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Abstract

The influenza A virus (IAV) genome consists of eight negative-sense viral RNA (VRNA)
segments that are selectively assembled into progeny virus particles through RNA-RNA
interactions. To identify relationships between VRNA segments, we examined parallel evolution
between VRNA segments of seasonal human IAV, finding that evolutionary relationships between
VRNA segments differ between subtypes and antigenically-shifted strains. Intersegmental
relationships were distinct between H3N2 and H1N1 viruses, but largely conserved over time in
H3N2 viruses. However, parallel evolution of vVRNA segments diverged between H1N1 strains
isolated before and after the 2009 pandemic. Surprisingly, intersegmental relationships were not
driven solely by protein sequence, which is potentially indicative of RNA-RNA driven coevolution.

Colocalization of highly coevolved vVRNA segments was enriched over other pairs at the nuclear
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periphery during a productive viral infection. This study illustrates how phylogenetics can be
applied to interrogate putative RNA interactions underlying selective assembly of IAV.
Introduction

Genetic variation is ubiquitious in RNA viruses. The rapid evolution underlying this variation
can occur as a result of mutation, recombination, or reassortment, with major consequences for
human disease (Andino & Domingo, 2015). In the case of influenza virus, these consequences
include poor vaccine efficacy rates, immune escape, antiviral resistance, and the emergence of
novel strains (Lyons & Lauring, 2018). Within the past century, influenza A virus (IAV) pandemics
occurred in 1918 (H1N1), 1957 (H2N2), 1968 (H3N2), and 2009 (H1N1) (Neumann, Noda, &
Kawaoka, 2009; Paules & Subbarao, 2017; Short, Kedzierska, & van de Sandt, 2018). Each of
the last three influenza pandemics have been attributed to a reassortant strain composed of a
novel combination of the eight viral RNA (VRNA) segments of the influenza virus genome
(Neumann et al., 2009). Thus, the emergence of pandemic strains is marked by a concommittent
alteration in the influenza virus genome triggered by new genetic diversity.

Public health measures to limit the impact of influenza virus outbreaks would benefit from the
ability to predict reassortment between circulating influenza viruses. Genetic mutation is driven
by stochastic processes and is therefore difficult to predict (Andino & Domingo, 2015). In contrast,
reassortment is restricted by a number of factors. As reassortment must occur between two
strains coinfecting the same cell, the spatiotemporal dynamics of coinfection as well as
compatibility of RNA packaging signals can impede reassortment (Lowen, 2017; Richard, Herfst,
Tao, Jacobs, & Lowen, 2018). One method for identifying potential reassortant viruses is to
examine intracellular assembly of VvRNA segments through biochemical techniques.
Intersegmental RNA-RNA interactions have been proposed to facilitate selective assembly and
packaging of eight unique VRNA segments into a progeny virion and could pose a significant

hurdle to reassortment (Gavazzi et al., 2013; Noda et al., 2006). It is consequently imperative to
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identify the evolutionary constraints imposed by intersegmental vRNA interactions, as this may
help predict future influenza pandemics.

Epistasis within and between genes imposes evolutionary constraints that can be shaped by
a number of factors, including the function, stability, or interactions between individual RNA or
protein (Sardi & Gasch, 2018). Probabilistic models have revealed several destabilizing mutations
in the influenza virus nucleoprotein (NP) that became fixed as a result of counterbalancing
epistasis that improves NP protein stability (Gong, Suchard, & Bloom, 2013). These destabilizing
mutations occur within T cell epitopes of NP that may be important for immune escape (Gong et
al., 2013). Stabilizing epistasis was similarly instrumental to the emergence of oseltamivir-
resistance mutations in the influenza neuraminidase (NA) (Bloom, Gong, & Baltimore, 2010). The
rise of oseltamivir-resistance mutations in NA spurred investigation of parallel evolution between
NA and hemagglutinin (HA), demonstrating that mutations in HA may have facilitated acquisition
of oseltamivir-resistance mutations in NA (Jang & Bae, 2018; Kryazhimskiy, Dushoff, Bazykin, &
Plotkin, 2011; Neverov, Kryazhimskiy, Plotkin, & Bazykin, 2015). These approaches have great
potential, yet the current focus surrounds constraints on protein interactions (Escalera-Zamudio
et al., 2020). Such methodologies could be further employed to investigate epistasis arising from
RNA-RNA interactions. Mounting evidence from our group and others suggests that direct
intermolecular interactions between VRNA segments coordinate selective assembly (Dadonaite
et al., 2019; Le Sage et al., 2020). Genomic assembly contributes to heterogeneity in progeny
viruses and could determine the fitness of reassortant strains after coinfection (Brooke, 2017;
Lowen, 2017). Therefore, parallel evolution between VRNA segments arising from RNA
interactions could reveal epistatic constraints on genetic reassortment.

In this study, we set out to combine phylogenetics and molecular biology to examine parallel
evolution across VRNA segments genome-wide in seasonal human influenza viruses and identify
potential epistatic relationships between VRNA segments. Unlike previous studies, our objective

was to identify vVRNA segments that might play key roles in genomic assembly. To evaluate
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77  phylogenetic relationships among VRNA segments we relied upon the Robinson-Foulds distance
78  (d), a measure of topological distance between trees (Robinson, 1981). This method determines
79  the number of branch partitions that are not shared between two trees (Robinson, 1981) and is
80 therefore a quantitative measure of the topological distance between phylogenies. Higher values
81 of d correspond to greater topological distance, with a d value of 0 indicating that two trees are
82  topologically equivalent. We hypothesized that d would vary in accordance with the degree of
83  parallel evolution between genome segments, and sought to determine whether any observed
84  parallel evolution arose from RNA interactions.

85

86 Results

87 Phylogenetic relationships between VRNA segments are not uniform in H3N2 viruses.

88 Influenza A virus H1N1 and H3N2 subtypes have cocirculated in human populations since
89 1977 (Neumann et al., 2009). In order to explore VRNA segment relationships in seasonal human
90 IAV strains over time, we examined parallel evolution between VRNA segments in viruses
91 representative of each subtype. We used four sets of seasonal IAV strains: two sets of H3N2
92  viruses from 1995-2004 and 2005-2014, and two sets of H1N1 viruses from 2000-2008 and 2010-
93 2018 (Table 1). Bracketing the H3N2 viruses into two time intervals permitted investigation of the
94  conservation of VRNA relationships over time in antigenically drifted H3N2 viruses. We took a
95 similar approach with H1N1 viruses, bracketing instead on the antigenic shift event in 2009 with
96 the emergence of the pandemic swine-origin H1N1 virus. Comparison of VRNA relationships in
97  pre-pandemic (2000-2008) and post-pandemic (2010-2018) H1N1 viruses could reveal vVRNA
98 relationships from viruses of two distinct lineages or, alternatively, uncover vRNA relationships
99 that remain conserved despite the potential for swapping of VRNA segments across multiple host

100 species.
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Subtype | Time Period | Total Strains Eglgﬁ/zei?eﬁ,:itg Clilgt?alrs
1995-2004 1,026 16 12
H3N2
2005-2014 3,879 17 12
2000-2008 821 11 9
H1N1
2010-2018 4,072 14 9

Table 1. Influenza A virus strain datasets. Human H1N1 or H3N2 virus

sequences for which full-length sequences are available (Influenza Research

Database). Representative sequences were selected for further analysis by clus-

tering. ‘Final Clusters’ indicates the number of clusters after small clusters were
101 collapsed or omitted.

102 Our approach, outlined in Figure 1, examines evolutionary relationships between vRNA
103 segments. We began our investigation with all H3N2 viruses for which full-length sequence
104 information was available in the Influenza Research Database, yielding 1,026 H3N2 viruses from
105 1995-2004 and 3,879 H3N2 viruses from 2005-2014 (Table 1). However, reconstructing
106  phylogenetic trees from all available sequences was disadvantageous, as a preliminary analysis
107  of three-hundred sequences suggested that a great deal of phylogenetic variation could not be
108  statistically supported by bootstrapping (branch support < 70). Instead, we used a clustering
109 approach to select representative strains that would produce more statistically robust trees. We
110 first concatenated sequences from all strains into full-length genomes from which we built
111  alignments (Figure 1A) and clustered into operational taxonomic units on a neighbor-joining
112 species tree (Figure 1B). Despite the fact that fewer full-length influenza virus genomic
113  sequences were available prior to the 2000s, our approach resulted in a similar number of clusters
114  within a subtype (Table 1), consistent with the notion that increased sequencing has led to more

115 closely related sequences in public databases.
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Figure 1. Experimental overview. A, Human H3N2 or H1N1 virus sequences were downloaded from the Influenza Research
Database and subset into two time periods each: 1995-2004 and 2005-2014 (H3N2 viruses); 2000-2008 and 2010-2018 (H1N1
viruses). The H3N2 virus dataset (1995-2004) is illustrated here. All eight vVRNA segments from each strain were concatenated
into a full-length genome from which alignments were made. B, A species tree was built grouping strains into operational taxo-
nomic units (OTU clusters) with at least 97% sequence identity. Arrowheads denote clusters 1-12. Seven replicate strains were
randomly selected from these clusters for further analysis. C, Full-length genomic sequences were partitioned into individual
gene sequence alignments and maximume-likelihood phylogenetic trees were reconstructed from each vRNA gene segment in
each replicate. The Robinson-Foulds distances (d) and tanglegrams were examined from each pair of phylogenies. Left, a pair
of highly congruent trees with a low d value. Right, a pair of discordant trees with a high d value. Scale bars indicate percent
divergence.

The primary objective behind clustering was to reduce variation between trees that was not
statistically supported by bootstrapping. The cutoff for sequence identity during clustering of the
species tree was therefore an important consideration because it controlled how much variation
remained in our trees. As expected, higher cutoffs (98-99% sequence identity) yielded species
trees with more clusters containing fewer members while lower cutoffs (95-96% sequence
identity) contained increasingly fewer clusters with more members grouped in each cluster. We
selected a cutoff of 97% sequence identity based on the observation that it produced vRNA trees
with an intermediate number of clusters (16-17 clusters in each species tree) but enough
members in each cluster to provide multiple representative strains for comparison. This process
resulted in seven replicate trees for each of the eight vVRNA segments, for a total of 56 trees

analyzed from each set of H3N2 viruses (Figure 1C and Supplemental Figure 1).
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Concordance between phylogenetic trees built from different RNA segments is expected to
be highest when there are strong positive epistatic interactions between encoded protein or RNA
complexes (Kryazhimskiy et al., 2011; Neverov et al., 2015). The PB1 and PA proteins are
subunits of the heterotrimeric polymerase complex and would be expected to exhibit positive
epistasis (Fodor, 2013), whereas PB1 and HA do not share any known protein function. Trees
built from one replicate of the PB1 and PA phylogenies from H3N2 (2005-2014) had a low d value
of 6, suggesting parallel evolution occurs between these two genes (Figure 2A). By comparison,
the PB1 and HA phylogenies from the same replicate had a d value of 14 (Figure 2B), suggesting

that parallel evolution between PB1 and PA is stronger than between PB1 and HA. Thus, tree

concordance recapitulates anticipated protein-driven parallel evolution between two influenza
proteins.
A 11 , 11 B
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Figure 2. Coevolution between vRNA segments is hierarchical in H3N2 viruses from 2005-2014. Seven replicate maxi-
mume-likelihood phylogenies were reconstructed for each VRNA gene segment from human H3N2 virus sequences
(2005-2014) as described in Figure 1. A-B, Tanglegrams representative of concordant (PB1 and PA gene segments) (A) or
discordant (PB1 and HA gene segments) phylogenies (B) are shown from replicate 1 with discordant branches highlighted in
turquoise. Robinson-Foulds distances (d) are shown above the tanglegram. Intersecting lines map leaves on the left tree to
the corresponding leaves on the right. Strains are coded by cluster number; strain identities can be found in Supplemental
Table 2. Bootstrap values greater than 70 are shown in red. Scale bars indicate percent divergence. C, Pairwise d values
were calculated between each pair of phylogenies in each replicate and the mean d values were visualized in a heatmap.
Refer to Supplemental Figure 5B for the standard error of the mean of each pair. D, Higher order relationships between vVRNA
segments were assessed with UPGMA dendrograms derived from mean d values. The point at which edges merge is equiva-
lentto 1/2 d.
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140 Genome-wide phylogenetic inference can distinguish parallel evolution of vVRNA segments
141  that interact during genomic assembly through RNA-RNA interactions in addition to that of the
142  proteins encoded. To examine this, we compared all pairwise d values in H3N2 viruses from 2005-
143  2014. Figure 2C shows the mean d values of all seven replicate trees for each pair of VRNA
144  segments (refer to Supplemental Figure 2B for the standard error). To establish a threshold for
145  significance in parallel evolution between VRNA trees, we determined a 95% confidence interval
146  for d using a null dataset of randomly generated trees with an equivalent number of leaves (12 in
147  this case) (Supplemental Figure 3A & D). Using this methodology, we found that low d values
148 rarely occur by chance, with the vast majority of d values being greater than 15 in null trees. By
149  comparison, mean d values ranged from 6.5 for PB1 & PA to 15 for PA & NS. Intriguingly, PB1,
150 PA, NP, and NA were most highly coevolved with each other (all mean d values below 10),
151  suggesting that parallel evolution between these four vVRNA segments is enriched over other
152  vRNA segments. Surprisingly, the PB2 tree was most congruent with the NA tree rather than the
153  PB1 or PA trees, suggesting that the relationship between these segments may supercede the
154  essential role of the PB2 protein in the polymerase complex. In contrast, the mean d values of the
155 NS phylogenies with the four core VRNA segments were 14 to 15, approaching the 95%
156 confidence threshold of 15.3. However, higher values of d may have resulted from a lack of
157  statistical significance as neither the M or NS trees were strongly supported by bootstrapping
158 (Supplemental Figure 1B). To further visualize higher order relationships between VRNA
159 segments, we assembled a matrix of the pairwise d values between VRNA trees and constructed
160 a dendrogram of the d values (Figure 2D). This dendrogram highlights our observation that
161 parallel evolution is most robust between PB1, PA, NP and NA.

162  Parallel evolution is largely conserved over time within H3N2 viruses.

163 Recent studies have identified a highly plastic and redundant network of interactions between
164  vRNA segments in influenza virions produced during productive infection, many of which may be

165 transient (Dadonaite et al., 2019; Le Sage et al., 2020). Based on these observations, it is
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166  plausible that vRNA relationships defined by parallel evolution change over time. To examine the
167  conservation of evolutionary relationships in H3N2 viruses, we estimated the mean and standard
168 error of d for all pairs of vVRNA trees within a set of H3N2 viruses from an earlier time period (1995-
169 2004) (Figure 3A and Supplemental Figure 2A, respectively). As was seen in the H3N2 viruses
170  from 2005-2014, the mean d values ranged widely from 4.5 to 14. PB1, PA, NP, and NA remained
171  highly coevolved in this time period, with mean d values from 4.5 to 8. Statistical differences
172 between d values from each time period were only found for the NS segment (p-adj < 0.05, Figure
173  3C). However, NS trees had consistently low bootstrap support (Supplemental Figure 1), so
174  these differences may be attributable to insufficient resolution in the underlying trees. We
175  constructed a dendrogram of the mean d values of the 1995-2004 trees to examine whether the
176  hierarchical coevolution between VRNA segments observed in the 2005-2014 viruses was also
177  apparent in the 1995-2004 viruses (Figure 3B). Comparison of these dendrograms (Figures 2D
178 and 3B) using the Robinson-Foulds distance revealed a d value of 6, which lies within the 95%
179  confidence interval for a tree with eight leaves (Supplemental Figure 3A-B). Based on these
180 data, we conclude that there was minimal difference in the phylogenetic relationships between

181  vRNA segments in H3N2 viruses from these two time periods.
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Figure 3. H3N2 virus vRNA coevolution is conserved through antigenic drift. A, Seven replicate maximum-likeli-
hood phylogenies were reconstructed for each vVRNA gene segment from human H3N2 virus sequences (1995-2004)
as described in Figure 1. The Robinson-Foulds distance (d) between each pair of phylogenies was calculated for
each replicate. The mean d values were visualized in a heatmap. Refer to Supplemental Figure 5A for the standard
error of the mean of each pair. B, Higher order relationships between vRNA segments were assessed with UPGMA
dendrograms derived from the mean d values. Scale bar corresponds to d. C, All seven replicate d values for each
pair of trees were plotted comparing H3N2 viruses from 1995-2004 (black) to H3N2 viruses from 2005-2014 (tur-
quoise). ‘Discordant’ pairs are clustered where p < 0.05 (Mann-Whitney U test with Benjamini-Hochberg correction).
Dashed line, 95% confidence interval for phylogenetic concordance (determined by a null dataset; refer to Supple-
mental Figure 4).

Evolutionary relationships between VRNA segments are dependent upon subtype and
lineage.

Our results suggest that vRNA relationships are remarkably consistent across H3N2 viruses
from a period spanning two decades. To examine whether our approach captures anticipated
changes in VRNA relationships, we assessed these relationships in H1N1 viruses from 2000-2008
and 2010-2018. H1N1 viruses from these time periods represent distinct lineages before and after
the 2009 pandemic. This pandemic was caused by an antigenically shifted H1N1 virus that
emerged from reassortment of two swine-origin viruses (Garten et al., 2009). Therefore, these
two time periods represent distinct HI1N1 virus lineages, and different evolutionary relationships

between VRNA segments would be expected for each lineage.
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Species trees comprising full-length concatenated H1N1 virus genomes from 2000-2008 or
2010-2018 were constructed and clusters were defined using the same approach described for
H3N2 viruses. While this method produced a similar number of clusters for both sets of H1N1
viruses (Table 1), there were fewer clusters than in H3N2 viruses, owing to the higher rate of
evolution observed in H3N2 viruses (Bedford et al., 2015). Seven replicate strains were selected
from each cluster (Supplemental Tables 3-4) and VRNA trees were built (Supplemental Figure
4). Figure 4A-B shows the mean d values of all seven replicate trees for each pair of VRNA
segments (refer to Supplemental Figure 2C-D for the standard error). The 95% confidence
interval cutoff for Robinson-Foulds distances corresponding to trees with 9 leaves was 8.6
(Supplemental Figure 3C) and is the threshold used for statistical comparison of parallel

evolution in VRNA segments from H1N1 strains.
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Figure 4. vRNA coevolution is dependent upon subtype
and lineage. Seven replicate maximume-likelihood phyloge-
nies were reconstructed for each vRNA gene segment from
human H1N1 virus sequences from 2000-2008 (A) or
2010-2018 (B) as described in Figure 1. The pairwise Rob-
inson-Foulds distance (d) between phylogenies in each
replicate was calculated. The mean d values were visual-
ized in a heatmap. Refer to Supplemental Figure 5C-D for
the standard error of the mean of each pair.

0

Heatmaps comparing the d value between vRNA pairs suggest that vVRNA relationships are
not conserved across H1N1 viruses of different lineages (Figure 4, A vs B). We explored this
further by constructing dendrograms of the d values for the pre-pandemic and post-pandemic
H1N1 viruses (Figure 5A-B). The d value was 10 between pre-pandemic and post-pandemic
H1N1 viruses, confirming that a high degree of incongruence existed between H1N1 viruses of
different lineages (Figure 5B). To further explore individual differences between pairs of vVRNA
trees in H1N1 viruses of different lineages, we plotted d values for the pre-pandemic H1N1 viruses

alongside the d values for the post-pandemic H1N1 viruses (Figure 5C). In stark contrast to the
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213  relatively conserved vVRNA relationships observed in H3N2 viruses over time, many relationships
214  between VRNA segments were disrupted in post-pandemic H1N1 viruses. Parallel evolution
215 between PB1 and NP (mean d increased from 1 to 5; p-adj < 0.05, Mann-Whitney test) was
216  notably displaced by stronger coevolution of PB1 with NA (mean d decreased from 9 to 3; p-adj
217 <0.05). The M and NS trees remained highly coevolved across H1N1 lineages, but each one was
218  significantly more coevolved with the HA and NA trees in post-pandemic viruses (p-adj < 0.05).
219 The PB2 trees diverged significantly from the PA trees in favor of greater parallel evolution with
220 the NP and NS trees (p-adj < 0.05). Some of these data can be explained by weaker bootstrap
221 support in H1IN1 trees, particularly those from H1N1 viruses from 2010-2018 (Supplemental
222 Figure 4). However, these data suggest that viruses from different lineages of the same subtype
223  develop distinct vVRNA evolutionary relationships, which is an important consideration when

224  predicting reassortment between emerging viruses from different lineages.
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Figure 5. vRNA coevolution diverges in antigenically shifted H1N1 viruses. Higher order relationships
between VRNA segments corresponding to H1N1 viruses from 2000-2008 (A) or 2010-2018 (B) were
assessed with UPGMA dendrograms derived from the mean d values in Figure 4. Scale bar corresponds to
d. C, All seven replicate d values for each pair of trees were plotted comparing H1N1 viruses from 2000-2008
(black) to H1N1 viruses from 2010-2018 (turquoise). ‘Discordant’ pairs are clustered where p < 0.05
(Mann-Whitney U test with Benjamini-Hochberg correction). Dashed line, 95% confidence interval for phylo-
genetic concordance (determined by a null dataset; refer to Supplemental Figure 4).

Comparison of the dendrograms from H1N1 and H3N2 viruses revealed some expected
similarities as well as differences (Fig 2D, 3D, and 5A-B). For example, PB1 and NP share a
common evolutionary relationship across all four sets of influenza viruses examined in this study
(Figures 2D, 3B, and 5A-B), which may be expected based on the shared role of the encoded
proteins in replication (Fodor, 2013). However, in H3N2 viruses PB1 and NP are next most closely
related to NA and NP (Figures 2D and 3B), while in H1N1 viruses their relationship with other
segments varies (Figure 5A-B). We compared the overall similarity of all four dendrograms by
computing the Robinson-Foulds distance. The pre-pandemic H1N1 virus dendrogram was

significantly different from both of the H3N2 virus dendrograms: d = 10 when compared to either
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235  1995-2004 or 2005-2014 H3N2 virus dendrograms. A d value of 10 is well outside of the 95%
236  confidence interval cutoff of 6.5 determined by the null dataset for trees with 8 leaves
237  (Supplemental Figure 3A-B). Likewise, d = 10 for the post-pandemic H1N1 virus dendrogram
238  when compared to either of the H3N2 virus dendrograms. These results are in direct contrast to
239  our previously determined distance for the H3N2 virus dendrograms to one another (d = 6).
240 Overall, these data indicate that parallel evolution between VRNA segments is distinct between
241  influenza subtypes isolated from humans within similar time scales.

242  Parallel evolution in H3N2 viruses is not driven solely by protein-coding mutations.

243 As discussed previously, a phylogenetics approach such as ours would encompass parallel
244  evolution driven by either protein and RNA relationships. We have already shown that known
245  protein relationships between PB1 and PA, two members of the polymerase complex, are
246 identified by our approach (Figure 2A). However, the observation that PB2 is more coevolved
247  with NA than with either PB1 or PA (Figure 2C) suggests that our method also reveals protein-
248 independent parallel evolution, since these proteins are not known to function together during
249 infection. Using H3N2 viruses from 2005-2014, which yielded vRNA trees with the highest overall
250 bootstrap support (Supplemental Figure 1B), we explored the extent to which parallel evolution
251  between VRNA segments is driven by protein-coding mutations. To do so, we converted the vVRNA
252  sequence alignments, which are negative-sense, into positive-sense RNA (i.e., coding sense)
253  and translated the coding sequences into amino acid alignments. For the M and NS sequence
254  alignments that encode two splice variants each, the M1/M2 and NS1/NS2 amino acid alignments
255  were both translated and analyzed individually. Neighbor-joining trees were reconstructed from
256 the amino acid alignments and the evolutionary relationships between H3N2 proteins were
257  analyzed by the Robinson-Foulds distance. We took the resultant d values and constructed a
258 dendrogram between all pairs of protein trees, as was previously done with VRNA trees
259  (Supplemental Figure 5). This dendrogram appears distinct from the dendrogram built from the

260 corresponding gene (VRNA) trees (Figure 2D). As might be expected, the greatest degree of
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261  parallel evolution lying at the core of this dendrogram was between HA and NA, two viral
262  glycoproteins with coordinated functions in attachment, motility, and entry (Bloom et al., 2010;
263  Sakai, Nishimura, Naito, & Saito, 2017).

264 To compare parallel evolution between influenza proteins to that of the parent VRNA
265 segments, the mean d values from the gene trees were plotted against the mean d values from
266 the protein trees (Figure 6). In the case of the M and NS segments, mean d values for all M1/M2
267  or NS1/NS2 combinations are shown. Many vVRNA pairs, such as PB2 and PB1, lie along the
268 identity line, indicating that protein interactions are more likely to drive parallel evolution in those
269 VRNA segments. Interestingly, HA and NA were the only pair of VRNA segments that lay
270 significantly above the identity line, strongly supporting the observation made by others that
271  epistatic interactions between these proteins constrains their evolution (Jang & Bae, 2018;
272 Kryazhimskiy et al., 2011; Neverov et al., 2015). Of particular interest was that several vVRNA
273  segments, such as PB2 and NA (Figure 6, open diamond), lay significantly below the identity
274 line. This could be indicative of either purifying selection, or of greater parallel coevolution
275  between the vVRNA segments than the proteins encoded. While this is not altogether unexpected,
276  considering that the mutation rate of a protein is unlikely to be as high as the mutation rate of the
277  corresponding gene, we would expect conserved RNA interactions to also have this effect. These
278  observations suggest that parallel evolution may identify putative RNA interactions between vVRNA

279  segments that could facilitate selective assembly and packaging.
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Figure 6. Protein-coding substitutions do not fully
account for gene coevolution. H3N2 virus vVRNA gene
sequence alignments from 2005-2014 were translated
into the corresponding amino acid alignments. Neigh-
bor-joining phylogenies were reconstructed from these
alignments and the Robinson-Foulds distance (d) was
tabulated for all protein tree pairs. The mean d value of
each pair of protein trees was plotted against the mean
d value of the corresponding gene trees. For the M and
NS gene segments, which encode multiple protein prod-
ucts, d values were calculated for each protein tree indi-
vidually and the average d values were used. Error bars
indicate the standard error of the mean (SEM) for repli-
cate trees (n = 7). Dashed horizontal and vertical lines,
95% confidence interval (Cl) for phylogenetic concor-
dance, as determined by a null dataset (refer to Supple-
mental Figure 4). The region shaded yellow lies within
the 95% CI for both gene and protein trees with the iden-
tity line plotted. The region shaded blue lies within the
95% CI for gene trees but not protein trees. The region
shaded gray lies outside the 95% CI for both gene and
protein trees.

PB2 and NA viral ribonucleoprotein complexes (VRNPs) preferentially colocalize at the
nuclear periphery in vitro.

To address whether parallel evolution between the PB2 and NA segments corresponds with
their behavior during influenza virus infection, we examined whether these VRNA segments
preferentially colocalize in infected cells. During influenza virus infection, viral RNA are
synthesized in the nucleus and then transported to the plasma membrane for packaging on
endocytic vesicles (Lakdawala, Fodor, & Subbarao, 2016). We therefore examined intracellular

colocalization of PB2, NA, and NS during infection with an H3N2 virus. These segments


https://doi.org/10.1101/2021.01.14.426718
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.14.426718; this version posted January 14, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

289  encompass a pair of segments with high gene-based parallel evolution (PB2-NA) as well as pairs
290 with little evidence of parallel evolution (PB2-NS; NA-NS) (Figures 2C and 6, open diamonds).
291 We quantified colocalization using our established method for examining intracellular
292  colocalization of VRNA segments by fluorescence in situ hybridization (FISH) and
293  immunofluorescence (IF) in productively infected cells (Lakdawala et al., 2014; Nturibi, Bhagwat,
294  Coburn, Myerburg, & Lakdawala, 2017). Lung epithelial A549 cells were infected with an H3N2
295  virus representative of the time period analyzed (A/Perth/16/2009) for 8 hours and stained for
296 three VRNA segments, NP protein, and nuclei. The NP antibody stain was used to normalize the
297  pairwise colocalization data to the total number of VRNP foci present in the cells. Entire cell
298 volumes were captured to analyze the colocalization of VRNA segments specifically within the
299  cytoplasm by masking the signal within the nucleus. A representative image of an infected cell
300 from one of three independently performed experiments is shown after deconvolution (Figure 7A)

301 and segmentation of cytoplasmic foci (Figure 7B).
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Figure 7. Colocalization of vVRNA segments at the nuclear periphery correlates with evolutionary relationships
during productive viral infection. A549 cells were infected with A/Perth/16/2009 (H3N2) at an MOI of 2 or mock infect-
ed. Cells were fixed at 8 hours post-infection and combination fluorescence in situ hybridization/immunofluoresence
(FISH and IF, respectively) was performed. FISH probes targeting the NS, NA and PB2 vRNA segments were labeled
with Alexa Fluor 488, Quasar 570 and Quasar 670, respectively. Antibodies targeting nucleoprotein (NP) were used with
an anti-mouse Alexa Fluor 594 secondary antibody. Nuclei were labeled with DAPI. Coverslips were mounted and volu-
metric imaging was performed to obtain Nyquist sampling. A, A maximum projection image of a representative cell is
shown after cell segmentation. Scale bar corresponds to 5 um. B, A 3D rendering of the cell after analysis. C, Colocaliza-
tion of VRNA segments was assessed in 15 individual infected cells. D, Quantification of each pair of VRNA segments
within 300 nm of the nuclear border. Each point represents an individual cell (n = 15). Aggregate data from three inde-
pendently performed experiments are shown. * denotes p < 0.05 (Mann-Whitney U test)

Whole cytoplasmic analysis of VRNP foci colocalization in fifteen individually analyzed cells
revealed that the majority of cytoplasmic foci contained all three NA, PB2 and NS segments
(Figure 7C). This observation may represent the complex nature of genomic assembly, where all
segments come together en route to the plasma membrane. In addition, the cytoplasm includes
VRNA segments colocalized at the nuclear periphery prior to packaging, where there are more
complete assembly complexes (Lakdawala et al., 2014). Given that newly synthesized VRNA
segments are exported from the nucleus as assembly intermediates comprising greater than two

but fewer than 8 segments, these perinuclear assembly intermediates may function as nodes for
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311 further assembly (Majarian, Murphy, & Lakdawala, 2018). Therefore, we assessed the potential
312 for PB2, NA and NS to colocalize at the nuclear periphery, where assembly intermediates first
313 begin to form. We defined localization at the nuclear periphery to within three-hundred
314 nanometers, the limit of resolution in this system. Examination of newly exported vVRNP
315 complexes within three-hundred nanometers of the nuclear periphery revealed an enrichment of
316  PB2-NA vRNP complexes over either NA-NS or PB2-NS vRNP complexes. These data suggest
317 that PB2 and NA vRNA segments could comprise one such node from which to build the entire
318 complex of all eight segments and support the hypothesis that RNA assembly interactions, in
319 addition to protein interactions, can drive parallel evolution between VRNA segments in influenza
320  viruses.

321

322 Discussion

323 In this study, we used phylogenetics and molecular biology methods to investigate genome-
324  wide relationships between VRNA segments in seasonal human influenza A viruses. We found
325 that parallel evolution varies considerably between VRNA segments, with distinct relationships
326 forming in different influenza virus subtypes (H1N1 vs H3N2) and between H1N1 virus lineages
327 that arose from distinct host origins. We further demonstrate that evolutionary relatedness
328 between VRNA segments in H3N2 viruses is largely conserved over time. Importantly, our data
329 suggest that parallel evolution cannot be attributed solely to protein interactions, and we
330 successfully predicted intracellular colocalization between two coevolved VRNA segments during
331 infection with an H3N2 virus. Thus, we present a phylogenetic approach for interrogating putative
332  RNA associations that could be broadly applied toward the study of genomic assembly and
333  reassortment in segmented viruses.

334 Selective assembly of all eight genomic segments is fundamental to the production of fully
335 infectious virus particles. We and others have used a variety of biochemical approaches to

336 investigate the mechanisms that promote selective assembly (Dadonaite et al., 2019; Le Sage et
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337 al., 2020). We previously demonstrated that binding of VRNA segments by the NP protein is non-
338 uniform and non-random (Le Sage et al., 2018; Lee et al., 2017), supporting the model that
339 intersegmental RNA interactions facilitate selective assembly. Biochemical approaches to define
340 bona fide intersegmental RNA-RNA interactions demonstrated that the interaction network is
341  highly flexible and varies between H1N1 and H3N2 viruses (Dadonaite et al., 2019; Le Sage et
342  al., 2020). These observations are consistent with our conclusion that RNA interactions constrain
343  parallel evolution between VRNA segments in a manner sensitive to the genetic context studied.
344 The approach we present here differs from other experimental approaches in that we identify
345 a novel, conserved RNA-based relationship in H3N2 viruses. For example, we found that
346 relationships between PB1, PA, NP and NA are enriched over other segments in H3N2 viruses
347  and conserved over time. One might expect PB1, PA and NP to coevolve because of the functions
348  of the proteins they encode: the polymerase subunits PB2, PB1 and PA form a supramolecular
349  complex around each VRNA segment with NP (Fodor, 2013). However, this explanation does not
350 account for the parallel evolution observed between vRNP protein components and NA, and our
351 microscopy data demonstrates that the NA segment preferentially colocalizes with the vVRNA of
352  one such vVRNP component, supporting the possibility that parallel evolution of NA with PB1, PA
353 and NP could also be driven by RNA interactions. These observations suggest that RNA
354 relationships with the NA segment may facilitate selective assembly of VRNA segments. Further
355  work should be directed at determining the underlying nature driving the novel relationship
356 between these segments.

357 Previous pandemic influenza viruses emerged through reassortment (Neumann et al., 2009).
358 Prediction of future influenza pandemics relies on understanding assembly of vVRNA segments
359 within a cell. As we have discussed, experimental investigations of intersegmental RNA
360 interactions indicate that the VRNA interactome is distinct among virus strains and highly plastic
361 (Dadonaite et al., 2019; Le Sage et al., 2020). Therefore, experimental approaches are unlikely

362 to provide the holistic view necessary to predict reassortment outcomes of two circulating
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363 influenza strains. In contrast, we identified several conserved relationships between vVRNA
364 segments in H3N2 viruses that could impose constraints on reassortment. Thus, investigation of
365 epistatic relationships between VRNA segments through phylogenetics could inform the
366 sequence-based prediction of barriers to reassortment in emerging influenza viruses.

367

368 Materials and Methods

369 Viruses and cells

370 Human adenocarcinoma alveolar basal epithelial cells (A549, ATCC) were maintained in high-
371  glucose Dulbecco’s Modified Eagle Medium (DMEM, Sigma) supplemented with 10% fetal bovine
372 serum (FBS, HyClone), 2% L-glutamine, and 1% penicillin/streptomycin. Madin-Darby canine
373  kidney epithelial cells (MDCK, ATCC) were maintained in MEM supplemented with 10% FBS. All
374  cells were maintained at 37°C in 5% CO.. Reverse genetics plasmids of the influenza A virus,
375  A/Perth/16/2009 (H3N2), were kindly provided by Dr. Jesse Bloom (Fred Hutchinson Cancer
376  Research Center, Seattle). Recombinant virus was rescued as previously described (Lakdawala
377 et al, 2011). Virus titers were determined by 50% tissue culture infectious dose (TCIDso) on
378 MDCK-SIAT cells using the endpoint titration method (Reed & Muench, 1938).

379 Influenza A virus sequences

380 FASTA files of each genomic segment of human influenza A virus sequences of HIN1 and
381 H3N2 viruses were downloaded from the Influenza Research Database (IRD,

382  http://www.fludb.org) (Zhang et al., 2016) on June 22, 2018 and July 3, 2018, respectively. Strains

383 lacking full-length genomic sequence data were excluded.

384 Clustering and sequence selection

385 Sequences were read into R (version 3.5.2) using the DECIPHER (version 2.18.1) package
386  (Wright, 2015) and subset into the time periods 1995-2004 and 2005-2014 (H3N2 strains) or
387 2000-2008 and 2010-2018 (H1N1 strains). Time periods were selected in part to ensure a similar

388 level of genetic diversity between strains. In each strain, all eight VRNA segments were
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389 concatenated into a full-length genome from which alignments were constructed. A neighbor-
390 joining species tree was built by clustering strains into operational taxonomic units with sequence
391 identity cutoffs ranging from 95-99%. In H3N2 viruses from 1995-2004, there were 3, 7, 16, 53,
392  and 259 clusters corresponding to cutoffs of 95%, 96%, 97%, 98%, and 99% sequence identity,
393  respectively. The 95-96% sequence identity cutoffs were discarded, as these produced trees with
394  an insufficient number of branches for comparison by the Robinson-Foulds distance. However,
395 as the cutoff for sequence identity was increased from 97% to 99%, we observed a corresponding
396 decrease in bootstrap support for trees built from representative sequences. A sequence identity
397 cutoff of 97% was therefore selected to ensure the greatest degree of robustness in tree
398 topologies. Small clusters occurred infrequently and were either omitted or collapsed into a single
399 cluster. Seven replicate strains were randomly chosen from each cluster for further study and
400 visually inspected for sequencing ambiguities. A list of all strains analyzed and the corresponding
401 accession numbers can be found in Supplemental Tables 1-4.

402 Phylogenetic tree reconstruction and analysis

403 Maximum-likelihood phylogenies were reconstructed under an HKY85 model for either full-
404  length genomes or individual vVRNA segments with 100 or 1,000 bootstrap replicates, as indicated,
405 using the DECIPHER package in R. The phangorn package (version 2.5.5) (Schliep, 2011) was
406 used to identify an appropriate model of evolution for phylogenetic reconstruction. Strain names
407  are coded by cluster number in all trees. Phylogenetic trees of full-length concatenated genomes
408 are shown in Supplemental Figure 6. Neighbor-joining protein phylogenies were built from amino
409 acid alignments after translation of the corresponding coding sequence alignments.

410 Tanglegrams were built from pairs of VRNA phylogenies within replicates using the phytools
411 package (version 0.7-70) (Revell, 2012). The Robinson-Foulds distance (d) was calculated for

412  each pair of phylogenies using the ape package (version 5.4-1) (Paradis & Schliep, 2019).
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413 Dendrograms visualizing the mean d values between VRNA segments were built using the
414 UPGMA method. Tanglegrams were constructed between each pair of dendrograms and a d
415 value was calculated for each tanglegram.

416  Fluorescence in situ hybridization and immunofluorescence

417 Custom Stellaris RNA FISH oligonucleotide probes specific for the H3N2 virus NS, NA and
418 PB2 vRNA segments were purchased from BioSearch Technologies (refer to Supplemental
419 Table 5 for FISH probe sequences). Each custom probe mix is comprised of 20 to 40 20-mers
420 that span the length of the vRNA segment of interest. Probes with high complementarity against
421  other vRNA segments or positive-sense RNA were excluded during the design process. The NS
422  probe was purchased with a terminal amine group and manually conjugated to the Alexa Fluor
423 488 fluorophore using the Alexa Fluor 488 Oligonucleotide Amine Labeling Kit (Invitrogen). The
424  NA and PB2 probes were labeled by the manufacturer with the Quasar 570 and Quasar 670
425 fluorophores, respectively.

426 Three independent fluorescence in situ hybridization and immunofluorescence (FISH-IF)
427  experiments were performed. A549 cells were seeded directly onto 1.5 mm circular coverslips
428  (Fisher Scientific) in tissue culture dishes. The next day, cells were infected at a multiplicity of
429 infection (MOI) of 2 with A/Perth/16/2009 (H3N2) or mock infected in diluent. Cells were fixed at
430 8 hours post-infection with 4% paraformaldehyde and permeabilized overnight in ice cold 70%
431  ethanol. Prior to hybridization, cells were rehydrated in wash buffer (10% formamide and 2X saline
432  sodium citrate [SSC] in DEPC-treated H20) and then incubated at 28°C overnight in hybridization
433  buffer (10% dextran sulfate, 2 mM vanadyl-ribonucleoside complex, 0.02% RNA-free BSA, 1
434 mg/ml E. coli tRNA, 2X SSC, and 10% formamide in DEPC-treated H>O) with anti-influenza A
435  virus NP antibody (Millipore, 1:2,000) and FISH probes. After hybridization, cells were washed
436 and incubated with Alexa Fluor 594 goat anti-mouse (Invitrogen, 1:2,000) and DAPI (Sigma,
437  1:5,000) in wash buffer. Coverslips were mounted on slides in ProLong Diamond antifade

438  mountant (Thermo Fisher).
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439

440 Confocal Imaging

441 Microscope slides were imaged on a Leica SP8 confocal microscope equipped with a pulsed
442  white light laser as an excitation source and an acousto-optical beam splitter (AOBS) and Leica
443  Hybrid Detectors. All imaging was performed with a 100X oil immersion objective with a numerical
444  aperture of 1.4. Sequential scanning with a line averaging of 3 between frames was used. To
445  obtain Nyquist sampling, z-stacks of each cell were taken with a step size of 0.17 uym to achieve
446  a pixel size of 45 nm x 45 nm x 170 nm. The following custom parameters were established using
447  single-color infected controls for sensitive detection of all five fluorophores: 405 nm excitation
448  wavelength (Aex) with 0.5% laser power and a detection range of 415 to 470 nm (PMT1; DAPI),
449 488 nm Aex with 10% laser power and a detection range of 493 to 540 nm with time gating of 1 to
450 6 nanoseconds (ns) (HyD4; Alexa Fluor 488), 582 Aex With 15% laser power and a detection range
451  of 590 to 635 nm with time gating of 1.5 to 6 ns (HyD4; Cal Fluor Red 590), 545 nm Aex With 5%
452  laser power and a detection range of 545 to 568 nm with time gating of 1.5 to 6 ns (HyD4; Quasar
453  570), 647 nm Aex With 5% laser power and a detection range of 670 to 730 nm with time gating of
454 1.5 to 6 ns (HyD5; Quasar 670). In each experiment, five volumetric z-stacks were imaged of
455 infected cells and one z-stack was imaged of mock infected cells.

456  FISH Colocalization

457 Background subtraction and deconvolution of confocal images were performed manually for
458  each channel using Huygens Essential software (version 19.04, Scientific Volume Imaging B.V.).
459 In each experiment, images taken of mock-infected cells were deconvolved using the same
460 parameters as those of infected cells. 3D reconstruction and colocalization analysis of the
461 resulting images were performed using Imaris software (version 8.4.2, Bitplane AG) as previously
462  described (Lakdawala et al., 2014; Nturibi et al., 2017). Briefly, the cell of interest in each image
463  was segmented using the ‘Surfaces’ and ‘Cell’ tools in Imaris software. DAPI signal was used to

464  mask nuclear signal from the remaining channels. The ‘Spots’ tool was then used to populate the
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465  reconstructed cell with four different sets of Spots corresponding to foci from each of the remaining
466 channels. In each experiment, the mock infected cell was analyzed in an identical manner and
467 the fluorescence intensity for each channel of the mock-infected cell was used to establish
468 fluorescence intensity thresholds at which 97% or more of the background signal was removed
469 prior to Spot generation. A modified Matlab extension was then used to quantify spot
470  colocalization using a distance threshold of 300 nm as previously described (Nturibi et al., 2017).
471  Colocalization data was imported into the Cell and all data was exported and analyzed in R.

472  Statistics

473 Sets of null trees were used to determine confidence intervals for the Robinson-Foulds
474  distance (d) between phylogenetic trees. A set of 1,000 randomly sampled, unrooted trees with
475 8, 9, or 12 tips were built using the ape package. The Robinson-Foulds distance (d) was
476  calculated for all pairs of trees and these were fit to a linear regression model. Null d values were
477  either log-transformed or transformed by the Yeo-Johnson method (Yeo & Johnson, 2000), as
478 indicated. Mean d values calculated for pairs of VRNA trees were considered significant if they fell
479  within the first five percentiles as compared to null d values from random trees with the same
480 number of tips (i.e. 95% of null d values were greater than the mean d value for a given pair of
481 VvRNA trees). A Mann-Whitney U test with a Benjamini-Hochberg post-hoc correction was used to
482  identify statistically significant differences between d values from two time periods. A Mann-
483  Whitney U test was also used to determine statistical significance of FISH-IF colocalization data.
484  Code availability

485 Custom code for analysis of parallel evolution in concatenated, full-length genomic influenza
486  virus sequences is available on GitHub (https://github.com/Lakdawala-Lab/Parallel-Evolution/).
487

488

489

490
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491  Supplemental Material
492
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Supplemental Figure 1. Phylogenies of VRNA segments from H3N2 virus

sequences. Maximum-likelihood phylogenetic reconstruction of each vVRNA segment

from H3N2 virus sequences shown in Supplemental Tables 1-2. A, Representative

phylogenies from replicate 2 for the 1995-2004 viruses. B, Representative phylogenies

from replicate 7 for the 2005-2014 viruses. Sequences are coded by OTU cluster.

Bootstrapping was performed with 100 replicates (bootstrap values greater than 70 are
493 shown in red). Scale bars indicate percent divergence.
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Supplemental Figure 2. The standard error of the mean (SEM) of replicate Robinson-Foulds distances.

The SEM of all pairwise Robinson-Foulds distances (d) was determined for H3N2 viruses from 1995-2004

(corresponding mean d values shown in Figure 3A) (A), H3N2 viruses from 2005-2014 (corresponding mean

d values shown in Figure 2C) (B), H1N1 viruses from 2000-2008 (corresponding to mean d values from Figure
494 4A) (C), and H1N1 viruses from 2010-2018 (corresponding to Figure 4B) (D).
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Supplemental Figure 3. Null distribution of d values. A, The null distribution of d values in sets of 1,000 random-
ly sampled, unrooted trees with either 8 (gray diamonds, corresponding to the number of tips in each hierarchical
dendrogram), 9 (gray squares, the number of tips in each H1N1 phylogeny), or 12 (black circles, the number of tips
in each H3N2 phylogeny) leaf tips was determined. A dashed line demarcates the threshold for the 95% confidence
interval. B-D, The null distributions shown in A were log transformed (B, C) or Yeo-Johnson transformed (Yeo &
Johnson, 2000) (D) and fit to a linear regression model to establish the cutoff for the first five percentiles (shaded
region), which was set as the 95% confidence interval cutoff.. The value of d at which 95% confidence is exceeded
is indicated.
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Supplemental Figure 4. Phylogenies of VRNA segments from H1N1 virus
sequences. Maximum-likelihood phylogenetic reconstruction of each VRNA segment
from H1N1 virus sequences shown in Supplemental Tables 3-4. A, Representative
phylogenies from replicate 6 for the 2000-2008 viruses. B, Representative phyloge-
nies from replicate 3 for the 2010-2018 viruses. Sequences are coded by OTU cluster.
Bootstrapping was performed with 100 replicates (bootstrap values greater than 70
are shown in red). Scale bars indicate percent divergence.
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Supplemental Figure 5. Coevolution of influenza A
virus proteins in H3N2 viruses from 2005-2014.
H3N2 virus VRNA gene sequence alignments were
translated into the corresponding amino acid align-
ments. Neighbor-joining trees were reconstructed from
these alignments and the Robinson-Foulds distance (d)
was tabulated for all protein tree pairs. Higher order
relationships between IAV proteins were assessed in a
498 UPGMA dendrogram. Scale bar corresponds to d.
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Supplemental Figure 6. Replicate phylogenies of full-length concatenated H3N2 and H1N1 virus sequences. Maximum-likelihood phyloge-

netic reconstruction of full-length H3N2 virus (A-B) and H1N1 virus (C-D) genomic sequences shown in Supplemental Tables 1-4. Sequences are

coded by OTU cluster. The numbers 1-7 in bold indicate replicates. Bootstrapping was performed with 1,000 replicates (bootstrap values greater
499 than 70 are shown in red). Scale bars indicate percent divergence.
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H3N2

1995-2004 Representative strains analyzed in each replicate and the corresponding accession numbers.

Cluster ID 1 2 13 14 15 6 7
IA/Christchurch/ IA/New York/ IA/Ashburton/ IA/New York/ IA/Christchurch/ IA/New York/ IA/Christchurch/
339/2004 366/2004 280/2004 319/2004 14/2004 372/2004 13/2004
CY002904,

1 CY002977 - 83 CY002192 - 99 CY002954 - 61 CY002712-9 ICY002922 - 9 ICY002224 - 31 CY002906 - 13
IA/Siena/ IA/Netherlands/ [A/Hong Kong/ IA/Johannesburg/  [A/Hong Kong/ IA/Netherlands/ IA/Finland/
3/1995 5/1998 149/1995 10/1997 1/1997 1/1995 381/1995

2 CY038503 - 10 CY 114485 - 92 CY 114205 -12 CY112853 - 60 ICY 112837 - 44 CY 114221 -8 CY114181-8
IA/Netherlands/ IA/New York/ [A/New York/ IA/Netherlands/ IA/New York/ IA/Wellington/ IA/Fujian/
213/2003 198/2003 32/2003 217/2003 204/2003 01/2004 1445/2003

3 HQ166049 - 56 CY001013 - 20 CY000025 - 32 CY112981 - 88 ICY002520 - 7 CY012104 - 11 CY121448 - 55
IA/New York/ IA/New York/ IA/New York/ IA/New York/ IA/New York/ IA/New York/ IA/New York/
150/2000 316/1999 [430/2000 171/1999 321/1999 142/2000 180/2000

] CY000465 - 72 CY002160 - 7 CY003448 - 55 CY000673 - 80 ICY001864 - 71 CY001520 - 7 CY000737 - 44
IA/Memphis/ IA/New York/ IA/New York/ IA/New York/ IA/New York/ IA/New York/ IA/New York/
159/1999 250/1998 324/1999 456/1999 458/1999 [278/1999 289/1998

5 CY002112 - 9 ICY001493 - 00 ICY001976 - 83 CY003608 - 15 ICY003624 - 31 ICY001968 - 75 CY001784 - 91
IA/Singapore/ IA/Wyoming/ [A/Taiwan/ IA/Hong Kong/ IA/Yucatan/ IA/Hong Kong/ IA/Hong Kong/
1/1996 03/2003 9/2004 HKU19/2004 844/2003 HKU20/2004 HKU29/2004

6 CY 112829 - 36 CY034108 - 15 CY040082 - 9 CY038607 - 14 ICY032961 - 8 ICY038615 - 22 CY038631 - 8
IA/Malaysia/ IA/South Carolina/  |A/Auckland/ IA/HaNoi/ |A/California/ Willinois/ IA/Georgia/
12974/1999 NHRC0001/1999  |10/1997 1766/2001 32/1999 INHRC0001/1999  [NHRC0001/1999

4 CY118562 - 9 ICY090901 - 8 CY114293 - 00 CY105190 - 7 ICY121424 - 31 ICY090893 - 00 CY090885 - 92
IA/New York/ IA/Malaysia/ [A/Malaysia/ IA/Panama/ IA/New York/ IA/New York/ IA/New York/
435/2000 10877/1999 10997/1999 2007/1999 526/1997 502/1998 513/1997

8 ICY006659 - 66 CY118482 - 9 CY 118498 - 05 CY034100-7 ICY007979 - 86 ICY008180 - 7 ICY006267 - 74

IA/New South IA/New South

IA/New York/ \Wales/ IA/New York/ IA/Dunedin/ IA/Waikato/ IA/Wellington/ \Wales/
247/1998 15/1999 601/1996 1/2000 6/2000 21/2000 14/1999

9 CY001504 - 11 CY016539 - 46 CY015516 - 23 CY012616 - 23 ICY013048 - 55 ICY019989 - 96 CY016627 - 34
IA/New York/ IA/New York/ IA/New York/ IA/New York/ IA/New York/ IA/New York/ IA/New York/
100/2002 110/2002 192/2003 213/2003 71/2001 193/2003 99/2002

10 CY000225 - 32 ICY000113 - 20 ICY000753 - 60 CY001405 - 12 ICY000481 - 8 ICY000865 - 72 CY001080 -7
IA/New York/ IA/Mexico/ IA/New York/ IA/New York/ IA/New York/ IA/New York/ IA/New York/
11/2003 DIF2662/2003 22/2003 46/2003 10/2004 59/2003 65/2003

11 CY000513 - 20 KJ855448 - 55 CY000361 - 8 CY000785 - 92 ICY000761 - 8 CY000957 - 64 CY001221 -8
IA/England/ IA/England/ IA/Scotland/ IA/England/ IA/Scotland/ IAJEngland/ IA/England/
431/2003 442/2003 76/2003 567/2003 78/2003 787/2003 518/2003

12 CY087979 - 86 CY088019 - 26 CY088123 - 30 CY088347 - 54 ICY088131 - 38 CY088211 - 18 CY088203 - 10

Supplemental Table 1. Human H3N2 sequences analyzed from 1995-2004 and the corresponding GenBank accession numbers.
Human H3N2 sequences from 1995-2004 were downloaded from the Influenza Research Database and full-length genomes were concat-
enated and grouped into operational taxonomic units (numbered 1-12 under Cluster ID) with at least 97% sequence identity. Representa-
tive sequences were selected from these clusters for further analysis. Each vertical column indicates one replicate (seven replicates total).
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ESNZ
005-2014 IRepresentative strains analyzed in each replicate and the corresponding accession numbers.
Cluster ID 1 2 ] 4 5 16 7
"AlIndiana/ [A/Minnesota/ ['A/Ontario/ ['A/Ontario/ [A/indiana/ ["A/Indiana/ ['Allowa/
21/2012 11/2010 1252/2007 [RV1273/2005 108/2011 10/2011 07/2011
[KJ942688 - 95 [KJ942624 - 31 [EU399751 - 8 [DQ469955 - 62 NQO70793-800  [JN992753, NQ290173 - 80
NQO70778,
NQ070780 - 1,
NQ070792,
[KJ942594,
1 [KJ942598 - 9
IA/Singapore/ (A/Singapore/ jing) jing/ A/Nanjing/ |A/Qinghai/
1139N/2007 [252/2007 LACENRS- 1654/2010 1655/2010 1663/2010 1178/2010
1820/2011
IKF533055, [KF533050, KY924952, [HQ664919, [HQ664914 - 18, [HQ664929 - 35, KY049985 - 92
IKF533061, [KF533056, KY925128, [HQ664922 - 28 (HQ664920 - 21, [HQ664937
IKF836400, [KF836394, KY925167, [HQ664936
[KF836413, [KF836409, KY925402,
[KP223213, [KP223170, KY925635,
[KP223232, [KP223205, KY925943,
[KP223252, [KP223224, KY926297,
R [KP223178 KP223244 KY926359
IWSouth Australia/  |A/Hong Kong/ (A/Quebec/ (A/New York/ {A/New York/ {A/New York/ IA/Quebec/
[22/2005 HKU44/2005 [26-281106/2006  [359/2005 [391/2005 {465/2005 [26-031205/2005
ICY017131-8 ICY039175 - 82 IKM438087, [CY002000 - 7 [CY002056 - 63 [CY006084 - 91 KM438091,
KM438105, KM438101,
KM438116, KM438112,
IKM438129, KM438125,
IKM438140, [KM438136,
IKM438152, [KM438148,
KM438164, KM438163,
<] KM438176 KM438175
IA/Connecticut/ IWDC/ (A/Porto Alegre/ |A/Santa Cruz/ {A/Canoas/ A i A/Aleg
[Flu086/2012 1/2014 LACENRS- [2821/2012 [LACENRS- ILACENRS- LACENRS-
[2376/2014 1317/2014 [2055/2013 1624/2014
IKM654605, [KU888850 - 7 KY925119, [KF612183, [KY925875, [KY925028, KY925158,
IKM654653, KY925301, [KF612187, [KY925904, [KY925428, KY925257,
[KM654723, KY925321, [KF612190, [KY925907, [KY925762, KY925311,
IKM654771, IKY925689, [KF612194, [KY924954, [KY925949, KY925323,
IKM654793, KY925806, [KF612198, [KY925991, IKY925989, KY925352,
IKM654839, IKY926038, [KF612202, [KY926059, IKY926006, KY925358,
IKM654891, KY926104, [KF612206, [KY926164, KY926151, KY926147,
3 [KM654963 KY926418 IKF612210 KY926208 KY926211 KY926192
IA/Saudi Arabia/ A/Kuwail ichi (A/Maine/ (AHawaii/ A/Arkansas/
05/2013 F099/2014 [08/2014 18/2014 [06/2014 [39/2014 01/2014
IKY681482, [KT888170, IKR057640 - 7 [KT838445, [KT837919, IKR057629 - 36 KT837141 -2,
IKY681507, [KT888246, [KT838562, [KT837922, KT837149,
KY681532, IKT888294, IKT838565, [KT837985, KT837166,
KY681557, [KT888454, [KT838582, [KT837992, KT837209,
IKY681582, [KT888521, [KT838592, [KT838047, KT837220,
IKY681607, [KT888867, [KT838601, [KT838108, KT837233,
IKY681632, [KT889001, [KT838697, [KT838149, KT837259
5 IKY681657 IKT889268 IKT838722 [KT838177
IANew York/ |A/South Carolina/  |A/Texas/ Willinois/ |A/HaNoi/ A/Netherlands/ IA/Georgia/
933/2006 INHRC0001/2005 |NHRC0001/2006 |NHRC0001/2005 |[ISBM16/2005 142/2006 INHRC0001/2005
ICY019333, [CY090989 - 96 [CY091037 - 44 [CY091005 - 12 [CY104212-9 [CY114389 - 96 ICY091125 - 32
ICY019336 - 40,
ICY019845,
6 ICY020102
IA/Queensland/ |A/Otago/ (A/New York/ (A/Taiwan/ IA/New York/ IA/Western IA/Hong Kong/
562/2005 1/2005 772006 [70002/2007 1009/2006 IAustralia/ HKU66/2005
[69/2005
4 ICY017989 - 96 ICY014039 - 46 [CY014159 - 66 ICY039399 -406  |CY172231-8 ICY016979 - 86 ICY039247 -54
\AFlorida/ IA/New York/ \A/Brisbane/ IA/Thailand/ (A/Mexico/ {A/Uruguay/ IA/Pennsylvania/
122/2009 [3738/2009 10/2007 [CU-1102/2008 [24025/2009 [716/2007 PIT04/2008
NX905397 - 9, ICY050820 - 7 [CY039089, [EU625364, [CY147723 - 30 [CY121635 -9, ICY036927 - 34
JX905401 - 3, [CY039094, [EU625367, [EU716426 - 7,
X905407 - 8 KJ609212 - 5, [FJ913003 - 8 [EU716434
8 KJ609217 - 8
IA/Sydney/ (A/New York/ \WBrisbane/ |A/Canberra/ i {0 |A/Chicago/
156/2014 C-LVD-14- [341/2014 182/2014 [7945_05/2014 MMM_170/2013 GA_04046/2012
073/2014
9 ICY252023 - 30 ICY207355 - 62 ICY252143 - 50 ICY251959 - 66 ICY240571 -8 ICY186179 - 86 ICY171215 - 22
ICanberra/ A/Brisbane/ WPeru/ A/Parma/ (A/South Australia/  [A/Victoria/ A/Boston/
135/2012 [21/2012 IPER041/2011 [22/2012 /2013 120/2012 ‘GA_00046/2013
ICY251175 - 82 ICY250865 - 72 [CY160608 - 15 [KU322183, [CY251423 - 30 [CY251151-8 ICY168167 - 74
[KU322225,
[KU322268,
[KU322311,
[KU322354,
[KU322397,
[KU322440,
10 IKU322483
IA/C: I A (A/Rhode Island/ (A/Chicago/ |A/Boston/ |AWVictoria/ IA/South Australia/
1012345/2011 1034/2010 109/2012 [YGA_04114/2012 |DOA2-097/2012 1003/2012 8/2013
[KU299790 - 7 [CY114509 - 16 [CY264630, [CY171479 - 86 [CY148300 - 7 [CY251375 - 82 ICY251479 - 86
[CY264632,
[CY264634 - 5,
KF789834,
KY116965,
KY116967,
11 KY116971
Texas/ WSanta Clara/ i i B (A/Texas/ A/Boston/
NIMM_24/2012 [YGA_03020/2013 |6777_01_TR1/2013[30071_01_TR1/  |DOA2-232/2013  |UMM_21/2012 IDOA2-245/2013
2013
12 ICY134900 - 7 ICY170599 - 606 ICY189687 - 94 [CY189751-8 [CY149228 - 35 [CY134876 - 83 ICY149316 - 23

Supplemental Table 2. Human H3N2 sequences analyzed from 2005-2014 and the corresponding GenBank accession numbers. Human
H3N2 sequences from 2005-2014 were downloaded from the Influenza Research Database and full-length genomes were concatenated and
grouped into operational taxonomic units (numbered 1-12 and labeled Cluster ID) with at least 97% sequence identity. Representative sequences

501 were selected from these clusters for further analysis. Each vertical column indicates one replicate (seven replicates total). Asterisks denote
H3N2v strains.
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H1N1
2000-2008 |Representative strains analyzed in each replicate and the corresponding accession numbers.
Cluster ID__ |1 2 3 4 5 6 7
IA/South Korea/  [A/Taiwan/ IA/Taiwan/ |A/Taiwan/ A/ Taiwan/ IA/Taiwan/ \A/Taiwan/
IAF10/2008 0045/2006 0586/2006 192/2006 2823/2008 2832/2008 8885/2008
CY044349-56  |HQ291849, HQ291848, HQ291869, HQ291853, HQ291862, HQ291856,
HQ291874, HQ291876, HQ291875, HQ291880, HQ291883, HQ291889,
HQ291899, HQ291901, HQ291900, HQ291907, HQ291908, HQ291914,
HQ291924, HQ291923, HQ291944, HQ291928, HQ291937, HQ291931,
HQ291949, HQ291951, HQ291950, HQ291957, HQ291958, HQ291964,
HQ291974, HQ291973, HQ291994, HQ291978, HQ291987, HQ291981,
HQ291999, HQ291998, HQ292019, HQ292003, HQ292012, HQ292006,
1 HQ292024 HQ292023 HQ292044 HQ292028 HQ292037 HQ292031
IA/New York/ IA/Tennessee/ IA/Kentucky/ |A/Ohio/ IA/Oregon/ IA/Kansas/ IA/Texas/
1066/2007 UR06-0076/2007  |UR06-0258/2007  [UR06-0411/2007 UR06-0609/2007 UR06-0102/2007 UR06-0323/2007
ICY172655-62  |CY028107 - 14 CY028163 - 70 ICY027987 - 94 CY033465 - 72 CY031534 - 7, CY041442 -9
2 CY031551 -4
|A/Texas/ |A/Texas/ IA/Texas/ |A/Texas/ IA/Texas/ IA/Texas/ IA/Memphis/
UR06-0503/2007 (UR06-0542/2007 |UR06-0468/2007  [UR06-0467/2007 UR06-0420/2007 UR06-0026/2007 5/2003
3 CY027883 - 90 [CY026339 - 46 CY026499 - 506 |CY025445 - 52 CY028219 - 26 CY028323 - 30 ICY019883 - 90
IA/Netherlands/ IA/New York/ IA/New York/ IA/New York/ IA/Hanoi/ IA/TayNguyen/ IA/Christchurch/
26/2007 443/2001 220/2002 230/2003 ISBM31/2005 ITN334/2005 1/2003
4 HQ166041 - 8 ICY003472 -9 ICY002528 - 35 ICY002624 - 31 CY104822 - 9 CY105350 - 7 ICY125188 - 95
IA/Tottori/ IA/Nagasaki/ IA/Kyoto/ IA/Niigata/ IA/New York/ IA/DaNang/ IA/ThaiBinh/
08T010/2008 07N035/2008 07K454/2008 07F102/2008 08-1326/2008 [DN467/2008 'TB289/2008
5 ICY043550 - 7 ICY043486 - 93 CY043454 - 61 CY043382 - 9 UN582059 - 66 CY104934 - 41 ICY105126 - 33
IA/Singapore/ IA/Malaysia/ IA/Malaysia/ IA/Hong Kong/ IA/Canada/ IA/Canterbury/ IA/Malaysia/
14/2001 33166/2005 34450/2006 2637/2004 591/2004 106/2004 1706215/2007
6 ICY125148 - 55 ICY119186 - 93 CY119194 - 201 ICY125204 - 11 CY125196 - 203 CY007467 - 74 ICY119226 - 33
IA/Gunma/ IA/Kyoto/ IA/Nagasaki/ IA/Niigata/ IA/Niigata/ IA/Hong Kong/ IA/Hue/
07G002/2008 07K303/2008 07N005/2008 07F191/2008 07F125/2008 1870/2008 H259/2008
7 ICY043406 - 13 |CY043438 - 45 CY043462 - 9 ICY043398 - 405 CY043390 - 7 CY121648 - 55 ICY 104958 - 65
IA/Chile/ IA/South Australia/ |A/South Australia/ |A/South Australia/  |[A/South Australia/ IA/South Australia/ IA/South Australia/
4795/2000 25/2000 26/2000 29/2000 30/2000 36/2000 64/2000
8 CY125132 - 39 CY017139 - 46 ICY017379 - 86 ICY017019 - 26 CY017813 - 20 CY017147 - 54 ICY016731 -8
|A/Taiwan/ |A/Canterbury/ IA/Wellington/ |A/Canterbury/ IA/Russia/ IA/New York/ IA/New York/
141/2002 152/2001 17/2001 147/2001 2187/2002 306/2001 205/2001
9 ICY084228 - 35  |CY011088 - 95 CY012304 - 11 ICY010252 - 9 CY125164 - 71 CY003400 - 7 ICY001952 - 9

Supplemental Table 3. Human H1N1 sequences analyzed from 2000-2008 and the corresponding GenBank accession numbers.
Human H1N1 sequences from 2000-2008 were downloaded from the Influenza Research Database and full-length genomes were con-
catenated and grouped into operational taxonomic units (numbered 1-9 under Cluster ID) with at least 97% sequence identity. Represen-
tative sequences were selected from these clusters for further analysis. Each vertical column indicates one replicate (seven replicates

502 total).


https://doi.org/10.1101/2021.01.14.426718
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.14.426718; this version posted January 14, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

H1N1
2010-2018 Representative strains analyzed in each replicate and the corresponding accession numbers.
Cluster ID 1 2 3 4 5 6 4
IA/Gramado/ IA/Taipei/ IA/Vacaria/ IA/Torres/ |A/Baltimore/ |A/Taipei/
LACENRS- 0045/2016 LACENRS- LACENRS- 0107/2016 0046/2016 |A/Baltimore/
1287/2016 495/2016 1102/2016 0008/2016
KY925104, KY487178, KY925355, KY925032, KY487084, KY487170, KY487127,
KY925179, KY487296, KY925365, KY925049, KY487183, KY487436, KY487343,
KY925188, KY487367, KY925611, KY925190, KY487439, KY487504, KY487410,
KY925751, KY487426, KY925636, KY925284, KY487451, KY487531, KY487491,
KY925798, KY487456, KY925736, KY925584, KY487472, KY487560, KY487576,
KY925960, KY487565, KY925871, KY926217, KY487556, KY487635, KY487604,
KY926084, KY487602, KY926039, KY926257, KY487562, KY487734, KY487672,
1 KY926299 KY487714 KY926287 KY926372 KY487722 KY487740 KY487698
IA/Florida/ IA/Florida/ IA/Washington/ IA/North Carolina/
83/2015 12/2016 01/2017 12/2016
KX005095,
KX005097 - 8,
KX005100,
IA/Minnesota/ IA/Florida/ IA/Hawaii/ [KX005102,
35/2017 95/2015 83/2015 [KX005472,
KX005475,
2 ICY243771-8 KX004656 - 63 KX004967 - 74 KX005477 KX406328 - 35 ICY218075 - 82 KX407448 - 55
IA/\Warsaw/ IA/Khon Kaen/ IA/Chicago/ IA/Tennessee/ \A/Lima/ IA/Bronx/ IA/Georgia/
INS3_657/2011 INS3_649/2012 GA_04019/2012 [F2068/2011 INS3_677/2012 INS3_673/2012 M5081/2012
CY 147964,
CY147998,
CY148061,
CY 148064,
CY148081,
CY148159,
CY148163,
3 ICY176594 - 601 |CY176538 - 45 CY171159 - 66 CY167660 - 7 CY176722 -9 ICY176690 - 7 CY148218
IA/Helsinki/ IA/Helsinki/ IA/Helsinki/ IA/Helsinki/ IA/Helsinki/ IA/Helsinki/ IA/Helsinki/
848/2013 804/2013 911/2013 100/2013 1199/2012 205/2013 737/2013
2] KF560110 - 7 KF560054 - 61 KF560158 - 65 KF559390 - 7 KF560278 - 85 KF559438 - 45 KF559990 - 7
IA/Parma/ IA/Parma/ \IA/Parma/ IA/Parma/ IA/Singapore/ IA/Singapore/ IA/Singapore/
644/2010 7/2011 48/2011 126/2011 GP917/2011 IGP887/2011 GP767/2011
KU322148, KU322178, KU322176, KU322173, ICY124683 - 90 ICY124663 - 70 CY124611 -8
KU322190, KU322220, KU322218, KU322215,
KU322233, KU322263, KU322261, KU322258,
KU322276, KU322306, KU322304, KU322301,
KU322319, KU322349, KU322347, KU322344,
KU322362, KU322392, KU322390, KU322387,
KU322405, KU322435, KU322433, KU322430,
5 KU322448 KU322478 KU322476 KU322473
IA/Bangkok/ IA/Sydney/ IA/Texas/ |A/Bangkok/ IA/Vienna/ IA/Berlin/ IA/Athens/
INS478/2010 DD3-37/2010 JMS413/2010 INS424/2010 INS368/2010 INS430/2010 INS396/2010
6 ICY096298 - 305 CY092638 - 45 CY061187 - 94 CY071327 - 34 ICY071055 - 62 ICY071375 - 82 CY071167 - 74
IA/NewYork/ IA/Alaska/ IA/NewYork/ IA/NewYork/ IA/NewYork/ IA/NewYork/ IA/NewYork/
IA-WC-LVD-16- 1263/2015 IA-WC-LVD-16- IA-WC-LVD-16- IA-WC-LVD-16- IA-WC-LVD-16- IA-WC-LVD-16-
067/2016 040/2016 018/2016 016/2016 053/2016 014/2016
ICY259847 - 54 KU509765 - 7, CY259655 - 62 CY258913 - 20 CY259463 - 70 ICY259751 - 8 CY259447 - 54
KU509771,
KX004187 - 8,
KX004696,
7 KX004702
A/Mexico/ IA/Mexico/ IA/Mexico/ IA/Mexico/ IA/Mexico/ IA/Mexico/ IA/Mexico/
8017/2017 4436/2016 8517/2017 4687/2017 4435/2016 14440/2016 17517/2017
8 MF593572 - 9 MF593514 - 21 IMF593580 - 7 IMF593551 - 8 IMF593506 - 13 MF593522 - 9 [MF593617 - 24
IA/Thailand/ [A/Milano/ |A/Taiwan/ IA/Indiana/ IA/Michigan/ IA/Pennsylvania/ IA/Budapest/
ISN11783/2012 21/2012 1829/2011 04/2011 03/2011 07/2011 IWRAIR3789T/2011
KP637595 - 602 [KU321908, NQ693691, KC882315, KC882264, KC881821 - 4, CY097977 - 84
KU321939, NQ693701, KC882319 - 21, KC882275 - 80, KC882000,
KU321971, NQ693711, KC882343 - 5, KC882296 KC882022 - 3,
KU322003, NQ693721, KC882371 KC882124
KU322033, Q693731
KU322065, NQ693741,
KU322097, Q693751
9 KU322129 Q693761

Supplemental Table 4. Human H1N1 strains analyzed from 2010-2018 and the corresponding GenBank accession numbers. Human
H1N1 sequences from 2010-2018 were downloaded from the Influenza Research Database and full-length genomes were concatenated and
grouped into operational taxonomic units (numbered 1-9 under Cluster ID) with at least 97% sequence identity. Representative sequences were
selected from these clusters for further analysis. Each vertical column indicates one replicate (seven replicates total).
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A PB2 B NA C NS

ISequence lLocation [Sequence Location Sequence Location
lcagaagatacggaccagcat 193] latgcctatataagctttcge 30| [gctatttgaagtggaacagg 56
lattctcggaaaagatgccgg 297| ltaatggggcggacatcaatc 52| lagctgattgaagaagtgaga 138]
cagttctcttcattgactgt 402| lattgttgtgttttgtggcac 102 laatggcgagaacagctaggt 180
catttgataccacccagata 470 aa:tct:;;:acctcaaac 125 ltctacagagattcgcttgga 252
lacagtgggtttgtcagaact 521 lgcatcaatcggtgcttttat 179 ctcaccattgccttcttttc 363
Ea:ucclaaz;ccaﬁa 550 atattttctctgttgaagge 206 lagggagcagttgttggcgaa 385
ctcatcgtcaatgatgtggg 703 lagaggtaatatgtccggtta 231 ltgaccgactagagaccatag 429
[ttattatctcctgaggaggt 762 lggtccaaacctaactccaaa 281 lgacccctttgcatcagaatg 505
tcgagaccaacgtgggaatg 784 303 atgcccaagcaaaaagtgga 527
ltagttagcattgatcggttt 812 326 ctgcttcgcgatacataact 589
latgtggatgaatactccagt 845 397| taaaatgaccatggcctcca 612
[accajatatﬁaclccaagc 905 446| a;;aajaatct;atgaggca 634
lagccgaagcaataatcgtgg 1114 498 cccatgttggaaagcagatt 670
latgagtggaagggacgaaca 1140 532 lggtctagacatcaaagcage 692
laaggggaagaggcaacact
lgcagaacccgactgaagaac 1399 lgagacaactggaaaggctcc 554 c 714
lagtatcagcagatccactag 1483 lgcaaattgtcaggaagtgct 632 mcoai;ta?att?cmc 819
attattgca;cca;;aacat 1518 lacttttcattgaggagggga 667 latggattccaacactgtgtc 842]
lgactcaaggaacgtattggg 1594 lgcttcaggaagagctgatac 693
lagagccaggatactaacatc 1779 tcggaatgcgtttgtatcaa 747|
lgtcaagatacgccgaagagt 1881 laaaaatcctcaggaccca 769
laatggacccgtgacaagtac 1992| ata;tatt;;ttcatqqtcc 791
cccgtcacttaggatgaaat 2170 lgcttcatttacgatgggaga 818
[tacacatcagggagacagga 2196 lctgggcatgatgaaaatgca 845
laaagcatggctgcatgtttg 870
lcagctcaagttgtcacgatg 892
tttaggaaccaagcaagtgt 925|
a:aat;a;tt;:t;ﬁcc 951
lgcgatcctgacaagtgttat 1058|
taattcaattcggctticcg 1120|
a;;attt;cacctmtcta 1144
tagtcaaagccgcaatgtaa 1170
tagtgtatctgaccaacacc 1235|
1289
1354
cactattgccacaatatgct 1384
taacgattggctctgtttct 1406

Supplemental Table 5. FISH probe sequences. Custom oligonucleotide

probes targeting PB2 (A), NA (B), and NS (C) vRNA were designed from

A/Panama/2007/1999 (H3N2) virus sequences using the Stellaris probe

designer (BioSearch Technologies). Oligos exhibiting significant comple-

mentarity against other vVRNA segments and/or positive-strand complemen-
504 tarity were excluded.
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