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The Influenza A Virus PB2, PA, NP, and M Segments Play a Pivotal
Role during Genome Packaging
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The genomes of influenza A viruses consist of eight negative-strand RNA segments. Recent studies suggest that influenza viruses
are able to specifically package their segmented genomes into the progeny virions. Segment-specific packaging signals of influ-
enza virus RNAs (VRNAs) are located in the 5" and 3’ noncoding regions, as well as in the terminal regions, of the open reading
frames. How these packaging signals function during genome packaging remains unclear. Previously, we generated a 7-seg-
mented virus in which the hemagglutinin (HA) and neuraminidase (NA) segments of the influenza A/Puerto Rico/8/34 virus
were replaced by a chimeric influenza C virus hemagglutinin/esterase/fusion (HEF) segment carrying the HA packaging se-
quences. The robust growth of the HEF virus suggested that the NA segment is not required for the packaging of other segments.
In this study, in order to determine the roles of the other seven segments during influenza A virus genome assembly, we contin-
ued to use this HEF virus as a tool and analyzed the effects of replacing the packaging sequences of other segments with those of
the NA segment. Our results showed that deleting the packaging signals of the PB1, HA, or NS segment had no effect on the
growth of the HEF virus, while growth was greatly impaired when the packaging sequence of the PB2, PA, nucleoprotein (NP), or
matrix (M) segment was removed. These results indicate that the PB2, PA, NP, and M segments play a more important role than
the remaining four vRNAs during the genome-packaging process.

Inﬂuenza viruses belong to the family Orthomyxoviridae. The
viruses possess a host cell-derived envelope membrane carrying
the hemagglutinin (HA) and the neuraminidase (NA) glycopro-
teins and the ion channel protein M2. Inside the membrane are a
layer of matrix protein 1 (M1) and the core viral ribonucleopro-
tein (VRNP) complexes, which are composed of viral RNAs
(VRNAs) and the binding proteins, including the heterotrimeric
polymerase complex and multiple copies of nucleoprotein (NP)
(28). Upon virus entry, the vRNPs are transported into the nu-
cleus, where they undergo transcription and replication. At the
late stage of infection, the newly synthesized vRNPs are exported
from the nucleus through CRM1-dependent nuclear export ma-
chinery (28) and transported via Rab11- and human immunode-
ficiency virus rev-binding protein (HRB)-dependent trafficking
pathways (1, 4, 5) to the plasma membrane, where the progeny
virions are assembled and released.

Both the influenza A and B viruses possess eight VRNA seg-
ments, while the influenza C viruses have only seven (28). The
mechanism utilized by influenza viruses to assemble their ge-
nomes is not well understood. Recent data from several groups
suggested that influenza viruses do not incorporate their genomes
randomly; instead, they use a rather specific mechanism to govern
the genome-packaging process (3, 7-9, 17, 18, 20, 22-24, 26, 27,
34) (see Fig. 47.23 in reference 28). The cis-acting elements—the
packaging sequences—that ensure each virion has a full comple-
ment of the VRNA genome have been identified for each influenza
A virus segment (8, 9, 17, 18, 20, 22, 26, 27, 34). These segment-
specific packaging signals include both the 3’ and 5’ noncoding
regions (NCRs), as well as coding sequences, at the two ends of
each open reading frame (ORF) (8, 9, 17, 18, 20, 22, 26, 27, 34).
Precisely how these packaging signals function during the ge-
nome-packaging process has yet to be determined. Electron mi-
crographs of budding viruses showed that the eight RNA segments
are arranged in a specific configuration, with one in the center and
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seven in the surrounding positions (23). Interestingly, the archi-
tecture of vVRNPs in the budding virions, elucidated by using elec-
tron tomography techniques, appeared to have multiple configu-
rations (7, 24). Clearly, more work has to be done to further
understand this phenomenon.

In the present study, we use a previously established 7-seg-
mented virus system (10) to study the genome copackaging of
influenza A virus. The recombinant virus was generated by replac-
ing the HA and NA segments of the influenza A/Puerto Rico/8/34
(PR8) virus with a chimeric influenza C hemagglutinin/esterase/
fusion (HEF) segment carrying the HA packaging sequences.
Therefore, its genome is composed of only seven segments and it
lacks the NA segment (10). Here, by utilizing reverse genetics and
the “rewiring” (switching the packaging signals) approach (12),
we examined the functional importance of all the influenza A virus
segment-specific packaging sequences except the NA segment,
which has been studied previously (10). Our results show that the
packaging sequences from the PB2, PA, NP, and M segments are
critical to the virus, while those of the remaining segments are not.
Our results indicate that the PB2, PA, NP, and M segments play a
more important role than the other segments during the genome-
packaging process.
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MATERIALS AND METHODS

Cells and viruses. 293T cells were maintained in Dulbecco’s modified
Eagle’s medium with 10% fetal calf serum. Viruses were grown in 8- or
10-day-old specific-pathogen-free chicken embryos at 33°C or 37°C
(Charles River Laboratories; SPAFAS).

Plasmid construction. The pDZ plasmids expressing NA-PB2-NA,
NA-PB1-NA, NA-PA-NA, or HA-HEF-HA were described previously
(10, 11). The pDZ plasmid expressing NA-HEF-NA vRNA was generated
by replacing the green fluorescent protein (GFP) gene of the pDZ-NA-
GFP-NA construct with the HEF ORF (10). The pDZ plasmids expressing
NA-NP-NA, NA-M-NA, and NA-NS-NA were generated in this study by
using a method described previously (10, 11). Briefly, serial mutations
were introduced into the terminal regions of the ORFs of the PR8 virus
NP, M, and NS segments to remove the ORF region packaging signals, and
then the mutated ORFs were each flanked with the previously described
NA packaging sequences in a pDZ vector (10). Figure 1A shows one ex-
ample of the method. The pDZ plasmids expressing PB2-GFP-PB2, PB1-
GFP-PBI1, and PA-GFP-PA were described previously (11). The pDZ plas-
mids expressing HA-GFP-HA and NS-GFP-NS were generated from pDZ
plasmids HA-NSmut-HA and NS-HAmut-NS (12) by replacing the ORFs
with a GFP gene (Clontech). The pDZ plasmids expressing NP-GFP-NP
and M-GFP-M were generated in this study using a method similar to that
described for PB2-GFP-PB2 (11). The lengths of the PR8 virus NP pack-
aging sequences are 171 nucleotides (nt) in the 3’ end and 145 ntin the 5’
end (26); the lengths of the PR8 virus M packaging sequences are 281 nt in
the 3" end and 236 nt in the 5" end (27).

Reverse genetics for recombinant viruses. The method for generat-
ing recombinant influenza viruses was as described previously (6, 10, 29).

Viral growth in eggs. Eight- or 10-day-old embryonated chicken eggs
were inoculated with influenza viruses (100 50% tissue culture infective
doses [TCID;,]/egg) and incubated at 33°C or 37°C. At 72 h postinocu-
lation, the allantoic fluids were harvested, and the titers of the viruses were
determined by measuring the TCID, in 293T cells. Three eggs were ana-
lyzed for each virus.

Immunofluorescence of virus-infected cells. The 293T cells in a poly-
D-lysine-coated plate were infected with HEF viruses. One day later, the
cells were fixed with 4% formaldehyde and then permeabilized with 0.5%
Triton X-100. The cells were incubated with mouse anti-PR8 NP mono-
clonal antibody (HT103; 5 pg/ml) (25) and then incubated with Alexa
Fluor 594-labeled donkey anti-mouse IgG (Invitrogen). Red and green
images of the cells were taken using a fluorescence microscope.

Acrylamide gel electrophoresis of purified vVRNA. The viruses were
grown in 8- to 10-day-old embryonated chicken eggs at either 33°C for
HEF viruses or 37°C for PR8 virus. Two to 3 days later, the embryos were
killed by transferring them to 4°C and left overnight. The allantoic fluids
were harvested and clarified by centrifugation at 6,000 rpm at 4°C for 15
min using a Beckman SW28 rotor. The clarified supernatant was then
layered on a 30% sucrose cushion and further centrifuged at 25,000 rpm
for 2.5 h. The pelleted virus was resuspended in 1X phosphate-buffered
saline (PBS) buffer, and vRNA was extracted by using TRIzol reagent
(Invitrogen). Precipitated VRNA was resuspended in a final volume of 15
pl DNase- and RNase-free H,O and stored at —80°C; 0.5 to 1 g of RNA
was separated on a 2.8% denaturing polyacrylamide gel containing 7 M
urea, and the gel was stained with a SilverXpress silver-staining kit (Invit-
rogen) to visualize the RNA bands. The bands of the gel were quantified
using ImageQuant software (GE Healthcare).

qPCR analysis of packaged vVRNAs. The viruses were grown in em-
bryonated chicken eggs and purified using a sucrose cushion method.
Extracted VRNA (approximately 200 ng) was reverse transcribed using
random hexamers and Superscript II reverse transcriptase (RT) (Invitro-
gen). The RT product was then diluted 10,000-fold and used as a template
for quantitative PCR (qPCR). Separate qPCRs were then carried out with
segment-specific primers for the NP and GFP genes using a SYBR green-
based method. Relative concentrations of VRNA were determined on the
basis of an analysis of cycle threshold values. The results are presented as
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FIG 1 Diagrams of chimeric constructs and recombinant HEF viruses. (A)
Construction of the NA-NP-NA chimera. This construct contains the PR8
NA packaging sequences in the flanking regions and the mutated PR8 NP
ORF (NPmut) in the middle. The hatched boxes represent serial silent
mutations introduced into the terminal ORF regions. The ATGs in the 3’
NA OREF packaging sequence region were all mutated to TTGs (12). (B)
Rewired RNA segments used for generating recombinant viruses. All these
constructs carry the NA or HA packaging sequences in the flanking regions
and the mutated ORFs in the center. Only the HEF ORF of the NA-
HEF-NA and HA-HEF-HA constructs does not carry serial silent muta-
tions at the two ends. In these constructs, the 3'-end NA and HA packaging
sequences are not translated due to the removal of ATGs. The hatched
boxes also represent serial silent mutations introduced into the terminal
OREF regions for each construct. (C) GFP constructs carrying segment-
specific influenza A virus packaging signals. All of the constructs carry a
GFP gene in the middle and influenza PR8 virus vRNA packaging se-
quences at the two ends. The ATGs in the 3’-end packaging sequences were
removed by silent mutations. (D) Diagrams of a 7-segmented HEF virus
(APB2-PS) and an 8-segmented HEF GFP virus (APB2-PS+PB2-GFP-
PB2). APB2-PS includes two chimeric segments (NA-PB2-NA and HA-
HEF-HA), shown in panel B, and five wild-type PR8 virus segments (PBI,
PA, NP, M, and NS). The APB2-PS+PB2-GFP-PB2 virus contains an
eighth GFP segment (PB2-GFP-PB2), shown in panel C. The remaining
7-segmented and 8-segmented viruses listed in Table 1 were generated in a
similar fashion.
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the ratios of the GFP vRNA versus NP vRNA. The standard deviations
were calculated based on triplicate analysis of the samples.

Single virus particle immobilization and fluorescence in situ hy-
bridization. Virus particle immobilization and single-molecule imaging
were performed as previously described (2, 16) with several modifica-
tions. In brief, passivated flow chambers were prepared, and after incu-
bating the chamber with NeutrAvidin (Thermo), the recombinant HEF
virus particles were specifically immobilized on the surface using biotin-
ylated mouse monoclonal anti-HEF antibody (8D6D3) (10). The virus
particles were diluted in T50 buffer (10 mM Tris-HCI, pH 8.0, 50 mM
NaCl, 1 mg/ml bovine serum albumin [BSA]) and incubated for 30 min at
room temperature over the surface with immobilized antibody. The un-
bound antibodies and virus particles were washed away with T50 buffer.
The virus was fixed with 4% paraformaldehyde and permeabilized with
0.25% Triton X-100 in the presence of 2 mM vanadyl ribonucleoside
complex (VRC) to expose the viral RNPs. The flow chambers were then
washed twice with wash buffer (2X SSC [1X SSC is 0.15 M NaCl plus
0.015 M sodium citrate], 10% formamide, and 2 mM VRC), followed by
fluorescence in situ hybridization against the NP and GFP viral RNAs.
Probes designed against the viral RNAs were purchased from Biosearch
Technologies, Novato, CA. Fifteen probes against different regions of the
NP viral RNA were labeled with Cy3 fluorophore, and 24 probes against
the GFP were labeled with Cy5 fluorophore, and they were high-perfor-
mance liquid chromatography (HPLC) purified according to a published
protocol (30). After hybridization, the surfaces on which virus was immo-
bilized were washed with wash buffer (2XX SSC, 10% formamide, and 2
mM VRC) for 30 min and then equilibrated in 2X SSC buffer before
imaging. Single-molecule imaging was performed using a prism-type total
internal reflection fluorescence (TIRF) microscope, and the single-mole-
cule analysis was performed as described previously (16, 32).

Colocalization analysis for the single-molecule fluorescence in situ
hybridization (smFISH) experiment. Colocalization between Cy3 and
Cy5 images was analyzed similarly to what was previously described (16,
33). The colocalization efficiency was calculated as a percentage (the num-
ber of Cy3 and Cy5 colocalized spots over the total number of spots of
either Cy3 or Cy5 signal detected).

Nucleotide sequence accession numbers. The sequences of the con-
structs used in this study were submitted to GenBank under the following
accession numbers: NA-PB2-NA (JQ733034), NA-PBI-NA (JQ733035),
NA-PA-NA (JQ733036), NA-HEF-NA (JQ733037), NA-NP-NA
(JQ733038), NA-M-NA (JQ733039), NA-NS-NA (JQ733040), HA-
HEF-HA (JQ733041), PB2-GFP-PB2 (JQ733043), PB1-GFP-PBI1
(JQ733033), PA-GFP-PA (JQ733044), HA-GFP-HA (JQ733042), NP-
GFP-NP (JQ733045), M-GFP-M (JQ733046), NS-GEP-NS (JQ733047).

RESULTS

Rewiring the vRNAs of the 7-segmented HEF virus. The packag-
ing sequences of influenza virus A vRNA segments include the
NCRs and terminal ORF regions at both the 3" and 5’ ends. Pre-
viously, we established a “rewiring” approach to switch the pack-
aging signals of the influenza virus A vRNAs (11, 12). In Fig. 1A,
the NP segment was used as an example to show how the packag-
ing sequences were substituted in this study. Briefly, the NP ORF
region was amplified using PCR to introduce multiple serial silent
mutations into the terminal ORF region packaging sequences
identified previously (26). The mutated ORF was flanked by the
NA packaging sequences (11), and then the ATGs (translation
start codons) in the 3" NA packaging sequences were removed,
generating the NA-NP-NA construct (Fig. 1A). Based on previous
observations (8, 12—14, 18-20), this rewired NA-NP-NA segment
utilizes the flanking NA packaging signals during genome assem-
bly. Using a similar method, the NA-PB2-NA (11); NA-PB1-NA
(11); NA-PA-NA (11); and NA-HEF-NA, NA-M-NA, NA-NS-
NA, and HA-HEF-HA (10) constructs were generated either in
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this study (Fig. 1B) or previously (10, 11). During mutagenesis to
knock out the terminal ORF region packaging signals, transitions
were preferred over transversions, and every possible silent muta-
tion was introduced in order to completely disable the packaging
signals. The lengths of the mutated regions for each ORF were
decided based upon previous observations (8, 9, 17, 18, 20, 22, 26,
27,34). For the NA-M-NA construct (GenBank accession number
JQ733039), more mutations were introduced into both ends, con-
sidering the fact that the 5'-end sequences of the M ORF were
insensitive to mutation (27). In addition, for the NA-M-NA and
NA-NS-NA constructs, the sequences surrounding the 5" mRNA
splice sites in the M and NS ORF regions were kept intact. It
should be noted that the NA-HEF-NA construct was constructed
by replacing the HA packaging sequences of the HA-HEF-HA
construct with those of NA and that the HEF ORF region did not
carry silent mutations (Fig. 1B). The GFP genes flanked by PB2,
PB1, PA, HA, NP, M, or NS packaging signals (Fig. 1C) were either
generated in this study or described previously (11) (see Materials
and Methods for details). These constructs and the wild-type PR8
virus ambisense rescue plasmids (10) were used to generate re-
combinant HEF viruses carrying rewired segments.

Generation of multiple 7-segmented HEF viruses carrying
rewired segments and 8-segmented HEF viruses carrying an ex-
tra GFP segment. The successful generation and efficient
growth of the 7-segmented HEF virus suggested that the NA
segment is not required for the packaging of other segments
during the genome-packaging process (10). In order to deter-
mine the significance of the other packaging sequences during
genome incorporation, we generated multiple HEF viruses car-
rying rewired segments (Table 1). For example, to analyze the
role of the PB2 packaging sequences, we generated two viruses
using the reverse-genetics technique: a 7-segmented APB2-PS
virus (“PS” represents packaging sequences) (Fig. 1D and Ta-
ble 1) carrying two rewired segments (NA-PB2-NA and HA-
HEF-HA) (Fig. 1B) and five PR8 wild-type segments (PB1, PA,
NP, M, and NS) (Fig. 1D and Table 1) and an 8-segmented
APB2-PS+PB2-GFP-PB2 virus carrying all the segments of the
APB2-PS virus (Fig. 1D) and an eighth PB2-GFP-PB2 segment
(Table 1 and Fig. 1D). The APB2-PS virus possessed all the
packaging signals of the PR8 virus except those of the PB2
segment; the APB2-PS+PB2-GFP-PB2 virus carried all eight
packaging sequences of the PR8 virus. Following a similar strat-
egy, we generated five additional 7-segmented viruses: APA-
PS, ANP-PS, AM-PS, APB1-PS, and ANS-PS, all of which car-
ried two rewired segments and five wild-type PR8 segments
(Table 1 and Fig. 1B). We also generated five more 8-segmented
viruses, APA-PS+PA-GFP-PA, ANP-PS+NP-GFP-NP, AM-
PS+M-GFP-M, APB1-PS+PBI1-GFP-PB1, and ANS-PS+NS-
GFP-NS, all of which carried an eighth GFP segment flanked by
the packaging sequences that were mutated in the correspond-
ing 7-segmented HEF viruses (Table 1 and Fig. 1C). These vi-
ruses were utilized to assess the roles of the PB2, PA, NP, M,
PB1, and NS packaging signals. The 7-segmented virus lacking
the HA packaging sequences, AHA-PS, carried only one re-
wired segment (NA-HEF-NA) (Fig. 1B) and six PR8 wild-type
segments (PB2, PB1, PA, NP, M, and NS) (Table 1), and the
AHA-PS+HA-GFP-HA virus carried an eighth HA-GFP-HA
segment (Fig. 1C and Table 1). These two viruses were gener-
ated to study the roles of the HA packaging signals. The
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TABLE 1 Summary of recombinant HEF viruses

Virus Rewired segments WT* PR8 segments GFP segment Virus growth” Reference
APB2-PS NA-PB2-NA, HA-HEF-HA PB1, PA, NP, M, NS ES This study
APB2-PS+PB2-GFP-PB2 NA-PB2-NA, HA-HEF-HA PB1, PA, NP, M, NS PB2-GFP-PB2 ++++ This study
APA-PS NA-PA-NA, HA-HEF-HA PB2, PB1, NP, M, NS ++ This study
APA-PS+PA-GFP-PA NA-PA-NA, HA-HEF-HA PB2, PB1, NP, M, NS PA-GFP-PA +++++ This study
ANP-PS NA-NP-NA, HA-HEF-HA PB2, PB1, PA, M, NS =+ This study
ANP-PS+NP-GFP-NP NA-NP-NA, HA-HEF-HA PB2, PB1, PA, M, NS NP-GFP-NP +++++ This study
AM-PS NA-M-NA, HA-HEF-HA PB2, PB1, PA, NP, NS ES This study
AM-PS+M-GFP-M NA-M-NA, HA-HEF-HA PB2, PB1, PA, NP, NS M-GFP-M +++++ This study
APB1-PS NA-PB1-NA, HA-HEF-HA PB2, PA, NP, M, NS +++++ This study
APB1-PS+PB1-GFP-PB1 NA-PBI1-NA, HA-HEF-HA PB2, PA, NP, M, NS PB1-GFP-PB1 +++++ This study
AHA-PS NA-HEF-NA PB2, PB1, PA, NP, M, NS +++++ This study
AHA-PS+HA-GFP-HA NA-HEF-NA PB2, PB1, PA, NP, M, NS HA-GFP-HA +++++ This study
ANA-PS HA-HEF-HA PB2, PB1, PA, NP, M, NS +++++ 10
ANA-PS+NA-GFP-NA HA-HEF-HA PB2, PBI1, PA, NP, M, NS NA-GFP-NA +++++ 10
ANS-PS NA-NS-NA, HA-HEF-HA PB2, PB1, PA,NP,M +++++ This study
ANS-PS+NS-GFP-NS NA-NS-NA, HA-HEF-HA PB2, PB1, PA, NP, M NS-GFP-NS +++++ This study

T WT, wild type.

b Virus growth are determined by measuring the TCIDs,/ml in embryonated chicken eggs 3 days postinoculation at 33°C. =, virus that grows poorly and can be lost during
passages; ++, titer around 10° TCIDso/ml; ++++, titer around 107 TCIDso/ml; +++ ++, titer around 10® TCIDs5o/ml.

ANA-PS and ANA-PS+NA-GFP-NA viruses were described
previously (10) (Table 1).

PB2, PA, NP, and M are required for efficient packaging of a
full complement of the RNA genome. After rescue, all the recom-
binant 7-segmented and 8-segmented viruses listed in Table 1
were further passaged in embryonated chicken eggs at 33°C two or
three times to reach the highest infectious titer. The undiluted
viruses were then used to infect 293T cells in a 24-well plate coated
with poly-D-lysine. One day postinfection, the infected cells were
fixed with formaldehyde and incubated with mouse monoclonal
antibody against the PR8 virus NP (HT103). The expression of NP
(shown in red) and GFP by infected cells was then visualized by
using a fluorescence microscope (Fig. 2). For the APB2-PS (Fig.
2A), ANP-PS (Fig. 2C), and AM-PS (Fig. 2D) viruses, only a few
cells expressing NP could be seen, suggesting the titers of these

A Anti-NP GFP B Anti-NP
. - - -
APB2-PS APA-PS
+PB2-GFP-PB2 §  +PA-GFP-PA
E Anti-NP GFP F
S - - -
APB1-PS AHA-PS
+PB1-GFP-PB1 +HA-GFP-HA

viruses were very low; however, for the viruses carrying an eighth
GFP segment flanked by the missed packaging sequences, APB2-
PS+PB2-GFP-PB2 (Fig. 2A), ANP-PS+NP-GFP-NP (Fig. 2C),
and AM-PS+M-GFP-M (Fig. 2D), high numbers of NP-express-
ing cells were observed, suggesting the infectious titers of these
viruses were much higher than those of the corresponding 7-seg-
mented viruses. Cells infected with these GFP viruses showed GFP
expression, indicating that the GFP viruses packaged the eighth
GFP segment (Fig. 2A, C, and D). These results showed that the
existence of an eighth GFP segment carrying the additional pack-
aging sequences greatly increased the growth of these GFP viruses.
Even though more NP-expressing cells were observed among cells
infected with the APA-PS virus (Fig. 2B) than among those in-
fected with the APB2-PS (Fig. 2A), ANP-PS (Fig. 2C), and AM-PS
(Fig. 2D) viruses, the GFP virus carrying an eighth PA-GFP-PA

C Anti-NP GFP D Anti-NP GFP
ANP-PS AM-PS
ANP-PS AM-PS
+NP-GFP-NP +M-GFP-M
G Anti-NP GFP
ANS-PS
ANS-PS
+NS-GFP-NS

FIG 2 Immunofluorescence of 293T cells infected with 7-segmented and 8-segmented HEF viruses. The rescued HEF viruses were passaged in embryonated eggs
two or three times to reach peak titers. 293T cells in 24-well plates treated with poly-D-lysine were then infected with undiluted 7- or 8-segmented HEF
viruses—APB2-PS and APB2-PS+PB2-GFP-PB2 (A), APA-PS and APA-PS+PA-GFP-PA (B), ANP-PS and ANP-PS+NP-GFP-NP (C), AM-PS and AM-
PS+M-GFP-M (D), APB1-PS and APB1-PS+PB1-GFP-PBI1 (E), AHA-PS and AHA-PS+HA-GFP-HA (F), and ANS-PS and ANS-PS+NS-GFP-NS (G)—and
incubated in a 37°C incubator overnight. The cells were then visualized for NP (red) and GFP expression by using an immunofluorescence assay (see Materials
and Methods). All the GFP viruses (A to G) and the three 7-segmented viruses APB1-PS (E), AHA-PS (F), and ANS-PS (G) were normalized based on the
hemagglutination assay titers measured by using chicken red blood cells, and the multiplicity of infection for these viruses was around 5 to 10; for the remaining
7-segmented viruses, those with the highest TCID,,/ml after passages in eggs were used to infect 293T cells.
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FIG 3 Growth of HEF viruses in embryonated chicken eggs. Eight-day-old chicken eggs were inoculated with 100 TCID5, of APB2-PS and APB2-PS+PB2-
GFP-PB2 (A), APA-PS and APA-PS+PA-GFP-PA (B), ANP-PS and ANP-PS+NP-GFP-NP (C), AM-PS and AM-PS+M-GFP-M (D), APB1-PS and APB1-
PS+PBI1-GFP-PB1 (E), AHA-PS and AHA-PS+HA-GFP-HA (F), and ANS-PS and ANS-PS+NS-GFP-NS (G) viruses; incubated at 33°C for 3 days; and
transferred to 4°C overnight. The allantoic fluids were then harvested, and the virus titers (TCID;,/ml) were determined in 96-well plates using an immunoflu-
orescence method with anti-PR8 NP mouse monoclonal antibody HT103 (25) and Alexa Fluor 594-labeled donkey anti-mouse IgG (Invitrogen) (Fig. 2). Three
viruses, APB2-PS (A), ANP-PS (C), and AM-PS (D), grew very poorly and were easily lost during the passages. Therefore, we could not determine accurate titers
for them. We estimated their titers at less than 10°, 10%, and 10> TCID,,/ml, respectively. The mean titer + standard deviation calculated from three eggs is shown

for each virus.

segment had an increase in the number of NP-expressing cells
(approximately 10-fold) (Fig. 2B), indicating that the PA-GFP-PA
segment is also required for efficient growth of the virus. These
results indicated that the packaging sequences of the PB2, PA, NP,
and M segments are required for efficient virus growth.

On the other hand, for the three 7-segmented HEF viruses
APBI1-PS (Fig. 2E), AHA-PS (Fig. 2F), and ANS-PS (Fig. 2G), the
majority of infected 293T cells were observed to express NP, sug-
gesting these viruses could reach high titers in the absence of the
PB1, HA, or NS packaging signals; for cells infected with the 8-seg-
mented viruses carrying an eighth GFP segment (APB1-PS+PB1-
GFP-PBI [Fig. 2E], AHA-PS+HA-GFP-HA [Fig. 2F], and ANS-
PS+NS-GFP-NS [Fig. 2G]), the numbers of NP-expressing cells
were similar to those infected with the corresponding 7-seg-
mented HEF viruses, and they all expressed GFP. These results
indicated that the packaging sequences of the PB1, HA, and NS
segments are not required for efficient replication of the virus.

To further confirm the virus growth property observed in Fig.
2, we inoculated 100 TCIDs, of each virus into embryonated
chicken eggs and determined the titers of these viruses in the eggs
3 days postinoculation (Fig. 3). For three viruses, APB2-PS (Fig.
3A), ANP-PS (Fig. 3C), and AM-PS (Fig. 3D), we were unable to
determine an accurate titer because of the low growth of the vi-
ruses in the eggs. We estimated that the titer of the APB2-PS virus
were lower than 10> TCID,/ml (Fig. 3A) and the titers of the
ANP-PS (Fig. 3C) and AM-PS (Fig. 3D) viruses were lower than
10> TCIDs,/ml. In fact, these viruses were often lost during pas-
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sages in eggs. When an eighth GFP segment was added, all the
viruses reached titers on the order of 10” to 10° TCID5,/ml (Fig.
3A, C, and D). The APA-PS virus grew to a titer of less than 10°
TCID;y/ml, and the APA-PS+PA-GFP-PA virus carrying an
eighth GFP segment reached a titer of around 10° TCID,/ml (Fig.
3B). The titers of the three 7-segmented viruses, APB1-PS (Fig.
3E), AHA-PS (Fig. 3F), and ANS-PS (Fig. 3G), were around 10°
TCIDs,/ml, similar to those of the 8-segmented viruses carrying a
GFP segment, APB1-PS+PB1-GFP-PB1 (Fig. 3E), AHA-
PS+HA-GFP-HA (Fig. 3F), and ANS-PS+NS-GFP-NS (Fig. 3G).
These results further confirmed the results in Fig. 2, indicating
that the packaging signals of the PB2, PA, NP, and M segments are
required for efficient virus growth, while those of the PB1, HA,
and NS segments are not. Since segment-specific packaging sig-
nals were shown to affect the incorporation of the corresponding
parental segments into virus particles and the genomes of all the
rewired 7-segmented viruses encode the same viral proteins re-
quired for viral replication, it is possible that the PB2, PA, NP, and
M packaging signals are involved in the packaging of not only
themselves, but also other viral segments into virions.

vRNA packaging of the recombinant HEF viruses. The pack-
aging of VRNAs into the recombinant HEF viruses was assessed by
examination of the RNA compositions of concentrated egg-
grown viruses. The HEF viruses were grown in eggs and concen-
trated through a 30% sucrose cushion. RNA was isolated from
purified virus and resolved on a 2.8% acrylamide gel to visualize
the virus genome composition by silver staining. We first exam-
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FIG 4 Genome compositions of four HEF GFP viruses. (A) The PR8 virus was grown in 10-day-old chicken eggs at 37°C for 2 days. (B to E) The HEF viruses
APB2-PS+PB2-GFP-PB2 (B), APA-PS+PA-GFP-PA (C), ANP-PS+NP-GFP-NP (D), and AM-PS+M-GFP-M (E) were grown in 8-day-old chicken eggs at
33°C for 3 days. The viruses were then purified by passing them through a sucrose cushion, and RNA was isolated using TRIzol (Invitrogen). The purified RNA
was separated on a 2.8% denaturing polyacrylamide gel containing 7 M urea. The gel was stained with a SilverXpress silver-staining kit (Invitrogen) to visualize
the RNA bands. The bands representing the genomic segments of the virus were labeled for each gel. The two bands corresponding to the M (or rewired M [E])

«.»

segment and the NS segment (labeled “a” and “b,” respectively) were quantified for intensity using ImageQuant software. The graphs used to quantify the two
peaks (a and b) are shown at the lower right of each gel. The numbers represent the relative peak volumes (with peak b set to 1). Note that the gels shown were

run at different times.

ined the four HEF viruses in which the eighth GFP segment was
essential for the virus to reach high growth titers: APB2-PS+PB2-
GFP-PB2 (Fig. 4B), APA-PS+PA-GFP-PA (Fig. 4C), ANP-
PS+NP-GFP-NP (Fig. 4D), and AM-PS+M-GFP-M (Fig. 4E).
Because of the low growth of the four 7-segmented HEF viruses—
APB2-PS, APA-PS, ANP-PS, and AM-PS—we were unable to an-
alyze their genomic RNA compositions by using this method. The
silver-staining results show that these four GFP viruses lacked the
HA and NA segments of the PR8 virus shown in Fig. 4A. Instead,
they all contained a chimeric HA-HEF-HA segment (Fig. 4B to E).
Furthermore, they all carried a rewired segment, namely,
NA-PB2-NA for the APB2-PS+PB2-GFP-PB2 virus (Fig. 4B),
NA-PA-NA for the APA-PS+PA-GFP-PA virus (Fig. 4C), NA-
NP-NA for the ANP-PS+NP-GFP-NP virus (Fig. 4D), and NA-
M-NA for the AM-PS+M-GFP-M virus (Fig. 4E). The three GFP
segments (PB2-GFP-PB2, PA-GFP-PA, and NP-GFP-NP) comi-
grated with the M segment due to their length similarity to the M
segment (Fig. 4B to D); therefore, we were unable to differentiate
them from the M segment. However, after the intensities of the
bands were normalized to that of the NS segment (labeled “b” in
Fig. 4A to D), comigration of the GFP segment resulted in a band
with approximately 2-fold-higher intensity at the M vRNA posi-
tion (labeled “a” in Fig. 4B to D) than the M segment of the PR8
virus (Fig. 4A). This suggested that the GFP segments were effi-
ciently incorporated into these viruses. For the AM-PS+M-
GFP-M virus (Fig. 4E), the positions of the rewired M segment,
NA-M-NA, and the eighth GFP segment, M-GFP-M, were all vis-
ible in the gel, with the intensity of the M-GFP-M segment similar
to that of NA-M-NA, indicating that the GFP segment was also
incorporated well (Fig. 4E).

We also examined the genomic compositions of the three 7-seg-
mented viruses, APB1-PS (Fig. 5A), AHA-PS (Fig. 5C), and ANS-PS
(Fig. 5E), and the corresponding GFP viruses, APB1-PS+PB1-GFP-
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PBI (Fig. 5B), AHA-PS+HA-GFP-HA (Fig. 5D), and ANS-PS+NS-
GFP-NS (Fig. 5F). Both the APB1-PS (Fig. 5A) and ANS-PS (Fig. 5E)
viruses contained an HA-HEF-HA segment and a rewired segment:
NA-PB1-NA for the APB1-PS virus (Fig. 5A) and NA-NS-NA for the
ANS-PS virus (Fig. 5E). The AHA-PS virus contained only one chi-
meric segment, NA-HEF-NA, which comigrated with PB2 and PB1
because of length similarity (Fig. 5C). For three GFP viruses (APB1-
PS+PB1-GFP-PBI [Fig. 5B], AHA-PS+HA-GFP-HA [Fig. 5D], and
ANS-PS+NS-GFP-NS [Fig. 5F]), due to the length similarity, this
method could not differentiate the M segment from the eighth GFP
segment the viruses carried. Unlike the three GFP viruses examined
previously (APB2-PS+PB2-GFP-PB2 [Fig. 4B], APA-PS+PA-
GFP-PA [Fig. 4C], and ANP-PS+NP-GFP-NP [Fig. 4D], the comi-
gration of the GFP segments with the M segment in these three GFP
viruses did not result in a heavier band at the M vRNA position,
suggesting the GFP segments were not incorporated efficiently (Fig.
5B, D, and F). However, the expression of GFP by cells infected with
these viruses did indicate their presence in the particles (Fig. 2E to G).
Taken together, the vVRNA compositions of these HEF viruses
showed that they indeed contained the rewired segments we de-
signed (Fig. 4 and 5). More importantly, the GFP segments carry-
ing the PB2, PA, NP, or M packaging signals were incorporated
more efficiently into the viruses than those carrying the PB1, HA,
or NS packaging signals (Fig. 4B to E and 5B, D, and F).
qRT-PCR results confirmed the high packaging efficiency of
GFP segments flanked by the PB2, PA, NP, or M packaging se-
quences. To further evaluate the effects of packaging sequences on
the packaging efficiencies of the engineered GFP segments and to
overcome the issue of the GFP segments comigrating with the M
segment due to length similarity (Fig. 4 and 5), QRT-PCR was per-
formed to quantify the GFP vRNA levels relative to the NP vRNA
levels in these HEF GFP viruses (Fig. 6). Prior to the experiment, the
viruses were further passaged three times (to passage 6) in embryo-
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FIG 5 Genome compositions of recombinant 7- and 8-segmented HEF viruses carrying a rewired PB1, HA, or NS segment. Using the same method as in Fig. 4,
six HEF viruses, APBI1-PS (A), APB1-PS+PB1-GFP-PBI1 (B), AHA-PS (C), AHA-PS+HA-GFP-HA (D), ANS-PS (E), and ANS-PS+NS-GFP-NS (F), were
analyzed for genome composition using an RNA gel and silver-staining method. The quantifications of the bands at the bottom of each gel are also shown. ?,

unknown band.

nated chicken eggs, harvested, and purified by passing them through
asucrose cushion. The purified RNA was reverse transcribed, and the
GFP/NP vRNA ratio was determined (Fig. 6A). The GFP/NP vRNA
ratio for the ANP-PS+NP-GFP-NP virus was arbitrarily set at 1 (Fig.
6B). The results showed that for the four HEF GFP viruses (APB2-
PS+PB2-GFP-PB2, APA-PS+PA-GFP-PA, ANP-PS+NP-GFP-
NP, and AM-PS+M-GFP-M), the GFP/NP vRNA ratios were all
higher than 0.6; for the other three GFP viruses (APB1-PS+PB1-
GFP-PB1, AHA-PS+HA-GFP-HA, and ANS-PS+NS-GFP-NS),
the GFP/NP vRNA ratios were all lower than 0.2 (Fig. 6B). Combin-
ing these data and the RNA gel silver-staining results (Fig. 4 and 5), we
conclude that the GFP segments flanked by the PB2, PA, NP, or M
packaging sequence are packaged much more efficiently into the vi-
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ruses, suggesting they play a more important role during the genome
assembly process.

smFISH analysis showed high copackaging efficiency of the
GFP and NP segments in APA-PS+PA-GFP-PA virus. Since
both RNA gel silver staining and qRT-PCR techniques measured
the efficiency of VRNA incorporation in a virus population, we
conducted smFISH experiments (2, 31) to analyze the incorpo-
rated viral RNAs in individual virus particles and measured the
efficiencies of two viral RNAs being copackaged. The efficiencies
of the GFP and NP segments incorporated into the same virus
particles were analyzed for the APA-PS+PA-GFP-PA and APB1-
PS+PBI1-GFP-PB1 viruses. The two viruses showed similar
growth characteristics, while the corresponding 7-segmented
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FIG 6 qRT-PCR analysis of recombinant HEF GFP viruses. (A) Procedure for the experiment. (B) GFP/NP vRNA ratios for each virus. In total, seven viruses
were analyzed: APB2-PS+PB2-GFP-PB2, APA-PS+PA-GFP-PA, ANP-PS+NP-GFP-NP, AM-PS+M-GFP-M, APB1-PS+PB1-GFP-PB1, AHA-PS+HA-
GFP-HA, and ANS-PS+NS-GFP-NS. The GFP/NP vRNA ratio for the ANP-PS+NP-GFP-NP virus was arbitrarily set at 1. The experiment was performed in

triplicate, and the mean value = standard deviation is shown for each virus.
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PS+PBI1-GFP-PBI1, were analyzed. For each virus, at least 10 images were analyzed, and the mean values * standard deviations are shown. On average, 500 to 700

particles were counted for each image.

APA-PS virus grew much less efficiently than the 7-segmented
APBI1-PS virus (Fig. 3B and E). To do smFISH analysis, a slide
surface was passivated with an inert polymer polyethylene glycol
(PEG) doped with biotinylated PEG. After incubating the surface
with NeutrAvidin (Thermo), the purified egg-grown viruses were
immobilized on the imaging surface through biotinylated anti-
body against the HEF protein captured by the NeutrAvidin. Fif-
teen Cy5-labeled probes against the NP vRNA and 24 Cy3-labeled
probes against the GFP vRNA were used to detect viral RNAs in
the fixed and permeabilized virus particles (Fig. 7A). The percent-
ages of particles detected with both NP and GFP probes among the
sum of particles detected with either NP or GFP probes were cal-
culated. For the APA-PS+PA-GFP-PA virus, the percentage of
NP and GFP being copackaged into the same virus particle was
around 75%, while for the APB1-PS+PB1-GFP-PBI1 virus, the
ratio was around 40% and was statistically lower than that for
the APA-PS+PA-GFP-PA virus (Fig. 7B). This result showed that
the GFP segment flanked by the PA packaging sequences was co-
packaged more efficiently with the NP segment than the one
flanked by the PB1 packaging sequences.

DISCUSSION

Segmented RNA viruses face a challenging task of assembling their
genomes during the late stage of infection. Based on the recent
identification of influenza A virus segment-specific packaging sig-
nals and the electron microscopy data showing that one particle
incorporates eight RNA segments in budding virions (8, 9, 17, 18,
20,22,23,26,27, 34) (see Fig. 47.23 in reference 28), the packaging
of the influenza A virus vVRNAs appears to be a specific process.
The FISH analysis of vRNAs using fluorophore-labeled probes
also showed that influenza A virus assembles its genome in a
highly specific fashion by incorporating only one copy of each
segment into the majority of virus particles (2). Nevertheless, due
to the technical difficulties in studying large RNP complexes in-
side infected cells, how the eight segments interact to form the
VRNP complex inside virions has yet to be determined. Recent
electron tomography analyses of VRNP structure within the bud-
ding virions showed that the eight segments are arranged in mul-
tiple configurations (7, 24), indicating that there might be a ran-
dom element in this seemingly very specific process. The question
we wanted to address is whether each segment of the influenza A
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virus has a similar role during genome packaging. Previous find-
ings suggested some segments might play unequal roles. Mu-
ramoto et al. showed that when reverse genetics was applied to
generate virus-like particles carrying influenza A vRNAs, the
omission of the PB2 segment had a greater impact on the produc-
tion of VRNA-containing particles than removing the PB1 or PA
VRNA, suggesting PB2 might play a more important role during
the packaging process (22). Furthermore, Marsh et al. showed that
mutations in the conserved region of the PB1 segment have much
less of an effect on the packaging of other segments than muta-
tions in the PB2 and PA segments, indicating PB1 is less important
than PB2 and PA (20). Moreover, an NA-lacking 7-segmented
HEEF virus we generated grew to a high titer, demonstrating that
the NA segment is not crucial for influenza A virus genome assem-
bly (10). All these experiments were performed using quite differ-
ent approaches; therefore, it is difficult to compare the relative
contributions of individual RNA segments during genome pack-
aging from these studies alone.

In the present study, to overcome this issue, we used a 7-seg-
mented HEF virus as a tool and applied the “rewiring” method to
determine the roles of individual segment-specific packaging sig-
nals in the genome assembly process. This unique approach al-
lowed us to compare the functions of all eight influenza A virus
genome-packaging signals under one condition. We rewired the
segments of the 7-segmented HEF virus by replacing the packag-
ing signals with those of the NA segment and assessed its effect on
viral growth and genome packaging (Fig. 2 to 6). Our results
showed that the 7-segmented HEF viruses lacking the PB2, M, or
NP segment grew poorly and the viruses were easily lost during
passages in eggs (Fig. 3); however, when an eighth GFP segment
carrying the missing PB2, M, or NP packaging sequence was in-
cluded, the resulting 8-segmented HEF virus reached a high titer
(Fig. 2 and 3). Although the 7-segmented HEF virus lacking the
PA packaging sequences can grow to a titer around 10> TCID,,/
ml, adding an eighth GFP segment increased the titer by about 3
log units (Fig. 2 and 3). These results suggested that the efficient
growth of the virus requires the presence of the packaging signals
of the PB2, PA, NP, and M segments. Previously, Hutchinson et al.
showed that the silent mutations in the M segment packaging
signals can result in a packaging defect in all seven other segments
(14), and silent mutations in the NP segment can result in ineffi-
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cient incorporation of the PA segment (15). These observations
also indicate that the M and NP segments play a more important
role during genome packaging. Taken together, these segments
(PB2, PA, NP, and M) may function to recruit other segments
during the genome-packaging process. For the PB1, HA, NA, and
NS segments, the rewired HEF viruses grew to high titers in both
the presence and absence of the eighth GFP segment carrying the
missing packaging signals (Fig. 2 and 3) (10), suggesting the four
segments are not required for the packaging of the other vRNA
segments. In fact, for the three HEF GFP viruses (APB1-PS+PB1-
GFP-PB1, AHA-PS+HA-GFP-HA, and ANS-PS+NS-GFP-NS),
the levels of GFP vRNA relative to NP in purified particles fluctu-
ated during passages in eggs (data not shown). It should be noted
that all the flanking PB1, HA, NA, and NS packaging sequences
used in this study and a previous study (10) have been shown to be
efficient in mediating the packaging of a GFP reporter vRNA (8, 9,
22, 34). These data suggested that the PB1, HA, NA, and NS seg-
ments play nonessential roles during genome assembly, and as a
result, they might be more permissive toward reassortment.

Finally, we propose a model for influenza A virus genome
packaging. Because of its multisegmented nature, it may be un-
likely that influenza A virus assembles all its genomic segments
together at the same time. For example, another segmented RNA
virus, the double-stranded RNA (dsRNA) bacteriophage 6, spe-
cifically packages its RNA genome (S, M, and L) in a sequential
manner, first S, then M, and finally the L segment (21). Consider-
ing the findings in this study and previous observations (7-10, 17,
18,20,22-24, 26,27, 34), we propose that during influenza A virus
genome packaging, the four segments PB2, PA, NP, and M inter-
actin the packaging signal regions, bringing the PB1, HA, NA, and
NS segments to join and eventually form the “7 + 1” vRNP com-
plex observed by electron microscopy (7, 23, 24).
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