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The influenza A virus genome consists of eight single-stranded negative-sense RNA segments. The noncoding
regions located at the 3’- and 5’- ends of each segment are necessary for genome packaging, and the terminal
coding regions are required to precisely bundle the eight segments. However, the nucleotide residues important
for genome bundling are not defined. Here, we introduced premature termination codons in the hemagglutinin
(HA) or matrix protein 2 (M2) gene and constructed virus libraries containing random sequences in the terminal

coding regions. Using these virus libraries, we identified nucleotide residues involved in efficient virus propa-
gation. Viral genome packaging was impaired in viruses that contained single mutations at these identified
residues. Furthermore, these single mutations altered the local structure of the viral ribonucleoprotein complex.
Our results show that specific nucleotide residues in the viral protein coding region are involved in forming the
precise structure of the viral ribonucleoprotein complex.

1. Introduction

The influenza A virus is a member of the Orthomyxoviridae family
and is characterized by a segmented genome that consists of eight
single-stranded negative-sense viral RNA (VRNA) segments. The vRNA
is complexed with a heterotrimeric viral RNA polymerase complex and
nucleoproteins (NP) to form a viral ribonucleoprotein complex (VRNP).
Each infectious virion must contain a full set of eight segments. Recent
studies favor the “selective packaging” model, in which one set of the
eight distinct vRNAs is selectively incorporated into progeny virions
(Noda et al., 2006; Chou et al., 2012). The 12 nucleotides at the 3’
termini and the 13 nucleotides at the 5’ termini of the VRNAs are highly
conserved between segments. These 3’ and 5’ conserved sequences are
partially complementary and anneal to form a hairpin structure ne-
cessary for viral RNA synthesis. These sequences are also essential for
the incorporation of vRNPs into a budding viral particle (Giese et al.,
2016).
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Other sequences required for efficient viral genome packaging have
been identified in each of the eight segments (Gerber et al., 2014).
These sequences, so-called segment-specific packaging signals, are lo-
cated in both of the terminal noncoding and coding regions at the 3’ and
5’ ends of each VRNA segment. Deletions or mutations in the segment-
specific packaging signals reduce the packaging efficiency not only of
the mutated VRNA segment but also that of the other VRNA segments
into the virion (Zhao et al., 2014; Hutchinson et al., 2008, 2009; Marsh
et al., 2007, 2008; Muramoto et al., 2006). Goto et al. reported that the
terminal coding regions of each segment-specific packaging signal are
required for the packaging of one set of eight segments and proposed
that those in the 3’ and 5 noncoding regions, named incorporation
signals, are essential for genome packaging and that those in the
terminal coding regions, named bundling signal (BS), are necessary for
bundling the eight segments (Goto et al., 2013). Whether the regions
and nucleotide residues involved in segment bundling are distinguish-
able from those involved in the genome packaging is not known. The
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eight segments are assumed to be bundled by direct RNA-RNA inter-
actions between segments, because VRNAs can form specific networks
of intermolecular interactions in vitro (Gilbertson et al., 2016; Gavazzi
et al., 2013a, 2013b; Fournier et al., 2012) and an RNA-RNA interaction
between segments is required for efficient viral genome packaging
(Gavazzi et al., 2013a). Recent studies have shown that NP does not
bind vRNA uniformly and NP enriched or poor sites exist in each VRNA
segment (Lee et al., 2017; Williams et al., 2018), suggesting that vRNPs
can form RNA interactions and specific RNA structures. In addition,
direct contact between VRNPs has been observed in electron tomo-
graphy of purified viral particles (Noda et al., 2012). However, the
precise roles of BSs are currently unknown.

The replication of the influenza viral genome and transcription of
viral mRNA occur in the nucleus of infected cells. Newly synthesized
vRNPs are exported from the nucleus to the cytoplasm via a CRM1-
dependent pathway, in which two viral proteins, M1 and NEP, are in-
volved (Hutchinson and Fodor, 2013). After export from the nucleus,
VvRNPs accumulate in the perinuclear region and associate with the
endosomal recycling compartment. The vVRNPs are then transported to
the apical plasma membrane through interaction with Rabl1-positive
vesicles (Eisfeld et al., 2011; Momose et al., 2011; Amorim et al., 2011).
Multiple vRNA segments are bundled in the cytoplasm as single-mole-
cule sensitivity FISH analysis showed that the different segments co-
localized with Rabl1l (Chou et al., 2013; Lakdawala et al., 2014;
Takizawa et al., 2010). These reports support a model in which all eight
VRNA segments are bundled together on Rabll-positive vesicles en
route to the apical plasma membrane and Rab11-positive vesicles serve
as a platform for viral genome bundling.

Identification of nucleotide residues important for genome packa-
ging and bundling has been attempted by introducing synonymous
mutations in the segment-specific signal sequence regions (Hutchinson
et al., 2008, 2009; Marsh et al., 2007, 2008; Gog et al., 2007). Gog et al.
identified codons showing little synonymous variation in a large data
set of reported influenza virus sequences and showed that synonymous
mutations in these codons reduced segment packaging (Gog et al.,
2007). Although such an approach to introduce synonymous mutations
into the BSs provided valuable information for the elucidation of mo-
lecular mechanisms of genome bundling, a more systematic identifi-
cation of nucleotide residues involved in the segment bundling is dif-
ficult, because the signal sequences exist in the terminal coding regions
of each segment. Here, to overcome these limitations, we utilized re-
combinant viruses that did not express HA or M2 proteins by introdu-
cing premature termination codons and cells expressing HA or M2 to
complement these lacking viral proteins. To identify the specific re-
sidues involved in genome bundling and packaging, we constructed
recombinant virus libraries, in which each mutant virus contained
premature termination codons and random sequences in the BS. Using
these recombinant virus libraries and cells expressing HA or M2, cis-
acting nucleotide residues required for efficient genome packaging
were identified. We also found that the local structures of vRNP con-
taining single mutations at the identified residues are altered around
the mutation sites. Our results suggest that specific nucleotide residues
have important roles in the formation of a precise VRNP structure for
efficient genome packaging.

2. Materials and methods
2.1. Vectors and antibodies

The oligonucleotide sequences of primers used in this study are
listed in Table S1. Viral protein expression vectors and viral RNA ex-
pression vectors derived from strain A/WSN/33 were kindly provided
by Dr. Y. Kawaoka (Neumann et al., 1999). To construct pPoll-WSN-
M2stop, inverted PCR was carried out using pPoll-WSN-M (Neumann
et al., 1999) as a template with specific primer sets. In pPoll-WSN-
HAstop (Takizawa et al., 2016) and pPoll-WSN-M2stop, premature
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termination codons were introduced at lysine 4 and leucine 5 in HA and
at proline 25 and leucine 26 in M2. To construct pPoll-WSN-HAs-
topl656N, 1676N, 1687N, 1698N, 1708N, and 1718N, and pPoll-WSN-
M2stop960N, 972N, 984N, and 996N, inverted PCR was carried out
using pPoll-WSN-HAstop or pPoll-WSN-M2stop as a template with
specific primer sets with a random sequence at the 5 end. After Dpnl
treatment, phosphorylation, ligation, and transformation into Escher-
ichia coli Mach1 (Thermo Fisher Scientific, Waltham, MA), all colonies
(approximately 50,000) were collected to create plasmid libraries. After
purification of these plasmids, inverted PCR was carried out again using
the same primer sets to reduce the proportion of plasmids containing
wild type sequences. To prevent trypsin-independent cleavage of WSN
virus HA, pPoll-WSN-NA R130N was used to generate recombinant
viruses and WSN NA R130N virus was used as the wild type virus
(Takizawa et al., 2016).

Rabbit polyclonal antibodies against NP and M1 were kindly pro-
vided by Dr. K. Nagata (Kawaguchi et al., 2011) and Dr. K. Kobayashi
(Takizawa et al., 2006), respectively. Rabbit polyclonal antibody
against FLAG tag was purchased from MBL (Nagoya, Japan). Mouse
monoclonal antibody RA5-22 against HA was provided by BEI Re-
sources, NIAID, NIH (Bethesda, MD), and mouse monoclonal antibody
C179 against HA was purchased from Takara Bio Inc. (Otsu, Japan). A
sheep polyclonal antibody against NA was purchased from R&D Sys-
tems (Minneapolis, MN). Mouse monoclonal antibody mAb61A5
against NP was kindly provided by Dr. F. Momose (Momose et al.,
2007).

2.2. Cells

HEK293T cells (kindly provided by Dr. Y. Kawaoka) and MDCK cells
expressing FLAG-Rab11l (MDCK-F11-WT) (Momose et al., 2011) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) with high
glucose (Sigma-Aldrich, ST. Louis, MO) containing 10% fetal bovine
serum and penicillin/streptomycin (Nacalai Tesque, Kyoto, Japan).
MDCK cells (American Type Culture Collection, Manassas, VA) and
MDCK expressing HA (MDCK-HA) cells (Takizawa et al., 2016) were
maintained in minimal essential medium (MEM) (Wako Pure Chemical
Industries, Osaka, Japan) containing 10% fetal bovine serum and pe-
nicillin/streptomycin. To establish MDCK cells expressing M2 (MDCK-
M2), MDCK cells were transfected with pCAGGS-M2 (Neumann et al.,
1999) and pCI-neo (Promega, Fitchburg, WI). The transfected cells were
selected under 500 ng/ml G418 (Nacalai Tesque) and G418-resistant
cell foci were picked after 1 week of selection. MDCK-M2 cells were
maintained in MEM containing 10% fetal bovine serum and penicillin/
streptomycin.

2.3. Recombinant virus and virus library construction

Recombinant viruses and virus libraries were generated using a
reverse genetics approach (Neumann et al., 1999). HEK293T cells were
transfected with viral protein and viral RNA expression vectors using
polyethylenimine (Polysciences, Warrington, PA). After 24 h of trans-
fection, the culture medium was changed to OPTI-MEM I (Life-
Technologies, Gaithersburg, MD) containing 0.6 pg/ml TPCK-trypsin
(Sigma-Aldrich). After incubation for 24 h, the cell culture supernatant
was collected, and the virus titer was determined by plaque assay using
MDCK-HA or MDCK-M2. Recombinant viruses were propagated using
MDCK-HA or MDCK-M2 cells and used for infection assays.

2.4. Targeted amplicon sequencing

The selection of virus libraries was performed by virus passage.
MDCK-HA or MDCK-M2 cells were infected with the virus libraries at a
multiplicity of infection (MOI) of 0.05. At 48 h post infection (hpi), the
supernatants were collected and used for the next infection. The virus
libraries at passages 1, 3, and 5 were used to infect MDCK-HA or MDCK-
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M2 cells. Total RNA was extracted using ISOGEN reagent (Nippon
Gene, Tokyo, Japan) at 8 hpi and cDNA was synthesized with the Uni12
primer using ReverTra Ace (Toyobo, Osaka, Japan). The fragments of
segment 4 (nucleotide positions 1570-1764) or segment 7 (nucleotide
position 738-1027) were amplified with specific primers using the
KAPA HiFi HS ReadyMix (Kapa Biosystems, Wilmington, MA). A second
PCR to construct a sequencing library was performed with the Nextera
XT Index Primers (Illumina, San Diego, CA) using KAPA HiFi HS
ReadyMix. Sequencing was performed using a MiSeq sequencer
(Ilumina) with MiSeq Reagent Kit v3 (600 cycles) (Illumina). The se-
quence data have been deposited into DDBJ Sequence Read Archive
(DRA Accession: DRA003947 and DRA005679).

2.5. Data analysis

Read sequences were filtered according to base quality using the
FASTQ Quality Filter (@ = 20). The 6- or 7-nucleotide sequences that
flanked the random sequence-inserted region were identified in each
read and the sequences between the flanking sequences were extracted.
Matched fragments in the paired-reads were used for the following
analysis. Using the AWK script, sequences were extracted and counted,
and the ratio of nucleotides in each position and the Hamming distances
were calculated. Duplicate fragments were removed when the
Hamming distance was calculated.

2.6. Western blotting and RT-qPCR assay

MDCK-M2 cells were infected with recombinant virus at an MOI of
1, and the cells were suspended in MEM. At 24 hpi, the supernatant was
collected, and cell debris was removed by low speed centrifugation
(500 x g, 5min) and filtration through a 0.45-um filter (EMD Millipore,
Billerica, MA). The pre-cleared supernatant was layered on a buffer
containing 20 mM Tris-HCI (pH 7.9), 100 mM NaCl, 1 mM EDTA, and
30% sucrose and centrifuged at 130,000 X g for 1.5h using an SW55
rotor (Beckman Coulter, Brea, CA). The pellet was suspended in 100 pl
of PBS(-). An in vitro synthesized yeast Cetl RNA fragment (10 ng) was
added as an RNA spike-in control of the RT-qPCR assay.

MDCK-M2 cells were infected with the recombinant virus at an MOI
of 1 in MEM, and the infected cells were collected at 8 hpi. The infected
cells were suspended in lysis buffer (20 mM Tris-HCI [pH 7.9], 150 mM
NaCl, 1 mM EDTA, and 0.1% NP-40), and the protein concentration was
determined using Protein Assay Reagent (Bio-Rad, Hercules, CA). Part
of the lysate was collected for western blotting and the total RNA was
extracted from the lysate using ISOGEN reagent (Nippon Gene). The
lipid raft fraction was prepared as described previously (Takizawa
et al., 2016).

Viral proteins in the virions and cell lysate were separated by SDS-
PAGE and detected by western blotting using an ImageQuant LAS 4000
(GE Healthcare, Milwaukee, WI). NP and M1 were detected using rabbit
polyclonal antibodies and HA was detected using mouse monoclonal
antibody RA5-22. Band intensities were measured using ImageJ soft-
ware (Schneider et al., 2012), and standard curves were generated to
semi-quantify the relative amount of viral proteins.

For RT-qPCR, cDNA was synthesized with Unil2 and 18S rRNA-
specific primers for total RNA or Cetl-specific primer for viral RNA
using ReverTra Ace (Toyobo). The synthesized cDNA was mixed with
Thunderbird SYBR qPCR mix (Toyobo) and a specific primer set for
each segment. The qPCR reactions were performed using a Thermal
Cycler Dice Real Time System TP800 (Takara Bio), and the relative
amounts of each segment were calculated.

2.7. Hemaggulutination assay
A hemagglutination (HA) assay was performed with 0.5% chicken

red blood cells (NIPPON BIO-TEST LABORATORIES, Saitama, Japan) at
25°C using a standard method (World Health Organization, 2011). The
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HA titers of viruses were determined by the average from four in-
dependent experiments of the same sample.

2.8. Electron microscopy

MDCK-M2 cells were infected with recombinant virus at an MOI of
0.01, and the supernatant was collected at 48 hpi. After removal of cell
debris by low speed centrifugation (500 X g, 5min) and filtration
through a 0.45-um filter, the supernatant was layered onto a 30% su-
crose/PBS cushion, and ultracentrifuged at 100,000 x g for 1.5 h using
an SW28 rotor (Beckman Coulter). The pellet was suspended in PBS(-),
negatively stained with 2% phosphotungstic acid, and observed by
transmission electron microscopy (Hitachi HT-7700) at 80 kV. The virus
particles were counted using the ImageJ software.

2.9. Indirect immunofluorescence

An indirect immunofluorescence assay was performed as described
previously (Takizawa et al., 2016). Mouse anti-HA monoclonal anti-
body C179, sheep anti-NA polyclonal antibody, and rabbit anti-M1
polyclonal antibody were used to immunostain viral proteins. Alexa
Fluor 594-conjugated anti-rabbit IgG (Thermo Fisher Scientific), Alexa
Fluor 488-conjugated anti-sheep IgG (Thermo Fisher Scientific), Alexa
Fluor 594-conjugated anti-mouse IgG (Thermo Fisher Scientific), and
Alexa Fluor 488-conjugated anti-mouse IgG (Thermo Fisher Scientific)
were used for visualization. Specimens were observed under a DMI6000
B microscope (Leica Microsystems, Wetzlar, Germany) or an LSM 5
confocal microscope (Carl Zeiss, Jena, Germany).

2.10. Dimethyl sulfate (DMS) and 2-methylnicotinic acid imidazolide
(NAI) labeling

DMS was purchased from Wako Pure Chemical Industries, and NAI
was synthesized as described previously (Spitale et al., 2013). Briefly,
1 mmol of 2-methylnicotinic acid (Sigma-Aldrich) was dissolved in
0.5ml of anhydrous DMSO (Wako Pure Chemical Industries). One
mmol of 1,1’-carbonyldiimidazole in 0.5ml of anhydrous DMSO was
added dropwise to the solution over 5min. The resulting solution was
stirred at 25°C until gas evolution was complete and then stirred at 25°C
for an additional 1h using a ThermoMixer C (Eppendorf, Hamburg,
Germany). The resulting solution was used as a 1M stock solution
containing a 1:1 mixture of NAI and imidazole.

MDCK-M2 cells were infected with the recombinant virus at an MOI
of 0.01, and the cells were suspended in MEM containing 0.6 ng/ml
TPCK-trypsin. At 24 hpi, the virus in the supernatant was pelleted as
described above, and the pellet was resuspended in 100 ul of the DMS
buffer (40 mM Hepes-NaOH, 100 mM NacCl, and 0.5 mM MgCl,), and
1 pl of DMS or 5 pl of NAI was added. After incubation for 15 min (DMS)
or 45 min (NAI) at 25°C, 10 pl of 1M DTT was added to stop the re-
action. Then, viral RNA was extracted with phenol/chloroform. The
32p_labelled oligonucleotide specific to segment 7 (Seg7v 107) was
mixed, and primer extension was performed using ReverTra Ace
(Toyobo). The products were separated by 6% UREA-PAGE and visua-
lized using a Typhoon 9400 image analyzer (GE Healthcare). To syn-
thesize control RNA, segment 7 cDNA with a T7 promoter was ampli-
fied from pPolI-WSN-M using specific primers, and segment 7 vVRNA
was synthesized using T7 RNA polymerase (Takara Bio). To determine
the reverse-transcription stop position, primer extension was performed
with 0.5 mM ddATP, ddGTP, ddTTP, or ddCTP (Sigma-Aldrich) using in
vitro synthesized segment 7 vRNA fragment as a template.
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Fig. 1. Schematic representation of the method for the
screening of the virus libraries. (A) The recombinant
virus libraries containing random sequences. Premature
termination codons were introduced to stop viral protein
synthesis, and a sequence of 10 — 12 random nucleotides
was introduced into the bundling signal of segment 4 or
segment 7. The native termination codons are underlined.
The virus libraries were constructed using a reverse ge-
netics system. (B) Selection of the virus libraries. The virus
library was passaged in MDCK-HA or MDCK-M2 cells to
complement the lack of HA or M2 expression from the
viral mRNA. All nucleotide sequences are shown in the
positive-sense orientation.
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3. Results

3.1. Selection of the virus libraries in which each clone contains a random
sequence in the BS

The large limitation to identifying the nucleotide residues important
for genome bundling or packaging in a BS is that nonsynonymous
mutations are not permitted. To overcome the limitation, we con-
structed a new system utilizing recombinant viruses containing pre-
mature termination codons in segment 4 or 7 to terminate translation of
HA or M2 from viral mRNA (HAstop virus and M2stop virus, respec-
tively) and MDCK cells expressing HA or M2 to complement the lack of
these viral proteins (Fig. 1A). We constructed the HAstop and M2stop
virus-derived libraries, in which each clone contained a sequence of 10
- 12 random nucleotides at the 3’ end of the 3’ BS in the positive-sense
orientation. The reported lengths of the BSs of segments 4 and 7 in the
3’ region are 80 and 220 nucleotides, respectively (Marsh et al., 2007;
Ozawa et al., 2009). The selection of preferentially propagating viruses
in the library was performed by passaging of the virus library in MDCK-
HA or MDCK-M2 cells (Fig. 1B). In this system, random sequences did
not affect viral protein synthesis; thus, we could identify the nucleotide
residues required for efficient virus propagation without considering
the effects of amino acid sequence changes in HA and M2. We con-
structed six HA stop virus-derived libraries, each containing a random
sequence in nucleotide positions 1656 — 1666 (1656N), 1676 — 1686
(1676N), 1687 — 1697 (1687N), 1698 — 1707 (1698N), 1708 - 1717
(1708N), or 1718 — 27 (1718N) in segment 4 (a virus library containing
a random sequence in positions 1667 — 1675 was missing because the
library plasmid could not be amplified), and four M2stop virus-derived
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libraries, each containing a random sequence in nucleotide positions
960 - 971 (960N), 972 - 983 (972N), 984 — 995 (984N), or 996 — 1007
(996N) in segment 7. Approximately 19,000-64,000 kinds of in-
troduced random sequences were confirmed in each plasmid library
used for construction of the virus library (S1 File). Approximately 69 —
89% of the plasmids in each library contained the correct length of
nucleotides in the mutated region.

MDCK-HA or MDCK-M2 cells were infected with each virus library
and passaged five times. To determine the sequences that were selected
by this screening, total RNA was extracted from the cells infected with
the virus libraries that were passaged one, three, or five times, and a
large-scale sequencing analysis was performed using the Amplicon-seq
method. The obtained sequences were aligned, and the numbers of each
sequence appearing in the random sequence-introduced region were
counted. The total number of reads and that of the aligned reads in each
sample are listed in Table S2. The top five sequences appearing in each
library at passage 5 and their ratios to the total aligned reads are shown
in Fig. 2. The list of all counted sequences that appeared in each library
at passage 1, 3, 5, and that of the parental plasmids are shown in the S1
File. The ratios of these selected sequences to the total aligned reads
increased from passage 1-5 in all virus libraries, suggesting that the
viruses containing sequences preferable for efficient virus propagation
were enriched by passaging. At passage 5, the wild-type sequence was
not ranked as the top sequence in any virus libraries, except for segment
4 1676N and segment 7 960N. The ratio of the top 20 sequences of
plasmids used to prepare each virus library are shown in Table S3.
Except for segment 4 1676N, the sequences ranked as top sequences at
passage 5 in each virus library were not enriched in parental plasmids,
suggesting that the sequences preferable for efficient virus propagation
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Fig. 2. Sequences selected by screening and the enrichment of these sequences through passaging. The top five sequences appearing after passage 5 in each of
the six virus libraries for segment 4 (A) and of the four virus libraries for segment 7 (B) were analyzed. The proportions of each sequence among the total number of
sequences after passage 1, 3, and 5 for each library are shown. Wild-type sequences are presented with a diagonal bar and indicated in red in the graph legend.

were enriched after passaging. These results suggest that the sequences
in a BS can vary without impairing the efficiency of virus propagation if
there is no restriction of translation by providing the wild type gene
products (HA or M2) in trans.

To confirm that the enrichment of sequences did not occur as a
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result of a PCR bias of the Amplicon-seq method or other technical
reasons but was due to the selective enrichment of viruses containing
sequences preferable for efficient virus propagation, we analyzed
whether sequences similar to the most enriched sequence after 5 pas-
sages were also enriched. To analyze this, the number of positions at
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which bases were different (the Hamming distances) between each
sequence appearing in the random sequence-introduced region and the
most enriched sequence after 5 passages in each virus library was cal-
culated. If the viruses containing sequences similar to the most enriched
sequence were enriched after passaging, the ratio of sequences having
Hamming distances would increase. To calculate Hamming distance,
duplicate fragments and longer and shorter fragments were removed
from the dataset. The ratios of sequences having each Hamming dis-
tance between the most enriched sequence at passage 5 and each

Opass1 Wpass3 Mpass5

996N

Fig. 3. Ratios of sequences with each Hamming distance between the most enriched sequence after passage 5 and each sequence appearing in the random
sequence-introduced region. The Hamming distance between each sequence appearing in the random sequence-introduced region and most enriched sequence of
each library for segment 4 (A) and segment 7 (B) after 5 passages was calculated. The graph shows the ratio of the sequences with each Hamming distance.

sequence appearing in the random sequence-introduced region at pas-
sage 1, 3, and 5 are shown in Fig. 3. Among the HAstop virus-derived
libraries, the ratio of sequences with a Hamming distance of 1 increased
after 5 passages in the 1656N and 1676N libraries and slightly in-
creased in the 1687N and 1698N libraries, whereas no increase was
observed in the 1708N and 1718N libraries (Fig. 3A). Among the
M2stop virus-derived libraries, the ratio of sequences with Hamming
distances of 1 and 2 increased after 5 passages in all libraries (Fig. 3B).
These results indicate that the viruses containing the sequences similar
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group in which the ratios of the four nucleotides were altered from passage 1-5 (A) or two nucleotides were enriched (B). The underline indicates nucleotide positions
selected for the subsequent recombinant virus assay.
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to the most enriched sequence after 5 passages were also enriched in
segment 4 1656N, 1676N, 1687N, and 1698N libraries and all segment
7 libraries, supporting the notion that the viruses containing preferable
sequences for efficient virus propagation were enriched in these li-
braries. In segment 4 1708N and 1718N libraries, the viruses containing
specific sequences were not well enriched after 5 passages, and thus,
the ratio of sequences with a Hamming distance of 1 did not increase
(Figs. 2A and 3A).

3.2. Identification of the nucleotide residues required for efficient virus
production

To identify the nucleotide residues required for efficient virus pro-
duction, the ratios of four nucleotides at each position in all aligned
sequences were calculated. The ratios of each nucleotide in each in-
troduced random sequence at passages 1, 3, and 5 and those in the
plasmid libraries used to prepare the virus libraries are shown in Fig. 4.
In the result of virus passage of segment 4 virus libraries, the alteration
of the ratios of the four nucleotides at each nucleotide position were
categorized in three groups in which the specific nucleotides were en-
riched (more than 80% of total nucleotides) through passages (red
nucleotide positions in Fig. 4A), the ratios of the four nucleotides were
altered from passage 1 to passage 5 (blue nucleotide positions in
Fig. 4A), and the ratios of the four nucleotides were almost the same at
passages 1, 3, and 5 (other positions) (Fig. 4A). Specific nucleotides
were enriched in nucleotide positions from 1676 to 1686 because the
wild-type sequence was highly enriched after passage in the segment 4
1676N library (Figs. 2A and 4A). In the result of virus passage of seg-
ment 7 virus libraries, the alteration of the ratios of the four nucleotides
were categorized in three groups in which the specific nucleotides were
enriched (red nucleotide positions in Fig. 4B), two nucleotides were
enriched (blue nucleotide positions in Fig. 4B), or the ratios of the four
nucleotides were slightly altered or almost the same (other positions)
(Fig. 4B). We selected nucleotide residues in which specific nucleotides
were enriched (U1663 and U1664), three nucleotide residues located
from 1676 to 1686 (A1676, U1682, and U1686), and one or two nu-
cleotide residues in the other group (U1695, U1700, and C1715) in
segment 4 and nucleotide residues in which specific nucleotides were
highly enriched (more than 90%; U970, U971, G972, A976, A1006, and
A1007) and four nucleotide residues in two nucleotide residues en-
riched group (G966, G969, G998, and C999) in segment 7. To test
whether the identified nucleotide residues play a role in virus propa-
gation, recombinant HAstop or M2stop viruses, each having a single
mutation at each position selected, were constructed and the propa-
gation of the mutant viruses was analyzed. A single mutation was in-
troduced at each position from wild-type nucleotides to the lowest
frequency nucleotide after passage 5. The mutant M2stop virus con-
taining the A1007G mutation could not be constructed in our reverse
genetics system for unknown reason(s). The MDCK-HA cells were in-
fected with mutant viruses and parental HAstop virus at an MOI of 0.01
and MDCK-M2 cells were infected with mutant viruses and parental
M2stop virus at an MOI of 0.001 because the titers of M2stop virus and
mutant viruses from transfection supernatant of 293T cells were low
(approximately 1 — 2 x 10* PFU/ml). The supernatants were collected at
24 hpi, and the virus titers in the supernatants were determined by
plaque assay. P-values were calculated by the Student’s t-test and the
Benjamini-Hochberg multiple-test correction method. The propagation
of all viruses containing a single mutation at the selected eight selected
positions in segment 4 was comparable to that of the parent HAstop
virus (Fig. 5A). The propagation of viruses containing the single mu-
tations of U971C, C999G, or A1006G in segment 7 was reduced com-
pared to that of the M2stop virus (Fig. 5B; corrected P-values were
0.148, 0.104, and 0.104, respectively). Next, propagation of the mutant
viruses was assessed and compared to that of the M2stop virus. The
maximum titers of these mutant viruses were still slightly lower than
that of M2stop virus (Fig. 5C). To analyze whether the introduced single
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mutations are maintained after multiple replication cycles, the se-
quence of segment 7 after multicycle replications was determined. Viral
RNA was purified from the supernatant that was collected at 48 hpi
from cells infected at an MOI of 0.001. Fig. 5D shows the obtained
sequences around the mutation sites. The single mutations were
maintained after multicycle replication (Fig. 5D, underline). These re-
sults suggest that nucleotide residues at these three positions in segment
7 play an important role in efficient virus propagation.

3.3. Impairment of viral genome packaging by single mutations at positions
U971, C999, and A1006 in segment 7 of M2stop virus

To determine which step of virus propagation is impaired by single
mutations at positions U971, C999, and A1006 in segment 7, the
amounts of viral proteins and vRNA in infected cells were determined.
The amounts of HA, NP, and M1 in the cells infected with the virus
containing the U971C, C999G, or A1006G mutation at 8 hpi were
comparable to those in cells infected with the M2stop virus (Fig. 6A and
B). The amounts of VRNA segments in the mutant virus-infected cells
were also comparable to those in the M2stop virus-infected cells
(Fig. 6C). These results suggest that these mutations did not affect the
replication of the viral genome or the translation of viral proteins. To
verify whether the transport of vRNP is impaired in cells infected with
these mutant viruses, the localization of vRNP and co-localization of
VvRNP and Rabl1l were analyzed. MDCK cells expressing FLAG-Rab11
(MDCK-F11A-WT) were infected with each mutant virus, and cells were
stained for vRNP and FLAG-Rab11 10 hpi using an anti-NP monoclonal
antibody that preferentially binds to NP in the RNP form and the anti-
FLAG polyclonal antibody. The results indicate that localization of
VRNP and co-localization of vRNP and FLAG-Rab1l1 were not affected
by these mutations (Fig. 6D).

To investigate the effects of the mutations on viral genome packa-
ging and budding of progeny virion, HA and plaque titers of the mutant
viruses were determined. HA titer correlates with particle counts and
plaque titer reflects the infectious particle counts. MDCK cells were
infected with each mutant virus at an MOI of 1, and the HA and plaque
assays were performed using the supernatant at 24 hpi. HA titers of
mutant viruses were comparable to that of the M2stop virus, whereas
plaque titers of mutant viruses were reduced compared to that of the
M2stop virus (Fig. 7A). To confirm the result of the HA assay, the
number of virus particles in the supernatant was counted under electron
microscopy. The number of mutant virus particles was comparable to
that of M2stop virus particles (Fig. 7A). These results suggest that the
ratios of infectious particle to total virus particle was reduced in the
supernatant from cells infected with the mutant viruses. Next, we
analyzed the amount of viral proteins and vRNAs in the supernatant
from cells infected with each mutant virus. MDCK cells were infected
with each mutant virus at an MOI of 1, and the supernatants were
collected at 24 hpi. The virus particles were concentrated by ultra-
centrifugation of the supernatant. The amounts of HA, NP, and M1 in
the supernatants from cells infected with each mutant virus were
comparable to those from the cells infected with the M2stop virus
(Fig. 7B and C). In contrast, the amounts of VRNA segments in the su-
pernatants from cells infected with each mutant virus were approxi-
mately 40% lower than those from the M2stop virus-infected cells
(Fig. 7D). These results suggest that the viral genome packaging effi-
ciency specifically decreased in the cells infected with these mutant
viruses. We next determined the amounts of viral proteins associated
with the lipid raft fraction of cells infected with each mutant virus
because progeny virion budding occurs at membrane lipid rafts
(Scheiffele et al., 1997; Chen et al., 2005, 2007; Leser and Lamb, 2005).
The amounts of viral proteins in the lipid raft fractions from cells in-
fected with each mutant virus were also comparable to those from the
cells infected with the M2stop virus (Fig. S1).

Next, we analyzed whether all segments were bundled and co-
packaged in these mutant viruses. If the number of virions that
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Fig. 5. Propagation of recombinant viruses containing a single mutation in the selected nucleotide residues. The titer of recombinant viruses containing a
single mutation in segment 4 (A) or segment 7 (B). MDCK-HA or MDCK-M2 cells were infected with the recombinant virus containing a single mutation in segment 4
at an MOI of 0.01 (A) or that in segment 7 at an MOI of 0.001 (B), respectively. The cells were incubated with trypsin, and the supernatant was collected at 24 hpi.
The viral titers in the supernatants were determined by plaque assay. The graph indicates average values with standard deviations from three independent ex-
periments. (C) The growth curve of the M2stop virus and the M2stop virus containing the U971C, C999G, or A1006G mutation. MDCK-M2 cells were infected with
each recombinant virus containing a single mutation at an indicated MOI. The cells were incubated with trypsin, and the supernatant was collected at 24, 32, and 48
hpi. The viral titers were determined by plaque assay. The graph presents average values from five independent experiments. P-values were calculated by the
Student’s t-test and the Benjamini-Hochberg multiple-test correction method. *P < 0.05. (D) Segment 7 sequence of M2stop and mutant viruses. MDCK-M2 cells
were infected with each mutant virus at an MOI of 0.001, and the supernatant was collected at 48 hpi. The viral RNA in the supernatant was purified and the

sequence was determined after RT-PCR.

successfully packaged all eight segments decreased, the fraction of
semi-infectious (SI) particles relative to all infectious virions should
increase. These SI virions might fail to express some viral proteins be-
cause of the absence of segments encoding the viral proteins, as shown
in previous studies (Brooke et al., 2014). We therefore performed an
immunostaining analysis of viral proteins in the cells infected with
these mutant viruses to estimate the fraction of SI particles. Single- and
double-stained cells were counted, and the ratios of the number of
double-stained cells to the number of single- and double-stained cells
were calculated. In either combination, the ratios of double-positive
cells were comparable to that of the cells infected with M2stop virus
(Fig. S2). These results suggest that all eight segments were probably

134

bundled and co-packaged in these single point mutation viruses.

3.4. Impairment of viral genome packaging by single mutations at positions
U971 and A1006 in segment 7 of wild type virus

We identified the three nucleotide residues in segment 7 involved in
efficient viral genome packaging using M2stop virus and MDCK-M2
cells. One mutation, C999G, is nonsynonymous while other two mu-
tations, U971C and A1006G, are synonymous. Thus, to confirm the
impairment of viral genome packaging by a single mutation at the
identified nucleotide residues, viral genome packaging of mutant virus
containing U971C or A1006G mutation not in M2stop virus but in wild
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type virus was analyzed. First, the amounts of viral proteins and vVRNA
in infected cells were determined. The amounts of HA, NP, and M1 in
the cells infected with the virus containing the U971C or A1006G
mutation at 8 hpi were comparable to those in cells infected with the
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Fig. 6. Amounts of viral proteins and vRNAs in cells infected with M2stop
virus containing the U971C, C999G, and A1006G mutations. (A) The de-
tection of viral proteins in infected cells. MDCK cells were infected with M2stop
virus or M2stop virus containing the U971C, C999G, or A1006G mutation at an
MOI of 1. The cells were collected at 8 hpi, and HA, NP, and M1 were detected
by western blotting. The ratio of the loaded sample volumes was 1:2:4. (B) The
relative amounts of HA, NP, and M1 in cells infected with the mutant viruses.
The band intensities in (A) were measured and standard curves were obtained.
The amount of each viral proteins in cells infected with mutant virus relative to
that with M2stop virus was semi-quantified from the standard curves. The
graph indicates average values with standard deviations from three in-
dependent experiments. (C) The relative amount of vVRNAs in cells infected with
the mutant viruses. Total RNA was extracted with the same samples used in (A)
and the amount of each vVRNA segment in cells infected with mutant virus re-
lative to that with M2stop virus was determined by RT-qPCR. The graph in-
dicates average values with standard deviations from three independent ex-
periments. (D) Co-localization of NP and Flag-Rab11 in cells infected with the
mutant viruses. MDCK-F11-WT cells were infected with the mutant viruses and
the parent M2stop virus at an MOI of 3. At 10 hpi, vRNP (NP) and FLAG-Rab11
were visualized by indirect immunofluorescence assay. Specimens were ob-
served under a confocal microscope. Red: NP, Green: FLAG-Rabll, Blue:
Hoechst33343.

wild type virus (Fig. 8A). The amounts of VRNA segments in the U971C
mutant virus-infected cells were comparable to those in the wild type
virus-infected cells (Fig. 8B). The amount of segment 7 vVRNA in the
A1006G mutant virus-infected cells were slightly reduced compared to
that in the wild type virus-infected cells (Fig. 8B). These results suggest
that U971C or A1006G mutation in segment 7 of wild type virus did not
affect the translation of viral proteins and slightly affected the synthesis
of viral RNA. Next, HA and plaque titers of the mutant viruses were
determined. MDCK cells were infected with each mutant virus at an
MOI of 1, and HA assay and plaque assays were performed using the
supernatant at 24 hpi. HA titers of U971C and A1006G mutant viruses
were comparable to that of the wild type virus, whereas plaque titers of
the mutant viruses were reduced (Fig. 9A). Next, we analyzed the
amount of viral proteins and vRNAs in the supernatant from cells in-
fected with the mutant viruses. MDCK cells were infected with each
mutant virus at an MOI of 1, and the supernatants were collected at 24
hpi. The virus particles were concentrated by ultracentrifugation of the
supernatant. The amounts of HA, NP, and M1 in the supernatants from
cells infected with U971C and A1006G mutant viruses were comparable
to those from the cells infected with the wild type virus (Fig. 9B). P-
values of each segment amount changes were calculated by the Stu-
dent’s t-test and the Benjamini-Hochberg multiple-test correction
method and those of total vRNA amount changes were calculated by the
Tukey-Kramer method. The amounts of VRNA segments in the super-
natants from cells infected with the mutant viruses were slightly re-
duced compared to those from the wild type virus-infected cells
(Fig. 9C; the adjusted P-values of the total vVRNA amount changes be-
tween wild type and U971C virus and between wild type and A1006G
virus were 2.5x107% and 1.8 x10~%, respectively). Taken together,
these results suggest that the viral genome packaging efficiency de-
creased even in cells infected with the recombinant virus containing the
U971C or A1006G mutation in segment 7 of the wild type virus.

3.5. Alteration of local VRNP structure by the introduction of a single
mutation at position C999 or A1006 in segment 7

We revealed that a single mutation at each of the three identified
nucleotide residues affects the packaging efficiency of bundled vRNPs.
However, the mechanism by which these single mutations reduce the
packaging efficiency is still unclear. Nucleotide positions between 967
and 994 in segment 7, which are predicted to form a stem-loop struc-
ture, are conserved in wild-type strains, and a mutant virus containing
mutations that disrupt the predicted stem-loop structure had attenuated
infectivity (Spronken et al., 2017; Kobayashi et al., 2016). Thus, we
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Fig. 7. Effect of U971C, C999G, and A1006G mutations in M2stop virus on segment packaging. (A) HA, plaque, and particle titer of mutant viruses. MDCK cells
were infected with M2stop virus or M2stop virus containing the U971C, C999G, or A1006G mutation at an MOI of 1. The cells were incubated without trypsin, and
the supernatant was collected at 24 hpi. HA titer and plaque titer of the supernatant from cells infected with mutant virus relative to that with M2stop virus were
determined by HA assay and plaque assay, respectively. The graph indicates average values with standard deviations from three independent experiments. MDCK
cells were infected with the M2stop or mutant virus at an MOI of 0.01. The supernatant was collected at 48 hpi and virus particles were pelleted through a sucrose
cushion. Particle titer was determined by electron microscopy observation. The graph indicates relative values with standard deviations from 10 independent views
representing a total of 1800-2100 particles. (B) The detection of viral proteins in mutant viruses. MDCK cells were infected with M2stop virus or M2stop virus
containing the U971C, C999G, or A1006G mutation at an MOI of 1. The supernatant was collected at 24 hpi, and virus in the supernatant was concentrated by
ultracentrifugation. HA, NP, and M1 were detected by western blotting. The ratio of the loaded sample volumes was 1:2:4. (C) Relative amounts of HA, NP, and M1 in
mutant viruses. The band intensities in (B) were measured and standard curves were generated. The amount of each viral protein in mutant virus relative to that in
the M2stop virus was semi-quantified from the standard curves. The graph indicates average values with standard deviations from three independent experiments.
(D) The relative amount of vRNAs in mutant viruses. The vRNA was extracted with the same samples used in (B) and the amount of each vRNA segment in mutant
virus relative to that with M2stop virus was determined by RT-qPCR. The graph indicates average values with standard deviations from three independent ex-
periments. P-values were calculated by the Student’s t-test and the Benjamini-Hochberg multiple-test correction method. * *P < 0.01 and *P < 0.05.

hypothesized that introducing single mutations at positions U971, 4. Discussion

€999, and A1006 induces local vRNP structural changes. To test this

hypothesis, VRNPs in the virions were chemically modified by treat- Previous studies identified several specific residues in segments 4 and 7
ment with DMS or NAIL. DMS methylates accessible N1 of adenosine and that are involved in genome packaging by introducing mutations in the
N3 of cytidine, and NAI modifies each 2’-OH group in the ribose BSs (Hutchinson et al., 2008; Marsh et al., 2007). In the experimental
backbone in single-stranded RNA. The modified nucleotides can be conditions employed in these studies, however, only synonymous muta-
detected by primer extension assay because reverse transcription by M- tions could be introduced in the BSs. To overcome this limitation, we
MLV reverse transcriptase is blocked at the modified sites. Using this constructed recombinant virus libraries, in which each virus contained a
method, the accessibility of the mutation site to DMS and NAI was random sequence in the BSs of segments 4 and 7 and screened for mutant
determined. The mutant viruses and parent M2stop viruses were treated viruses that could propagate in cells expressing the viral proteins (HA or
with DMS or NAIL and a primer extension assay was performed. In the M2). Using this method, we showed that the viruses containing various
A1006G mutant virus, a band corresponding to A1003 disappeared sequences randomly introduced in the BS of segments 4 and 7 remained
when the mutant virus was treated with NAI (Fig. 10A). In the C999G after 5 passages (Fig. 2) and identified several residues that might be re-
mutant virus, a band corresponding to A997 appeared when treated quired for efficient genome packaging (Figs. 4 and 5). A previous report
with DMS (Fig. 10A). No significant differences in modified nucleotides showed that positions 979-1007 of segment 7 can be replaced by highly
were observed between the parental M2stop virus and U971C mutant diverse sequences without significant effects on the virus propagation

virus. To confirm that these two single mutations (A1006G and C999G) (Ozawa et al., 2009). We show that positions 1656-1666 and 1676-1727
altered the accessibility of these RNA modification reagents to VRNA of segment 4 and positions 960-1005 of segment 7 can vary without im-
only in the vVRNP form, the accessibility of DMS and NAI to the in vitro pairing the efficiency of virus propagation (Fig. 2). In addition, we iden-

synthesized segment 7 vRNA that contained each of the two mutations tified nucleotide residues required for efficient genome packaging without
was determined. In both mutants, the nucleotides modified by DMS and considering the effects of amino acid sequence changes (Figs. 4 and 5).
NAI were different between VRNP and vVRNA and the mutation specific Previous studies also identified conserved residues required for efficient

RNA modification observed in the vRNP templates did not occur in the genome packaging and bundling (Zhao et al., 2014; Hutchinson et al.,
vRNA templates (Fig. 10B). These results suggest that the local vRNP 2008, 2009; Marsh et al., 2007, 2008). These results indicate that nu-
structure in the virion is altered by introducing a single point mutation cleotide residues both involved in and not involved in efficient genome
at positions C999 and A1006, at least. packaging and bundling exist in BSs.
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Fig. 8. The amount of viral proteins and vRNAs in cells infected with re-
combinant virus containing the U971C and A1006G mutations in wild
type virus. (A) The relative amounts of HA, NP, and M1 in mutant virus in-
fected cells. MDCK cells were infected with wild type or mutant virus con-
taining the U971C or A1006G mutation at an MOI of 1. The cells were collected
at 8 hpi, and HA, NP, and M1 were detected by western blotting. The band
intensities were measured, and standard curves were generated. The amount of
each viral protein in cells infected with mutant virus relative to that with wild
type virus was semi-quantified from the standard curves. The graph indicates
average values with standard deviations from three independent experiments.
WT: wild type virus. (B) The relative amount of vRNAs in cells infected with the
mutant viruses. Total RNA was extracted from the same samples used in (A) and
the amount of each VRNA segment in cells infected with mutant virus relative to
that with wild type virus was determined by RT-qPCR. The graph indicates
average values with standard deviations from three independent experiments.

Among the segment 7 mutants that contained single mutations at
selected residues, three mutants (U971C, C999G, and A1006G) showed
a defect in genome packaging but not in genome bundling (Figs. 4-7,
and S2). However, in our analysis, segment 4 mutant viruses that
contain single mutations at selected residues did not show a significant
reduction in virus propagation, and the three viruses with mutations in
segment 7 did not show a defect in genome bundling (Figs. 4-7, and
52), indicating that these single mutations in the BSs had little effect on
segment bundling. The single mutation could only induce local struc-
ture changes of VRNP and had little effect on RNA-RNA interaction
between segments. A segment bundling defect was previously observed
in a recombinant virus containing multiple synonymous mutations in
segment 4 and segment 7 (Hutchinson et al., 2008; Marsh et al., 2007).
Marsh et al. showed that segment bundling was impaired in re-
combinant virus containing 9 synonymous mutations in nucleotide
positions 1659 — 1673 of segment 4 and Hutchinson et al. showed that
segment bundling was impaired in recombinant viruses containing 3
synonymous mutations in nucleotide positions 983 — 989 of segment 7.
In addition, viruses containing one or two nucleotide deletions in the
random sequence-introduced region were enriched after 5 passages
(Fig. 2). These deletions would not induce vRNP structural changes, and
thus, the viruses can propagate efficiently. The multiple mutations and
large deletions in the BSs could induce global structure changes and/or
affect multiple RNA-RNA interactions between segments, and thus,
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Fig. 9. Effect of U971C and A1006G mutations in wild type virus on seg-
ment packaging. (A) HA and plaque titer of mutant viruses. MDCK cells were
infected with wild type or mutant virus containing the U971C or A1006G
mutation at an MOI of 1. The cells were incubated without trypsin, and the
supernatant was collected at 24 hpi. HA titer and plaque titer of the supernatant
from cells infected with mutant virus relative to that with wild type virus were
determined by HA assay and plaque assay, respectively. The graph indicates
average values with standard deviations from three independent experiments.
(B) The relative amounts of HA, NP, and M1 in mutant viruses. MDCK cells were
infected with wild type or mutant virus containing the U971C or A1006G
mutation at an MOI of 1. The supernatant was collected at 24 hpi, and virus in
the supernatant was concentrated by ultracentrifugation. HA, NP, and M1 were
detected by western blotting. The band intensities were measured, and standard
curves were generated. The amount of each viral proteins in mutant virus re-
lative to that in wild type virus was semi-quantified from the standard curves.
The graph indicates average values with standard deviations from three in-
dependent experiments. (C) The relative amount of vRNAs in mutant viruses.
The vVRNA was extracted from the same samples used in (B) and the amount of
each VRNA segment in mutant virus relative to that with wild type virus was
determined by RT-qPCR. The graph indicates average values with standard
deviations from three independent experiments. P-values were calculated by
the Student’s t-test and the Benjamini-Hochberg multiple-test correction
method. *P < 0.05.

these multiple mutations or deletion of BS would induce not only
genome packaging but also segment bundling defects. While viral
genome packaging of mutant viruses was impaired, the amount of NP in
the virion was not reduced, except for a mutant virus containing



N. Takizawa, et al.

Virology 531 (2019) 126-140

A +DMS +NAI Fig. 10. Accessibility of the VRNP to RNA modification
epREp §ocudgegd o008 2vol reagents in the mutant. viruses. (A) DMS. and NAI
EEo G a5 § ez S §8 EE28S 828 treatment of the mutant viruses. The mutant viruses and

~3 3 = = = 2 . .
z3388=33833x=30<% £337238% the parent M2stop virus were treated with DMS or NAI,

- [ddCTP

A1006 A1006

C999 C999

U971 U971

DMS label

and a primer extension assay was performed. The nu-
cleotide sequences were determined using in vitro synthe-
sized segment 7 RNA and ddNTPs. *: key nucleotides
modified with DMS or NAI (B) DMS and NAI treatment of
the synthesized segment 7 VRNAs. The T7 synthesized
segment 7 VRNAs each containing a single mutation were
treated with DMS or NAI for 3 or 10 min, respectively, and
a primer extension assay was performed.

NAI label
B +DMS +NAI
aet o008 o0 P - Q92 0
EFEF 282588258 EEE R o288 9288
2588485322485 8¢ 258848522485 83¢
- . ] = ]
zT83888=33832x=33% Z83888=3832=338%

2 s A1006
A1006 18R]
€999 hd
€999 ',’ g ’ y
‘. A
- : ' ! ,
oL
U BT !
’ ol
uo71
uo71

8
b

His
L4

:

-

.

-
111
11 1

DMS label

A1006G mutations in the wild type virus (Figs. 7C and 9B). A previous
study suggests that host-derived 18S and 28S rRNAs were incorporated
in the virion (Noda et al., 2018), and thus, rRNAs may be incorporated
in the mutant viruses with NP but not in the A1006G mutant virus for
an unknown reason.

Propagation of mutant viruses containing the U971C or A1006G
mutation in the wild type virus was reduced compared with that of the
wild type virus (Fig. 9A). However, the packaging defect of mutant
viruses containing mutation in wild type virus was less pronounced
than that in the M2stop virus (Figs. 7D and 9C). Premature termination
codons inserted for generating the M2stop virus were located in BS of
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segment 7. Inserted premature termination codons do not affect viral
genome packaging and segment bundling, but the U971C or A1006G
mutation and the inserted premature termination codons may exert a
synergistic effect to alter vRNP structures.

The accessibility of DMS and NAI was different between vRNAs and
VRNPs (Fig. 10). The vRNA is complexed with the viral RNA polymerase
complexes and NP in infected cells and virions. Although a previous
report suggested that a functional stem-loop structure can be formed in
the vRNP structure (York et al., 2013), the vRNA-protein interactions,
especially those between VRNA and NP, might disrupt some secondary
structures of VRNA and prevent the access of these RNA modification
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Fig. 11. Predicted secondary structure at nucleotide positions 14-66 of
segment 7 VRNA. the secondary structure was predicted at nucleotide posi-
tions 14-66 of segment 7 VRNA (corresponding to nucleotide positions
962-1014 in the positive-sense orientation). The red arrows and nucleotides
indicate the positions and mutations corresponding to U971C, C999G, and
A1006G. The background color of each base represents the base pairing prob-
abilities.

reagents to the target nucleotides. A computational analysis of the
conserved VRNA secondary structures in segment 7 predicted a stem-
loop structure at nucleotide positions 967 — 994 of segment 7 VRNA,
and the titer of a recombinant virus that contained mutations disrupting
the predicted stem-loop structure was slightly reduced compared to that
of the wild-type virus (Spronken et al., 2017; Kobayashi et al., 2016),
suggesting the involvement of this stem-loop structure in viral propa-
gation. In addition, nucleotide positions around 967 — 994 were a low
NP coverage region in the WSN strain (Lee et al., 2017). The secondary
structure at nucleotide positions 962 — 1014 of segment 7 vVRNA pre-
dicted by CentroidFold is shown in Fig. 11 (Hamada et al., 2009). The
accessibility of DMS and NAI to nucleotide positions between A967 and
A993 is consistent with the predicted stem-loop structure of this region,
indicating that this region could form a stem-loop structure in the virion
(Fig. 10). The accessibility of DMS and NAI to the vRNP in the U971C
mutant virion was comparable to that in the M2stop virion (Fig. 10A).
However, U971 is located in the middle of a long stem in the predicted
secondary structure (Fig. 11) and is conserved among wild-type virus
strains in the database, even though it is located in the third codon
position. A computational analysis suggested that the U971C mutation
did not disrupt the stem-loop structure, but the base pairing probability
value of the stem structure was reduced by the mutation. Thus, the
U971C mutation may destabilize the stem-loop structure and impair
genome packaging. Another possibility is that the destabilization of the
stem-loop structure by the U971C mutation indirectly induces vRNP
structural changes that were not detectable in our analysis. In contrast,
the accessibility of DMS and NAI to the vRNPs of the C999G and
A1006G mutants clearly changed around the mutation sites (Fig. 10A).
This indicates that these mutations induced some structural changes in
this region. In addition, the different accessibilities of DMS and NAI
around C999 and A1006 between vVRNPs in the virion and in vitro
synthesized vRNA (Fig. 10) indicate that the vVRNA-NP interaction alters
the secondary structure of VRNA. Generally, stem-loop structures play
important roles in intermolecular RNA-RNA interactions by forming a
kissing loop structure (Paillart et al., 1996). These mutations would
induce the dissociation of cis- or trans-segment RNA interaction, re-
sulting in inefficient genome packaging. Further investigations are re-
quired to reveal whether these nucleotide residues are involved in in-
termolecular RNA interactions.

Another notable finding is that the wild-type sequence was highly
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enriched in the segment 4 1676N library after passaging (Fig. 2).
However, the percentage of wild-type sequence in the plasmid library
that was used to construct the 1676N virus library was exceptionally
high at approximately 4.6% in this library compared to 0.002-0.52% in
other libraries (Table S3 and S1 File). Thus, the wild-type sequence-
containing virus was already overrepresented in this library even before
the selection. Since the wild-type sequence should be one of the most
preferable sequences for virus propagation, the wild-type sequence-
containing virus was probably further enriched by passaging.

In conclusion, we identified three nucleotide residues required for
efficient genome packaging in the BS of segment 7 and revealed that
point mutations at these nucleotide positions induce local structural
changes. An interesting and somewhat unexpected effect of these mu-
tations was that they impaired only genome packaging but not segment
bundling. Although additional studies are required to reveal the actual
secondary and higher order structures of vVRNP and their roles in
genome packaging and bundling, the findings will help us to better
understand the role(s) of BSs in genome packaging and bundling in
influenza virus and further highlight the roles of secondary and higher
order structures of VRNP in these processes. Our findings may have
significant impacts on studies of other RNA viruses and those with
segmented genomes.
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