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The yields of egg-grown influenza vaccines are maximized by the production of a seed strain using a reassortment of the seasonal
influenza virus isolate with a highly egg-adapted strain. The seed virus is selected based on high yields of viral hemagglutinin
(HA) and expression of the surface antigens from the seasonal isolate. The remaining proteins are usually derived from the high-
growth parent. However, a retrospective analysis of vaccine seeds revealed that the seasonal PB1 gene was selected in more than
50% of reassortment events. Using the model seasonal H3N2 virus A/Udorn/307/72 (Udorn) virus and the high-growth A/Puerto
Rico/8/34 (PR8) virus, we assessed the influence of the source of the PB1 gene on virus growth and vaccine yield. Classical reas-
sortment of these two strains led to the selection of viruses that predominantly had the Udorn PB1 gene. The presence of Udorn
PB1 in the seed virus, however, did not result in higher yields of virus or HA compared to the yields in the corresponding seed
virus with PR8 PB1. The 8-fold-fewer virions produced with the seed virus containing the Udorn PB1 were somewhat compen-
sated for by a 4-fold increase in HA per virion. A higher HA/nucleoprotein (NP) ratio was found in past vaccine preparations
when the seasonal PB1 was present, also indicative of a higher HA density in these vaccine viruses. As the HA viral RNA (vRNA)
and mRNA levels in infected cells were similar, we propose that PB1 selectively alters the translation of viral mRNA. This study
helps to explain the variability of vaccine seeds with respect to HA yield.

Seasonal influenza is a highly contagious acute respiratory dis-
ease, with the severity of symptoms varying greatly from year

to year. Globally, an estimated 250,000 to 500,000 people die from
seasonal influenza epidemics annually, with 90% of these deaths
and more than half of hospitalizations occurring in the elderly (1).
Vaccination has been shown to significantly decrease both deaths
and hospitalization caused by seasonal influenza, thus markedly
reducing the impact of the disease in the elderly (2). Current forms
of influenza vaccines, including split-inactivated virus prepara-
tions, induce strain-specific neutralizing antibodies against the
viral surface glycoproteins HA and neuraminidase (NA). These
antibodies efficiently mediate high levels of protection against ho-
mologous infection (3). However, constant drift occurs in the an-
tigenic regions of the immunodominant HA (4–6) and, also, the
NA (6, 7) of influenza viruses and can render the protection in-
duced by previous vaccination incomplete. For this reason, vac-
cines need to be continually updated to contain virus strains that
are predicted to antigenically resemble those viruses that will be
circulating in the human population during the oncoming influ-
enza season.

Seasonal influenza vaccines are trivalent formulations contain-
ing two influenza A viruses of subtypes H3N2 and H1N1 and an
influenza B virus. Although cell culture-grown influenza vaccine
is now available, the majority of manufacturers still produce the
annual influenza vaccine in eggs because of the high yields from
this source. As clinical isolates chosen for potential inclusion in
the vaccine often grow to only low titers in eggs, these viruses are
first manipulated by specialist laboratories to improve egg growth
and, thus, antigen yield. This process, using gene reassortment,
was first described in the 1960s (8) and occurs when an egg is
infected with both the seasonal isolate and an egg-adapted high-
growth parent virus. Coinfected cells contain copies of both of the
viral genomes, each comprising eight independent segments of

viral RNA (vRNA), from which a range of viral progeny can po-
tentially be packaged and released (9, 10). Reassortant viruses con-
taining the antigenic HA and NA of the seasonal strain are selected
in the presence of antisera to the HA and NA of the egg-adapted
strain. The viruses predominating after egg passage of the anti-
body-selected population will have the high-growth properties of
the egg-adapted virus and, thus, some gene segments from this
parent. From this population, a virus is cloned by limiting dilution
and stored as a seed for vaccine production.

While this “classical reassortment” process has been used for
over 40 years, the factors driving the selection of genes other than
HA/NA are still not well understood (11–13). Nor have detailed
investigations into the impact of different gene constellations of
reassortants on viral growth or antigen yields been reported (13,
14). A strong bias for the selection of viruses with the HA and NA
genes alone or the HA and NA genes and one other gene from the
seasonal virus parent has been noted, with the most frequently
selected additional gene of the seasonal virus being the PB1 gene
(11, 12). Here, we examine the gene constellations of previously
selected candidate vaccine seed strains and confirm the domi-
nance of particular genotypes. We then investigate whether these
different genotypes affect antigen yield. We used a model seasonal
H3N2 strain reassorted with a high-growth H1N1 parent and also
recreated the potential progeny by reverse genetics to investigate
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specific genotypes with respect to relative growth and antigen
yields.

MATERIALS AND METHODS
Influenza A viruses. In this study, we used the highly egg-adapted
A/Puerto Rico/8/34 (PR8; H1N1) virus that is used in classical reassort-
ment to produce high-yield H3N2 viruses for vaccine production. The
A/Udorn/307/72 (Udorn; H3N2) virus was used as a model seasonal iso-
late. These viruses were subjected to classical reassortment using a modi-
fication of the method devised by Kilbourne (9) as described below. A
clone of the virus containing Udorn HA, NA, and PB1 with the remaining
genes from PR8, referred to as PR8(Ud-HA,NA,PB1), was isolated using
limiting dilution in eggs as a result of this process. Similar nomenclature is
used below for all wild-type and reverse genetics-derived viruses. Other
viral progeny present in the allantoic fluid prior to limiting dilution were
cloned by plaque formation, and the origins of the HA, NA, and PB1 genes
were determined using quantitative reverse transcriptase PCR (RT-PCR).

Eight-plasmid reverse genetics (15) was used to generate viruses cor-
responding to the parent PR8 and Udorn viruses and the PR8(Ud-
HA,NA), PR8(Ud-HA,NA,PB1), PR8(Ud-HA,NA,PB2), and PR8(Ud-
HA,NA,PA) viruses. Rescued viruses were passaged from transfection
supernatants in 10- to 12-day-old embryonated hen’s eggs. All viruses
were then inoculated into multiple eggs at a constant dose of infectious
virus (100 PFU/egg), and the allantoic fluid was stored separately for
analysis.

Madin-Darby canine kidney (MDCK) cell-derived viruses were pre-
pared by infecting cells at a multiplicity of infection (MOI) of 3 PFU/cell
for 1 h at 37°C. Following absorption, the inoculum was removed and cells
were washed with serum-free RPMI 1640 (Gibco, Gaithersburg, MD,
USA) supplemented with antibiotics. Cells were incubated at 37°C and
5% CO2, and cell culture supernatants were harvested at various times
postinfection as specified in the figures.

Classical reassortment. Ten-day-old embryonated hen’s eggs were
coinfected with PR8 and Udorn and incubated for 3 days. Allantoic fluid
was harvested and passaged twice in eggs in the presence of polyclonal
antiserum to purified PR8 virus, raised in goats, in order to remove viruses
containing the HA and NA from the high-growth parent. On the first
passage, eggs were exposed to the virus for 1 h prior to the addition of the
antiserum to the eggs, whereas for the second passage, the virus was pre-
incubated with the antiserum for 1 h and the mixture subsequently inoc-
ulated into eggs. The eggs were incubated for 48 h, after which the allan-
toic fluid was harvested and used as a source of reassorted viruses.

Virus quantitation. Hemagglutination assays were carried out with
1% chicken erythrocytes using the original method (16) adapted to mi-
crotiter plates. The infectious viral titer was determined by the quantita-
tion of plaques on confluent MDCK cell monolayers as previously de-
scribed (17). Viral particles were assumed to contain one copy of each
vRNA segment for purposes of enumeration (18). vRNA was detected by
quantitative RT-PCR of RNA released from virions in clarified allantoic
fluid after 0.05% Triton X-100 disruption (adapted from reference 19) or
extracted from cell culture supernatant using the QIAamp viral RNA
minikit (Qiagen, Valencia, CA, USA) according to the manufacturer’s
instructions.

Quantitative RT-PCR. Detection of vRNA and mRNA was under-
taken by polarity-specific quantitative RT-PCR using a TaqMan one-step
RT-PCR master mix kit (Applied Biosystems, Carlsbad, CA, USA). Each
25-�l reaction mixture contained 5 �l of RNA, 12.5 �l of 2� AmpliTaq
gold DNA polymerase mix, 0.625 �l of 40� RT enzyme mix, 1.25 �l of
each 10 �M gene-specific forward or reverse primer, and 0.25 �l of 25 �M
gene-specific probe. The RT reaction mixture was incubated for 30 min at
50°C. Following the reverse transcription step, 1.25 �l of the primer of
opposite polarity at 10 �M was added. Amplification and detection were
performed using an Applied Biosystems 7500 fast RT-PCR system. In all
quantitative RT-PCR assays, serially diluted plasmids containing the cor-
responding influenza virus genes at known copy numbers were used as

standards. The reaction conditions, primers (Geneworks, Adelaide, South
Australia, Australia), and TaqMan (Applied Biosystems) probe sequences
are available on request.

Minigenome assay for polymerase activity. A �-lactamase reporter
assay (20) was used to compare the activities of viral polymerase com-
plexes. Briefly, pCAGGS-BLA (10 ng/well) was transfected into a subcon-
fluent monolayer of 293T cells grown in 96-well plates, together with 10
ng of four pHW2000 plasmids, each expressing one of the three influenza
virus polymerase genes (PB1, PB2, or PA) or the nucleoprotein (NP) gene.
Transfected cells were incubated at 35°C and 5% CO2. At 24 h posttrans-
fection, the �-lactamase produced was detected, after lysis of cells, by the
addition of the LyticBLazer-FRET (Förster resonance energy transfer)
B/G substrate (Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. �-Lactamase cleaves the substrate, turning it from
green to blue as measured by optical density with excitation at 405 nm and
emission at 445 nm and 520 nm. Specific �-lactamase activity and, thus,
relative polymerase activity, was calculated as follows: (520 nm/445 nm
ratio of the sample)/(520 nm/445 nm ratio of BLA plasmid alone).

Electrophoresis of viral proteins and Western blot analysis. The rel-
ative viral protein contents of infected MDCK cells, semipurified allantoic
fluid (clarified by ultracentrifugation, pelleted at 31,000 � g, and resus-
pended in phosphate-buffered saline [PBS]), and monovalent split vac-
cine preparations were analyzed. Samples were disrupted in SDS sample
buffer (Invitrogen) for 10 min at 95°C in the presence or absence of re-
ducing agent. Split virus preparations were then deglycosylated with
PNGaseF (peptide N-glycosidase F) according to the manufacturer’s in-
structions (Sigma-Aldrich, St. Louis, MO, USA). Samples were separated
on either precast 4 to 20% Tris-Glycine gels or 10% Bis-Tris gels in the
presence or absence of the NuPAGE antioxidant.

Following electrophoresis, proteins were transferred to polyvinylidene
difluoride (PVDF) membranes using the iBlot dry blotting system (Invit-
rogen). The membranes were blocked using 1% casein in PBS for 1 h at
room temperature and probed for 1 h at room temperature with mono-
clonal antibodies recognizing influenza A virus NP (clone F8; Abd Sero-
tech), influenza A virus M1 (clone GA2B; Abd Serotech), Udorn HA
(clone 36; previously characterized in reference 21), or the C-terminal
region of the HA2 protein (clone FLUB25.10C9.3C10; CSL Ltd.). Blots
were washed and incubated for 1 h with a horseradish peroxidase (HRP)-
conjugated secondary antibody and were developed using an Opti-4CN
substrate kit (Bio-Rad) according to the manufacturer’s instructions.
Densitometry of Western blots was performed using ImageQuant TL soft-
ware.

Statistical analysis. Data were analyzed for statistical significance us-
ing either a one-way analysis of variance (ANOVA) with Tukey’s multiple
comparison posttest or a two-way ANOVA with the Bonferroni posttest,
calculated using Prism 5 software (GraphPad Software, Inc., San Diego,
CA, USA).

RESULTS
The seasonal PB1 gene is selected through classical reassort-
ment at relatively high frequency in vaccine seed viruses. The
gene composition of potential influenza virus candidate vaccine
seed strains derived by classical reassortment from 2003 to 2009
was determined (Table 1). The data reveal that the majority of the
genes from the highly egg-adapted parent are required for the
high-yield phenotype. During reassortment of H3N2 seasonal vi-
ruses with the egg-adapted parent, the PB2, PA, and NS genes of
the seasonal parent were selected on only 7%, 13%, and 13% of
occasions, respectively, and the seasonal NP and M genes were
never selected (Table 2). In all five of the H1N1 events analyzed,
the seasonal PB2, PA, NP, M, and NS genes were never selected.
For both subtypes, the PB1 gene of the seasonal strain was present
at much higher frequency than other seasonal genes: 50% in
H3N2 and 60% in H1N1 seed viruses.
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The genotypes of a number of reassortant viruses selected as
potential vaccine strains from 1968 to the present were also col-
lated from the literature (11–14, 22, 23). Of the additional 92
H3N2 and 24 H1N1 reassortant viruses analyzed, 45% and 63%,
respectively (in total, 48%) contained the seasonal PB1 gene (Ta-
ble 2). As with our own observations, selection for other seasonal
genes was less frequent than for PB1 (NP, 19%; PB2, 12%; PA,
10%; NS, 9%; and M, 3%). This broader analysis, incorporating
other reassortment and selection events, confirmed that, while the
incorporation of other genes of the seasonal virus occurred only
with low frequencies, the seasonal PB1 gene was present in about
half (67/137) of the potential vaccine seeds. This might indicate
that the PB1 of the egg-adapted parent does not contribute to the
high-growth phenotype and so this gene is selected randomly.
However, for each individual reassortment event, viruses with ei-
ther the seasonal or the egg-adapted PB1 dominated and were
selected.

Udorn PB1 was selected at a higher frequency than was PR8
PB1 in a model system of classical reassortment. To investigate
the selection of PB1 for a particular combination of seasonal virus
and high-growth parent in more detail, classical reassortment was
undertaken between the model seasonal strain Udorn and the
high-growth parent strain PR8. Following the second antiserum
passage to select for the HA and NA of Udorn virus, progeny
viruses were isolated by plaque assay and the origins of the HA,
NA, and PB1 genes were determined for each plaque by virus-
specific RT-PCR. Of the 72 cloned viruses, each of which con-
tained Udorn HA and NA, 54 (75%) contained Udorn PB1,
whereas only 18 (25%) contained PR8 PB1, mimicking a reassort-
ment event where viruses containing the seasonal PB1 dominated
the viral progeny.

The presence of the Udorn PB1 gene resulted in a low-HA-
yield virus. The wild-type parental Udorn and PR8 viruses and the
virus PR8(Ud-HA,NA,PB1), which was selected by the classical

TABLE 1 Genotypes of viruses selected through classical reassortment in a retrospective study of potential vaccine seed strains from 2003 to 2009

Parental seasonal isolate Reassortant Sub type

Sourcea of indicated gene

PB2 PB1 PA HA NP NA M NS

A/Wyoming/3/03 X147 H3N2 P P P S P S P P
A/Wyoming/3/03 IVR-134 H3N2 P S P S P S P P
A/California/7/04 IVR-141 H3N2 P S P S P S P P
A/New York/55/04 X157 H3N2 P P P S P S P P
A/New York/55/04 X157b H3N2 P P P S P S P P
A/Wellington/1/04 IVR-139 H3N2 P P P S P S P P
A/Hiroshima/52/05 IVR-142 H3N2 P S P S P S P P
A/Wisconsin/67/05 IVR-143 H3N2 P S P S P S P P
A/Wisconsin/67/05 X161 H3N2 P S S S P S P S
A/Nepal/921/06b H3N2 P S S S P S P P
A/Victoria/500/06 IVR-144 H3N2 P S P S P S P S
A/Brisbane/10/07 IVR-147 H3N2 S P P S P S P P
A/Uruguay/716/07 IVR-149 H3N2 P P P S P S P P
A/Brisbane/24/08 IVR-151 H3N2 ND P P S P S P P
A/Victoria/210/09 IVR-155 H3N2 P S P S P S P P
A/Singapore/37/09b H3N2 P P P S P S P P
A/Fukishima/141/06 IVR-146 H1N1 P S P S P S P P
A/Brisbane/59/07 IVR-148 H1N1 P S P S P S P P
A/Guam/1/07 IVR-150 H1N1 P P P S P S P P
A/Pennsylvania/8/08 IVR-152 H1N1 P P P S P S P P
A/California/7/09 X181 H1N1 P S P S P S P P
a P, gene originates from high-growth virus; S, gene originates from seasonal virus; ND, not determined.
b Virus was not made as a seedlot virus and, hence, was not allocated a reassortant number.

TABLE 2 Frequencies of genes in viruses selected through classical reassortment in our retrospective study of potential vaccine seed strains from
2003 to 2009 and in reassortant viruses from 1968 to 2009 reported in the literature

Source of reassortment events Viral subtype

No. of times gene originated from seasonal parent/total no. of reassortants

PB2 PB1 PA HA NP NA M NS

Analyzed in this study H3N2 1/15 8/16 2/16 16/16 0/16 16/16 0/16 2/16
H1N1 0/5 3/5 0/5 5/5 0/5 5/5 0/5 0/5

Reported in the literaturea H3N2 13/92 41/92 11/92 92/92 19/92 91/92 4/92 9/92
H1N1 1/24 15/24 1/24 24/24 3/24 24/24 0/24 1/24

Combined totalb H3N2 14/107 49/108 13/108 108/108 19/108 107/108 4/108 11/108
H1N1 1/29 18/29 1/29 29/29 3/29 29/29 0/29 1/29

a The reassortant viruses analyzed from the literature were collated from references 11–14, 22, and 23.
b Combined data from this and previously published studies.
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reassortment procedure following limiting dilution in eggs, were
inoculated into replicate eggs, and the virus yield from each egg
determined by HA titration (Fig. 1A). The seasonal parent virus
had a significantly lower mean HA titer than did the high-growth
parent (P � 0.001, one-way ANOVA), while the reassortant
showed an intermediate mean HA titer, with this virus not being
significantly different from the Udorn parent, indicating that the
reassortment process did not substantially improve the HA yield.

Reverse genetics was used to produce the equivalent viruses
and, also, other viruses with gene constellations that were not
selected during the classical reassortment procedure. The viruses
were also grown in replicate eggs and the individual HA titers of
the allantoic fluids determined (Fig. 1B). Reverse genetics-derived
parents and PR8(Ud-HA,NA,PB1) virus exhibited HA titers sim-
ilar to those seen in the experiments whose results are shown in
Figure 1A. However, the PR8(Ud-HA,NA) virus containing PB1
from the high-growth parent had HA titers that were significantly
increased compared to those in Udorn virus (P � 0.001, one-way
ANOVA) and more comparable to those of PR8 virus.

As the PB1 protein is the core component of the heterotrimeric
influenza virus polymerase complex, which is responsible for the
transcription and replication of the viral genome, we examined
whether the inclusion of the other components of the polymerase
complex, PB2 and PA, would have similar effects on HA yield

(Fig. 1B). PR8(Ud-HA,NA,PB2) and PR8(Ud-HA,NA,PA) showed
HA titers comparable to those of PR8(Ud-HA,NA) (P � 0.05,
one-way ANOVA) rather than to the HA titer of PR8(Ud-
HA,NA,PB1) (P � 0.01, one-way ANOVA), indicating that inclu-
sion of the seasonal PB1 but not other polymerase subunits ne-
gates the high-yield phenotype.

The presence of the Udorn PB1 gene resulted in a low-growth
virus. To establish whether differences observed in HA titer were
due to differences in viral replication, we measured the infectious
viral titers (Fig. 1C) and particle numbers (Fig. 1D) in the allantoic
fluid samples by plaque formation and quantitative RT-PCR of
the M gene, respectively. The PR8(Ud-HA,NA,PB1) virus showed
4-fold less infectious virus (P � 0.0001, one-way ANOVA) and
8-fold fewer viral particles (P � 0.05, one-way ANOVA) than the
PR8(Ud-HA,NA) virus. The PR8(Ud-HA,NA,PB2) and PR8(Ud-
HA,NA,PA) viruses showed growth characteristics similar to
those of PR8(Ud-HA,NA) virus.

Thus, consistently across all three measurements (HA titer,
infectious virus titer, and virus particle number), the inclusion of
Udorn PB1 in the model vaccine seed virus significantly reduced
viral yield, despite the selection of this virus by the classical reas-
sortment process. The reduced-growth phenotype was unique to
the inclusion of Udorn PB1 and was not due to the presence of a
hybrid polymerase complex per se. The phenotypes observed were

FIG 1 The genetic makeup of reassortant viruses affects HA titer and viral growth. The hemagglutination titers of individual eggs infected with a constant dose
(100 PFU) of the wild-type (wt) virus parents PR8 and Udorn were compared to those of the PR8(Ud-HA,NA,PB1) virus selected by classical reassortment of the
two parental viruses (A). The hemagglutination titers (B) and infectious virus titers, determined by plaque formation in MDCK cells (C), were measured in eggs
infected with a constant dose (100 PFU) of the reverse genetics-derived viruses corresponding to the PR8 and Udorn parent viruses and additional viruses
containing Udorn HA and NA with or without the Udorn PB1, PB2, or PA (with the remaining genes originating from PR8). The titers of viral particles (D),
measured using copy numbers of M vRNA in the allantoic fluid samples used in the assay whose results are shown in panel C, were determined by quantitative
RT-PCR as a surrogate. The yields of infectious virus from individual MDCK cell cultures infected with 100 PFU of virus were determined by plaque assay of cell
culture supernatants (E). In panels A, B, C, and E, each symbol represents the titer of an individual egg or culture supernatant and the line is the geometric mean
titer. In panel D, each bar represents the mean particle number of all the eggs in that group and the error bar shows the standard error of the mean.

Cobbin et al.

5580 jvi.asm.org Journal of Virology

http://jvi.asm.org


not specific to egg-grown viruses but were also observed for vi-
ruses grown in MDCK cells (Fig. 1E).

The presence of the Udorn PB1 gene did not alter vRNA and
viral mRNA production in infected MDCK cells. To examine
whether the poor growth of the PR8(Ud-HA,NA,PB1) virus was
due to a poorly functioning polymerase, a minigenome assay was
used. This involved the transfection of a �-lactamase reporter
gene along with the viral polymerase and NP genes, which to-
gether with the vRNA make up the ribonucleoprotein (RNP)
complex. The intrinsic activities of the Udorn and PR8 RNPs, as
well as RNPs with either Udorn NP or PB1 and the remaining
proteins of PR8, were examined (Fig. 2A). The Udorn RNP was

approximately two-thirds as active as the PR8 RNP (mean of three
experiments, 66%; range, 62.5 to 70%). This appeared to be irre-
spective of the source of the NP and, therefore, independent of
polymerase complex-NP interactions. Furthermore, the presence
of Udorn PB1 in an otherwise PR8 RNP reduced the polymerase
activity to levels not statistically different from that of the Udorn
RNP (P � 0.05 in each of 3 experiments). These data imply that
reduced intrinsic activity of this hybrid polymerase complex rela-
tive to the activity of the PR8 polymerase complex may be respon-
sible for the poorer replication of PR8(Ud-HA,NA,PB1) virus.
Nevertheless, comparison of the levels of production of vRNA or
viral mRNA in MDCK cells after infection with PR8(Ud-HA,NA)
virus or PR8(Ud-HA,NA,PB1) virus showed this to be unlikely
(Fig. 2B to D). Whole RNA was extracted from infected MDCK
cells, and the amount of M vRNA, as an indicator of overall vRNA
production, was determined by quantitative RT-PCR (Fig. 2B).
No statistically significant difference was observed between the
two viruses in the copy number of the M vRNA produced (P �
0.05, two-way ANOVA). This observation also held true for the
production of NP, PA, and NS vRNA (data not shown). The abil-
ity of the polymerase complexes from the two different viruses to
produce mRNA following infection of MDCK cells was also mea-
sured. No statistically significant difference was observed in the
ability of the polymerase complexes to produce matrix M1/M2
mRNA from the M gene (Fig. 2C), HA mRNA (Fig. 2D), or NS1
mRNA (data not shown). These findings indicate that, despite the
polymerase complex of PR8(Ud-HA,NA,PB1) virus having a
lower intrinsic activity than the polymerase complex of PR8(Ud-
HA,NA) virus, this did not result in a difference in the production
of vRNA or viral mRNA in infected cells.

The inclusion of Udorn PB1 results in altered ratios of viral
proteins. The readout from the minigenome assay and the output
of progeny virus from infected cells is dependent not only on
nucleic acid production but also on viral protein production, sug-
gesting that the levels of translation of viral proteins should also be
investigated. It is well known that preferential translation of viral
mRNA over cellular mRNA occurs in infected cells (reviewed in
reference 24), and recently, the viral polymerase complex has been
shown to play a role in this process (25). The effect of the inclusion
of Udorn PB1 in the model seed virus on protein synthesis
in infected cells was therefore examined. Western blot analysis of
infected MDCK cells (Fig. 3) revealed that PR8(Ud-HA,NA,PB1)-
infected cells contained approximately 2-fold more HA protein
than PR8(Ud-HA,NA)-infected cells at 4, 8, and 24 h postinfec-
tion (Fig. 3A and B). In contrast, similar levels of M1 protein were
observed in cells infected with the two viruses (Fig. 3A and C). In
the absence of differences in transcription levels, these data sug-
gest that the inclusion of Udorn PB1 resulted in differential trans-
lation of viral mRNA to yield higher levels of HA but not M1,
resulting in an increased HA/M1 protein ratio within infected
cells.

The inclusion of Udorn PB1 results in a higher HA density in
the virion. Further analysis of the yields of hemagglutination units
(HAU) (Fig. 1B), PFU (Fig. 1C), and particle numbers (Fig. 1D) of
PR8(Ud-HA,NA) and PR8(Ud-HA,NA,PB1) viruses showed that
the inclusion of Udorn PB1 increased the ratio of HAU/PFU
2-fold (from 5.82 � 10�5 to 1.18 � 10�4) and the ratio of HAU/
particle number 4-fold (from 2.81 � 10�4 to 1.34 � 10�3). This
implied that the PR8(Ud-HA,NA,PB1) virus, in addition to yielding
more HA in infected cells, also has a higher density of HA in the

FIG 2 The composition of the RNP complex affects the intrinsic polymerase
activity in a minigenome assay but not the production of vRNA or viral mRNA
in infected cells. (A) Minigenome assays were performed in 293T cells trans-
fected with the pCAGGS-BLA reporter gene and pHW2000 plasmids that each
expressed a component of the influenza virus RNP complex. The polymerase
activities of the PR8 and Udorn RNP complexes were measured, in addition to
those of the complexes expressing the Udorn NP or PB1 with the remaining
RNP proteins from PR8, referred to as PR8(Ud-NP) RNP and PR8(Ud-PB1)
RNP, respectively. Each bar represents the mean of three independent exper-
iments, and the error bars show the standard errors of the means, each nor-
malized to the activity of the PR8 RNP complex within each experiment. (B to
D) MDCK cells were infected with PR8(Ud-HA,NA) virus (white) or PR8(Ud-
HA,NA,PB1) virus (gray) at an MOI of 3 PFU per cell. Total RNA was ex-
tracted from 1 � 106 infected cells at 0, 4, 8, and 24 h after a 1-h virus absorp-
tion period, and the copy numbers of the M vRNA (B) and the viral mRNA
resulting from the transcription of the M gene (M1 and M2 mRNA) (C) and
HA mRNA (D) were assessed by quantitative RT-PCR. Each bar represents the
geometric mean of three independent experiments, and the error bars repre-
sent the standard errors of the means.
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virion. To confirm this, the ratios of HA/NP in semipurified allantoic
fluid samples of PR8(Ud-HA,NA) and PR8(Ud-HA,NA,PB1) vi-
ruses were analyzed by Western blotting (Fig. 4A). Densitometry
measurements (Table 3) revealed that the PR8(Ud-HA,NA) virus
sample had 2-fold more NP than the PR8(Ud-HA,NA,PB1) virus
sample but 2-fold less HA protein. PR8(Ud-HA,NA,PB1) virions
therefore had a 4-fold greater HA/NP protein ratio than PR8(Ud-
HA,NA) virions. This is consistent with the 4-fold higher HAU/par-
ticle ratio described above. These data together indicated that the
inclusion of Udorn PB1 resulted in a higher HA density on the surface
of the virion.

The inclusion of the seasonal PB1 gene in vaccine seed vi-
ruses selected through classical reassortment results in higher
HA density in virions. To investigate whether phenotypic differ-
ences observed in the HA density of the model vaccine seed viruses
were representative of vaccine candidate seed viruses selected
through classical reassortment, Western blot analysis of purified
monovalent split vaccine virus preparations was undertaken
(Fig. 4B). Again, HA/NP ratios were calculated. In the vaccine
preparations analyzed, those containing PR8 PB1 had HA/NP ra-
tios between 1.63 and 3.86, whereas the inclusion of the seasonal
PB1 resulted in higher HA/NP ratios of between 4.10 and 5.31

(Table 4). Therefore, each candidate vaccine virus containing the
seasonal PB1 had a higher HA density per virion than those con-
taining PR8 PB1, indicating that the finding obtained with the
model vaccine seed strain Udorn was consistent for recent vaccine
seed viruses.

DISCUSSION

In this study, we have investigated the prevalence of the seasonal
PB1 gene in vaccine seed strains and found that, compared to
other non-HA and NA genes, it was present at much higher fre-
quencies (approximately 50%), confirming the observations of
others (11–14, 22, 23). We also established that Udorn undergoing
classical reassortment with the highly egg-adapted PR8 virus
modeled a situation where the seasonal PB1 dominated the high-
growth progeny viruses. This model revealed that the inclusion of
the H3N2 seasonal PB1 gene in the model seed virus increased the
HA protein per virion 4-fold compared to its levels when the PR8
PB1 gene was included but also reduced the virus particle produc-
tion 8-fold. A 2-fold difference in the yield of HA protein was thus
observed in egg-grown virus. In the context of vaccine produc-
tion, this is highly significant and translates to a requirement for
double the number of eggs per manufacturing cycle to achieve the
same number of vaccine doses, for the H3N2 component at least.

As vaccine seed strains are selected for high-growth properties
(11), as well as for the presence of the seasonal HA and NA, one
might assume that when viruses containing the seasonal PB1 gene
were selected, they would exhibit higher-growth properties than
other possible alternative progeny. However, in the model system,
the comparison of potential progeny derived by reverse genetics
revealed that the inclusion of Udorn PB1 had a significantly neg-
ative effect on the viral growth compared to the inclusion of PR8
PB1, resulting in lower yields of viral particles, infectious virions,
and HAU. PB1, as part of the trimeric polymerase complex, is
known to drive the transcription and replication of the viral ge-
nome (26), and previous studies have shown that viral growth can
be altered by the presence of a hybrid polymerase containing com-
ponents from viruses of different subtypes (27, 28). Poor growth
as a result of hybrid polymerase complexes has been attributed to
reductions in vRNA replication or mRNA transcription that limit
the ability of viruses to package (29). As in other studies (27, 28,
30), we used a minigenome reporter assay to measure the activity
of hybrid polymerase complexes, and we showed a reduction in
polymerase activity when the Udorn PB1 gene was included in
PR8 RNP complexes. However, we showed that this reduced in-
trinsic polymerase activity did not result in a decrease in the level
of vRNA or mRNA in cells infected with the corresponding vi-
ruses. Therefore, differences in the growth characteristics could
not be attributed to limiting amounts of viral genome available for
packaging or of mRNA to produce viral protein.

Despite the poorer growth, PR8(Ud-HA,NA,PB1) exhibited
4-fold higher HAU/particle and HA/NP protein ratios than
PR8(Ud-HA,NA). Retrospective analysis of seven H3N2 viruses
selected as candidate vaccine strains also exhibited similar pat-
terns of protein expression, with those containing the seasonal
PB1 gene having higher HA/NP ratios, suggesting that these vi-
ruses also had higher HA protein content in virions. In addition, a
similar trend of poor growth but increased HA/NP ratio was de-
scribed when the PB1 of an H5N1 virus was included with its HA
and NA in reverse genetics-derived H5N1 vaccine candidates con-
taining all other genes from PR8 virus (31).

FIG 3 Viral protein expression in cells infected with viruses differing in the
origin of the PB1 protein. Aliquots of 1 � 105 MDCK cells infected with
PR8(Ud-HA,NA) virus or PR8(Ud-HA,NA,PB1) virus from the preparations
used in the experiments whose results are shown in Figure 2B, C, and D were
disrupted and separated on 4 to 20% Tris-glycine gels under nonreducing
conditions. Proteins were transferred to PVDF membranes and probed with
anti-Udorn HA and anti-M1 monoclonal antibodies. pi, postinfection. (A).
The relative contents of HA (B) and M1 (C) proteins were determined by
densitometry of stained bands and analyzed using the ImageQuant TL soft-
ware. White bars, PR8(Ud-HA,NA) virus; gray bars, PR8(Ud-HA,NA,PB1)
virus. Each bar represents the geometric mean of two independent experi-
ments, and the error bars represent the standard errors of the means.
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Supporting our findings, a recent study (32) used cryoelectron
microscopy to determine the effect of gene constellation on virion
morphology. The study showed that the inclusion of the PB1 pro-
tein with the HA and NA proteins from an H3N2 parent in a PR8
backbone altered the density of the surface glycoproteins. While
the researchers were unable to distinguish between HA and NA on
the surface of the virion, they showed more glycoprotein spikes
and reduced glycoprotein spacing on the virion surface when the
PB1 from the H3N2 parent was included.

The molecular mechanisms driving the increased density of
HA on the virion surface upon inclusion of the seasonal PB1 gene
are of interest to vaccine manufacturers, as a greater understand-
ing could lead to further increases in antigen yield if the growth

differences could be overcome. It has been reported previously
(29) that the higher intrinsic viral polymerase activity of an H3N2
virus compared to that of an H1N1 virus led to enhancement of
the replication and transcription of viral RNA and greater expres-
sion of the viral HA protein and its accumulation on the cell
surface late during virus replication. This triggered stronger extra-
cellular signal-regulated kinase (ERK) activation to provide more-
efficient nuclear RNP export, which in turn led to an increase in

FIG 4 Western blots used for the determination of relative viral protein contents of samples reported in Tables 3 and 4. (A) Eggs were inoculated with 100 PFU
of either PR8(Ud-HA,NA) or PR8(Ud-HA,NA,PB1). Allantoic fluid was clarified by ultracentrifugation, and the virus was pelleted at 31,000 � g and then
resuspended in PBS. Tris-glycine gels (4 to 20%) were loaded with 20,000 HAU of virus sample and separated by SDS-PAGE under reducing conditions. Proteins
were transferred to a PVDF membrane and probed with either anti-NP or anti-HA2 monoclonal antibodies. The relative protein contents were determined by
densitometry of stained bands analyzed using the ImageQuant TL software and are presented in Table 3. (B) Monovalent split virus vaccine preparations were
deglycosylated, and samples containing 21 �g of viral protein, as determined by Lowry assay, were separated on 10% bis-Tris gels under reducing conditions in
the presence of NuPAGE antioxidant. Proteins were transferred to a PVDF membrane and probed with either anti-NP or anti-HA2 monoclonal antibodies. The
relative protein contents were determined by densitometry of stained bands analyzed using the ImageQuant TL software and are presented in Table 4.

TABLE 3 Relative protein content of reassortant viruses differing in the
origin of PB1

Virus

Mean amt (�SD) of a:

HA/NP ratio (10�2)HA (�105) NP (�106)

PR8(Ud-HA, NA) 2.7 (� 1.7) 18.6 (� 4.6) 1.5 (� 1.2)
PR8(Ud-HA, NA, PB1) 5.4 (� 0.4) 8.3 (� 1.9) 6.52 (� 4.3)
a The relative protein content of Western blots (shown in Figure 4A) was determined by
densitometry of stained bands and analyzed using ImageQuant TL software. Relative
units of band intensity (arbitrary values) are expressed as the mean of three different
egg preparations.

TABLE 4 Relative viral protein content of vaccine seed viruses

Split virus vaccine
Seasonal
virus genes

Amt of a:

HA/NP
ratio
(�10�1)

HA
protein
(�106)a

NP
protein
(�107)

A/New York/55/2004 HA, NA 5.3 1.3 3.86
A/Uruguay/716/2007 HA, NA 6.2 2.1 2.96
A/Brisbane/10/2007 HA, NA, PB2 1.9 1.2 1.63
A/Wisconsin/15/2009 HA, NA 3.7 1.3 2.90
A/Wisconsin/67/2005 HA, NA, PB1 9.2 1.7 5.31
A/Hiroshima/52/2005 HA, NA, PB1 6.5 1.4 4.72
A/Victoria/210/2009 HA, NA, PB1 4.7 1.1 4.10
a The relative protein content of the Western blot shown in Figure 4B was determined
by densitometry of stained bands and analyzed using the ImageQuant TL software.
Relative units of band intensity (arbitrary values) are shown.

Influenza Virus PB1 Influences Virion HA Content

May 2013 Volume 87 Number 10 jvi.asm.org 5583

http://jvi.asm.org


the formation of infectious progeny virions (29). This contrasts
with our observations with the model vaccine seed viruses, where
the increased polymerase activity of the RNP of PR8(Ud-HA,NA)
compared to that of PR8(Ud-HA,NA, PB1) did result in greater
growth of the PR8(Ud-HA,NA) virus, but this was not due to
greater viral RNA or HA production in cells. Instead, the increased
HA/NP ratio in vaccine seed viruses incorporating seasonal PB1
and the greater amount of HA protein in cells infected with these
viruses imply a direct link between the PB1 gene and/or protein
and the amount of HA protein produced. In the absence of any
difference in cellular vRNA and mRNA, the mechanism for al-
tered amounts of HA protein is likely to act posttranscriptionally,
altering viral protein translation.

Upon influenza virus infection, the cellular translation initiation
factor eIF4E, which recognizes the cap of mRNA, may become de-
phosphorylated and so host-cellular cap-dependent translation is in-
hibited (33–36). Nevertheless, translation of the capped viral mRNA
still occurs independently of eIF4E (37), and recently, it has been
shown that the viral polymerase complex can act as a substitute for
eIF4E (25). These observations enable us to understand a potential
mechanism by which PB1 plays a role in modulating the translation
of viral mRNA. It is known that sequences present within the 5= un-
translated region (UTR) of influenza viral genes are responsible for
directing the selective translation of viral mRNA over the host cell
mRNA (38) and, also, that the first 12 nucleotides, common to all
viral 5= UTRs, are known to bind the PB1 component of the influenza
virus polymerase complex (39). Hence, the ability of the PB1 to bind
this sequence and sequences downstream has the potential to affect
translation. We propose here that it is the PB1 subunit that is critical
for the ability of the viral polymerase to function as a substitute for
eIF4E, because differences in HAU per particle were not observed in
viruses with hybrid polymerases containing a heterologous PB2 or PA
subunit. We further propose that binding of the hybrid polymerase to
viral gene segment-specific nucleotide sequences downstream from
the conserved 5= UTR accounts for the selective modulation of HA
translation relative to the translation of M1 and NP that we observed.

In summary, these results demonstrate that the inclusion of the
seasonal PB1 gene in candidate vaccine seed strains, shown here for
the H3N2 subtype, can alter the phenotypic characteristics of viral
growth and HA content. Our findings indicate that the inclusion of
the seasonal PB1 gene results in a decrease in viral replication but an
increase in the density of HA in the virion. Our data suggest that the
PB1 gene can directly modulate the relative translation of viral
mRNAs, and further studies are aimed at understanding the mecha-
nism controlling this. Our study also raises the question of why more-
poorly growing viruses can, in some circumstances, dominate the
viral progeny after classical reassortment.
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