circles. Observed data are the same as those plotted in Figure 1. 898 

 899 

Figure 8. Model: complementation of incomplete viral genomes is necessary but not 900 

sufficient for robust progeny production from mammalian cells infected with GFHK99 901 

virus.  Cells infected with single virions often replicate incomplete viral genomes and therefore 902 

do not produce viral progeny (A). In mammalian cells, complementation of incomplete viral 903 

genomes through coinfection may allow progeny production (B), but robust viral yields require the 904 

delivery of additional genomes to the cell, beyond the levels needed for complementation (C). 905 

Horizontal bars within cells represent viral gene segments successfully delivered and replicated. 906 
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