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Influenza A viruses are human and animal pathogens that cause morbidity and mortality, which range from
mild to severe. The 2009 H1N1 pandemic was caused by the emergence of a reassortant H1N1 subtype
(H1N1pdm) influenza A virus containing gene segments that originally circulated in human, avian, and swine
virus reservoirs. The molecular determinants of replication and pathogenesis of H1N1pdm viruses in humans
and other mammals are poorly understood. Therefore, we set out to elucidate viral determinants critical to the
pathogenesis of this novel reassortant using a mouse model. We found that a glutamate-to-glycine substitution
at residue 158 of the PB2 gene (PB2-E158G) increased the morbidity and mortality of the parental H1N1pdm
virus. Results from mini-genome replication assays in human cells and virus titration in mouse tissues
demonstrated that PB2-E158G is a pathogenic determinant, because it significantly increases viral replication
rates. The virus load in PB2-E158G-infected mouse lungs was 1,300-fold higher than that of the wild-type virus.
Our data also show that PB2-E158G had a much stronger influence on the RNA replication and pathogenesis
of H1N1pdm viruses than PB2-E627K, which is a known pathogenic determinant. Remarkably, PB2-E158G
substitutions also altered the pathotypes of two avian H5 viruses in mice, indicating that this residue impacts
genetically divergent influenza A viruses and suggesting that this region of PB2 could be a new antiviral target.
Collectively, the data presented in this study demonstrate that PB2-E158G is a novel pathogenic determinant
of influenza A viruses in the mouse model. We speculate that PB2-E158G may be important in the adaptation
of avian PB2 genes to other mammals, and BLAST sequence analysis identified a naturally occurring human
H1N1pdm isolate that has this substitution. Therefore, future surveillance efforts should include scrutiny of
this region of PB2 because of its potential impact on pathogenesis.

Influenza A viruses are important human and animal patho-
gens that cause disease that ranges from relatively benign sub-
clinical infections to severe infections that result in very high
mortality. Influenza A viruses have a segmented genome com-
posed of eight negative-sense single-stranded RNA molecules
(vRNAs), and they infect multiple species, including avian,
swine, equine, and canine species; marine mammals; and hu-
mans (33, 43). The segmented RNA genome, interspecies
transmission, and coinfections enable the generation of com-
pletely new reassortant viruses that have pandemic potential.

The pathogenesis of influenza A viruses is a polygenic trait,
and understanding the molecular mechanisms important to
host range and pathogenesis are critical for prevention and treat-
ment of influenza A virus infections. The viral RNA-dependent
RNA polymerase (RDRP), which is a heterotrimer formed by
the PB1, PB2, and PA subunits, is a major determinant of
species specificity, transmission, and pathogenesis. Factors
that increase RDRP activity and virus replication efficiency
in mammals, such as a glutamate-to-lysine substitution at

residue 627 (E627K) or an aspartic acid-to-asparagine sub-
stitution at residue 701 (D701N) in the PB2 subunit, facili-
tate the adaptation of H5N1 and other avian viruses to
mammals and increase transmission and/or pathogenesis in
humans, mice, ferrets, and guinea pigs (3, 5–8, 10, 13, 14,
22–24, 29, 32, 35–38, 45).

The 2009 influenza A virus pandemic was caused by a
novel quadruple-reassortant H1N1 virus (H1N1pdm) containing
gene segments that originally circulated in human, avian, and
swine virus reservoirs. For example, the RDRP gene segments are
derived from human (PB1) and avian (PB2 and PA) lineage
viruses. This novel virus was transmitted efficiently from person to
person and was more pathogenic than the seasonal influenza
viruses in the naïve pediatric population and in experimental
animals (2, 11, 18, 25, 27, 31); however, the molecular mecha-
nisms involved in the transmission and pathogenesis of the
H1N1pdm viruses in humans and other mammals are poorly
understood.

Mice are an excellent small-animal model for the study of
influenza A viruses, and they are particularly useful for iden-
tifying pathogenic determinants of avian, human, and other
mammalian lineage viruses (13, 26–28). To gain a better un-
derstanding of viral determinants critical to the pathogenesis
of this new human pathogen in a mammalian model, we seri-
ally passaged a low-pathogenic, plasmid-derived H1N1pdm vi-
rus in mice. We hypothesized that serial passage would result
in the purifying selection of a variant(s) that was highly patho-
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genic for this host and identify molecular determinants that are
important in the pathogenesis of H1N1pdm viruses in mice
and potentially in humans. We obtained a virus that was highly
pathogenic for mice, and genomic analysis identified a novel
amino acid substitution in the PB2 gene that increased the
pathogenicity of the H1N1pdm virus. Furthermore, when in-
troduced into two unrelated avian H5 viruses with high and low
pathogenicity in chickens, this mutation also substantially in-
creased the mortality resulting from infection by the two vi-
ruses in mice. In vitro and in vivo analyses demonstrated that
this PB2 mutation significantly enhanced RNA polymerase
activity and viral replication.

MATERIALS AND METHODS

Biosafety and animal care. All experiments with infectious virus were per-
formed using procedures and facilities that met or exceeded the requirements set
forth by the U.S. Department of Health and Human Services for propagation of
influenza A viruses or their use in animals. All experiments involving avian H5
influenza A viruses were conducted using enhanced biosafety level 3 practices.
Experiments involving animals were performed in biosafety level 3 or enhanced
biosafety level 3 containment laboratories approved for such use by the Centers
for Disease Control and Prevention and the U.S. Department of Agriculture and
were conducted under approved animal care and use protocols at the Wadsworth
Center, New York State Department of Health (NYSDOH). All experiments
were conducted in compliance with the requirements of federal and state regu-
latory agencies, and animal experiments used husbandry and procedures to limit
discomfort, distress, pain, or injury.

Cell culture. Human embryonic kidney 293T (HEK-293T) cells and mouse
rectum epithelial carcinoma (CMT-93) cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). Madin-Darby canine kidney (MDCK) cells were maintained in Eagle’s
minimum essential medium (EMEM) supplemented with 10% FBS. Human lung
epithelial (Calu-3) cells were maintained in EMEM supplemented with 5% FBS,
1% nonessential amino acids, and 1 mM sodium pyruvate.

MDCK, CMT-93, and Calu-3 cells were obtained from the American Type
Culture Collection, Rockville, MD. HEK-293T cells were kindly provided by
Yoshihiro Kawaoka (University of Wisconsin, Madison, WI).

Serial passage in mice. A recombinant wild-type (WT) pandemic H1N1 in-
fluenza A virus, A/New York/1682/2009 (rNY1682-WT), was created by reverse
genetics using plasmids that corresponded to the consensuses sequence obtained
from a human swab specimen collected in New York State in April 2009 (46).
Five-week-old female BALB/cJ mice (Jackson Laboratory, Bar Harbor, ME)
were separated into microisolator cages to acclimate them to the ABSL3 labo-
ratory for 6 to 14 days prior to the studies. Two 6-week-old female BALB/cJ mice
were anesthetized with isoflurane and inoculated intranasally with 104 50% tissue
culture infective doses (TCID50) of rNY1682-WT in 50 �l of phosphate-buffered
saline (PBS) diluent. Four days postinoculation (p.i.), the lungs were collected
and homogenized, and aliquots were pooled, diluted 1:100, and used to inoculate
two 6- to 8-week-old naïve BALB/cJ mice. This procedure was repeated for 6
passages to obtain NY1682-MAP7. NY1682-MAP7 was propagated in MDCK
cells to obtain working stocks for sequencing and animal studies.

Sequencing of the NY1682-MAP7 virus. Viral RNA was extracted from su-
pernatant containing NY1682-MAP7 and used as a template for genomic am-
plification using multisegment reverse transcription (RT)-PCR (46). The
genomic amplicons were sequenced, and adaptive mutations resulting from serial
passage were identified by comparing the consensus NY1682-MAP7 sequence to
the sequences of the various plasmids used to create the rNY1682 virus.

Generation of recombinant viruses. Mutations were introduced into the
NY1682 PB2 plasmid to generate the two mutant PB2 segments PB2-E158G and
PB2-E627K. The recombinant viruses rNY1682-WT, rNY1682-E158G, and
rNY1682-E627K were generated by cotransfection of eight reverse-genetics plas-
mids containing the double-stranded DNA (dsDNA) representing each gene
segment into HEK-293T/MDCK cocultured monolayers adapted from the
method of Hoffmann et al. (16). Briefly, 0.6 �g of plasmid for each gene segment
was mixed and incubated with 15 �l of Lipofectamine 2000 (Invitrogen, Carls-
bad, CA) at 20°C for 20 min. The Lipofectamine-DNA mixture was transferred
to 90% confluent 293T/MDCK cell monolayers in a 35-mm tissue culture dish
and incubated at 33°C with 5% CO2 for 8 h. The transfection supernatant was
replaced with 3 ml of Opti-Mem I medium (Invitrogen) supplemented with 0.3%

bovine serum albumin (BSA) fraction V (Invitrogen), 3 �g/ml tosylsulfonyl
phenylalanyl chloromethyl ketone (TPCK)-trypsin (Worthington, Lakewood,
NJ), and 1% antibiotic-antimycotic (Invitrogen). Three days posttransfection,
the supernatant was collected and viruses were propagated in MDCK cells at
33°C. Titers of the viruses used in this study were determined by TCID50 in
MDCK cells. The recombinant A/Turkey/Ontario/7732/1966 viruses (rTy/
Ont-WT and rTy/Ont-E158G) and A/Mallard/Wisconsin/944/1982 viruses (rMal/
WI-WT and rMal/WI-E158G) were generated similarly, except that the trans-
fection supernatants were directly injected into 10-day-old embryonated eggs for
virus isolation, and they were subsequently propagated in 10-day-old embryo-
nated eggs to obtain the P1 stock used in this study.

Replication kinetics in vitro. MDCK cell monolayers in 12-well plates were
washed twice with PBS, and then 2 ml of virus growth medium (VGM) was added
to each well. The cells were inoculated at a multiplicity of infection (MOI) of 0.01
TCID50/cell with recombinant NY1682 WT, E158G, and E627K viruses. Super-
natants were collected at 2, 12, 24, 48, and 72 h p.i. Infections of Calu-3 and
CMT-93 cells were performed similarly, except that an MOI of 0.02 TCID50/cell
was used for Calu-3 cells. The VGM used for MDCK and CMT-93 cells was
EMEM supplemented with 0.15% BSA fraction V, 2 �g/ml TPCK-trypsin, and
1% antibiotic-antimycotic, and the VGM used for Calu-3 cells was EMEM
supplemented with 0.3% BSA fraction V, 1 �g/ml TPCK-trypsin, and 1% anti-
biotic-antimycotic.

Mini-genome replication assay. To construct the pPolI-NS-Luc plasmid
(pBZ81A36), primers tailed with the NY1682 NS noncoding terminal sequences
were used to amplify the luciferase gene from the pGL4.33 vector (Promega,
Madison, WI), which contains a destabilized firefly luciferase for improved tem-
poral response. The NS-Luc cDNA was cloned into the recombination-based
influenza virus reverse-genetics plasmid pG26A12 (46) between the RNA poly-
merase I promoter and terminator for expression of vRNA-like negative-sense
luciferase RNA, which can be transcribed into mRNA and replicated (producing
cRNA and vRNA) by viral RDRP. HEK-293T cells in 24-well plates were
cotransfected with 0.2 �g each of pBZ81A36 and plasmids to express the
NY1682 PB2 (PB2-WT, PB2-E158G, or PB2-E627K), PB1, PA, and NP proteins,
and to control for transfection efficiency, 0.02 �g of the Renilla luciferase plasmid
pRL-TK (Promega) was also cotransfected. Eighteen hours posttransfection,
luciferase production was assayed using the dual-luciferase reporter assay system
(Promega) according to the manufacturer’s instructions. Firefly luciferase ex-
pression was normalized to Renilla luciferase expression (relative luciferase ac-
tivity). The PB2-WT luciferase activity was set at 100%, and the activities of
E158G and D627K were determined relative to that of the WT. All results shown
are the averages from triplicate experiments, and the standard deviation was
calculated and is shown.

Mouse studies. To determine morbidity and mortality, groups of 6-week-old
female BALB/cJ mice were anesthetized with isoflurane and inoculated in-
tranasally with the recombinant viruses at the indicated doses in 50 �l of
EMEM diluent or mock inoculated with EMEM to serve as controls. Body
weight was measured daily for 14 days, and clinical observations were re-
corded. Mice that lost more than 25% of their original weight were eutha-
nized for humane reasons.

To determine virus replication in the lungs and nasal airways of infected mice,
6-week-old mice were intranasally inoculated with 103 TCID50 of the indicated
viruses, and three mice in each group were euthanized at 12, 24, 48, and 96 h
postinoculation. Lungs were removed and homogenized using a 5-mm stainless
steel BB in a Tissue Lyser II (Qiagen, Valencia, CA) in 1 ml of virus collection
medium (VCM) (EMEM supplemented with 0.15% BSA fraction V and 1%
antibiotic-antimycotic). Nasal washes were collected by insertion of a 26-gauge
needle into the trachea and washing of the nasal turbinates with 1 ml of VCM,
which was collected from the nostrils. Virus titers in the lungs and nasal washes
were determined by TCID50 assay.

Statistical analysis. Weight loss/morbidity and virus titers in supernatants and
tissues were analyzed using Fisher (F) tests to compare trajectories estimated by
classical least squares from all of the data points (graphs of data and the
estimated curves used for analysis are not shown). For simple comparisons,
Student’s t test was used to examine the significance of differences observed, and
the specific parameters used are indicated in the text.

Nucleotide sequence accession numbers. The consensus sequence of each of
the gene segments was deposited in GenBank as A/New York/WC3-MA7/
2009(H1N1), which we called NY1682-MAP7 to simplify the nomenclature in
this study. The accession numbers of the gene segments are as follows: PB2,
CY054706; PB1, CY054705; PA, CY054704; hemagglutinin (HA), CY054699;
NP, CY054702; NA, CY054701; M, CY054700; and NS, CY054703.

358 ZHOU ET AL. J. VIROL.



RESULTS

Serial passage generated a pandemic H1N1 variant that is
highly pathogenic for mice. A plasmid-derived recombinant
2009 pandemic H1N1 virus A/New York/1682/2009 (rNY1682-
WT) was serially passaged in BALB/cJ mice to create NY1682-
MAP7. The morbidity and mortality resulting from infection
with either rNY1682-WT or NY1682-MAP7 were compared in
vivo. Although rNY1682-WT caused little disease, mice in-
fected with NY1682-MAP7 showed clinical symptoms of dis-
ease, including ruffled fur and hunched posture, and eventually
became reluctant to move by 4 to 5 days p.i. Mice inoculated
with 104 or 105 TCID50 of rNY1682-WT showed a maximum of
7% or 12% weight loss, respectively (Fig. 1A). In contrast,
inoculation with 104 or 105 TCID50 of NY1682-MAP7 caused
weight loss as early as 2 days p.i., and the animals had �25%
weight loss by 5 days p.i. (Fig. 1A). Statistical analysis using F
tests to compare the estimated trajectories of the data for each
group (data not shown) indicated that both rNY1682-WT and
NY1682-MAP7 caused significant weight loss (P � 10�13) and

that NY1682-MAP7 caused significantly greater weight loss
than rNY1682-WT (P � 10�13) when inoculated at the same
dose. Survival curves also clearly showed that NY1682-MAP7
was highly pathogenic for mice, with all of the animals suc-
cumbing to infection by 5 days p.i. (Fig. 1B).

PB2-E158G substitution enhanced the pathogenicity of the
H1N1pdm virus. To determine the potential substitutions re-
sponsible for the increased pathogenicity of NY1682-MAP7,
the consensus sequence of its complete genome was determined.
Sequence analysis identified an adenosine-to-guanosine sub-
stitution at nucleotide position 500 (cDNA sense) in the
avian-derived PB2 gene segment, which results in a glutamate-
to-glycine substitution at residue 158 of the PB2 protein (PB2-
E158G). Since the NY1682-MAP7 virus stock actually exists as
a large population of closely related variants derived from
rNY1682, multiple mutations present in virus subpopulations
could be responsible for the high pathogenicity observed.
Therefore, to determine if the PB2-E158G substitution was
solely responsible for the high pathogenicity of NY1682-
MAP7, we used reverse genetics to create a recombinant virus
that differed from the parental rNY1682-WT virus only at
residue 158 (rNY1682-E158G). We also created a virus con-
taining the E627K substitution in PB2 (rNY1682-E627K) in
order to compare the PB2-E158G substitution with a known
pathogenic determinant important in the adaptation of avian
viruses to humans and other mammals.

To determine the pathotypes of these single-amino-acid
variants, mice were inoculated intranasally with 105 TCID50 of
rNY1682-WT, rNY1682-E158G, or rNY1682-E627K. The
rNY1682-E158G virus caused 25 to 30% weight loss (Fig. 2A),
and all the mice succumbed to infection within 6 days p.i. (Fig.
2B). In contrast, both the rNY1682-WT and rNY1682-E627K
viruses caused moderate weight loss (10 to 12%) (Fig. 2A), and
all mice survived infection (Fig. 2B). F tests of the estimated
trajectories of the raw data (data not shown) indicated that the
weight loss caused by rNY1682-E158G was significantly
greater than that caused by rNY1682-WT (P � 10�13). To
further evaluate the magnitude of the increased pathogenicity
rendered by the PB2-E158G substitution, we intranasally in-
oculated mice with 102, 103, 104, or 105 TCID50 of the
rNY1682-E158G virus. All of the mice infected with rNY1682-
E158G (102 to 105) lost 15 to 25% of their starting weights
(Fig. 3A), and all showed greater morbidity than is typically
observed in mice inoculated with 105 TCID50 of the parental
rNY1682-WT virus (compare Fig. 3A and 1A). Inoculation
with 105 or 104 TCID50 of rNY1682-E158G resulted in 100%
mortality, and a 60% fatality rate was observed in the mice
receiving 103 TCID50 of the virus (Fig. 3B). The 50% mouse
lethal dose (MLD50) of rNY1682-E158G was 6 � 102 TCID50,
which is at least 10,000-fold lower than the MLD50 of the
parental virus rNY1682-WT (�6 � 106 TCID50).

The PB2-E158G virus replicates efficiently in cells derived
from multiple species. To begin to investigate the mechanism
for the increased pathogenicity rendered by the PB2-E158G
change, we examined the multistep replication kinetics of
rNY1682-WT, rNY1682-E158G, and rNY1682-E627K in ca-
nine, human, and murine epithelial cell lines. MDCK cells,
which are optimal substrates for propagation of influenza A
virus, were inoculated at an MOI of 0.01 TCID50/cell, and all
the viruses grew to nearly identical titers (107.5 to 108 TCID50)

FIG. 1. Pathogenicity of the parental H1N1pdm virus (rNY1682-
WT) and the mouse-adapted variant (NY1682-MAP7) in mice. Six-
week-old female BALB/cJ mice (n � 5/group) were inoculated intra-
nasally with 50 �l containing 104 or 105 TCID50 of rNY1682-WT (WT)
or NY1682-MAP7 (MAP7) viruses or mock inoculated (Mock; n � 4).
(A) Morbidity was examined by recording the body weights of inocu-
lated mice daily, and it is represented as a percentage of the weight on
the day of inoculation (day 0). The average of each group is shown, and
the error bars represent the standard deviations from the mean (SD).
*, F tests indicated that MAP7 caused greater weight loss than the WT
(P � 10�13). (B) Mouse mortality after inoculation with 50 �l con-
taining 104 or 105 TCID50 of rNY1682-WT (WT) or NY1682-MAP7
(MAP7) or diluent (Mock).
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at 24 h p.i. (Fig. 4A). Calu-3 cells were used to determine if
PB2-E158G affected replication in a human lung epithelial cell
line. We found that rNY1682-WT and rNY1682-E158G grew
to similar titers, but rNY1682-E627K was moderately attenu-
ated in the Calu-3 cell line (Fig. 4B). A difference between
rNY1682-WT and rNY1682-E158G growth kinetics was seen
when the two viruses were analyzed using CMT-93 cells, which
are mouse rectum epithelial carcinoma cells (Fig. 4C). The
rNY1682-E158G viral titer was more than 10-fold higher than
that of the rNY1682-WT virus at 24 h p.i., and that trend was
maintained throughout the time course (Fig. 4C). Statistical
analysis indicated that the titers of rNY1682-E158G were sig-
nificantly different from those of rNY1682-WT at 24 to 96 h p.i.
(P � 2 � 10�10; F test). The replication kinetics of rNY1682-
E627K was also significantly faster than that of rNY1682-WT
(P � 1 � 10�7; F test) and slower than that of rNY1682-
E158G (Fig. 4C). Overall, the virus containing the PB2-E158G
substitution has the greatest replication advantage over the

virus containing the PB2-WT, and this is most evident at early
times postinfection.

PB2-E158G increases viral RNA polymerase activity to a
greater extent than PB2-E627K in human cells. The different
replication kinetics of the three NY1682-PB2 variants in the
various cell lines led us to use a mini-genome replication assay
to focus our analysis on the influence that PB2-E158G has on
the transcription/replication of vRNAs. HEK-293T cells were
cotransfected with plasmids expressing PB1, PA, NP, and PB2
(WT, E158G, or E627K) and an NS-Luc reporter plasmid that
generates a vRNA-like molecule, which expresses destabilized
firefly luciferase upon transcription by the viral RNA polymer-
ase complex. PB2-E627K is known to enhance RNA polymer-
ase activity in other viruses, and as anticipated, when this
substitution was incorporated into NY1682 (H1N1pdm) PB2,
it had 400% greater activity than PB2-WT (Fig. 5). PB2-E158G
had a very striking increase of 1,500% in the context of the
H1N1pdm RDRP (Fig. 5). Statistical analysis using a two-
tailed t test with unequal variance and the Bonferroni correc-
tion showed that PB2-E158G had significantly greater activity
than either PB2-WT (P � 1.6 � 10�5) or PB2-E627K (P �

FIG. 2. Pathogenicity of rNY1682-WT, rNY1682-E158G, and
rNY1682-E627K viruses in mice. Six-week-old female BALB/cJ
mice (n � 5/group) were inoculated intranasally with 50 �l contain-
ing 105 TCID50 of different recombinant viruses (rNY1682-WT
[WT], rNY1682-E158G [E158G], or rNY1682-E627K [E627K]) or
mock inoculated (Mock). (A) Morbidity was assessed by weight
changes over a 14-day period and is graphed as a percentage of the
animals’ weights on the day of inoculation (day 0). The average body
weight for each group is shown, with error bars representing the SD. *,
an F test indicated that the weight loss caused by rNY1682-E158G was
significantly greater than that caused by rNY1682-WT (P � 10�13).
(B) Mortality associated with infection by the recombinant virus
(rNY1682-WT [WT], rNY1682-E158G [E158G], or rNY1682-E627K
[E627K]) was also examined.

FIG. 3. Determination of the mouse lethal dose of rNY1682-
E158G. Six-week-old female BALB/cJ mice (n � 10/group) were in-
oculated intranasally with 50 �l containing 1 � 102, 1 � 103, 1 � 104,
or 1 � 105 TCID50 of rNY1682-E158G or mock inoculated. (A) Mor-
bidity was assessed by weight changes over a 14-day period, and it is
graphed as a percentage of the weight on the day of inoculation (day
0). The average body weight of each group is shown, with error bars
representing SD. (B) Mortality of the mice was also monitored for 14
days postinoculation.
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4.2 � 10�5). These luciferase-based replication assay results
were also confirmed with an enhanced green fluorescent protein
(EGFP)-mediated mini-genome assay system, in which NS-Luc
was replaced by the NS-EGFP plasmid (data not shown). The
mini-genome replication assays show that the PB2-E158G substi-
tution has a stronger impact on the H1N1pdm viral RNA poly-
merase activity than the PB2-E627K change does in human
cells.

PB2-E158G significantly increases virus replication in mouse
respiratory tissues. Our multistep replication experiments and
the mini-genome replication assays strongly suggested that the
high pathogenicity of rNY1682-E158G resulted from en-
hanced replication of the virus, which is conferred by the PB2-
E158G substitution. To determine if rNY1682-E158G repli-
cates more efficiently than rNY1682-WT and rNY1682-E627K
viruses in vivo, we inoculated mice with 103 TCID50 of each
virus and analyzed virus titers in lungs and nasal washes at various
times postinoculation (Fig. 6). The titer of rNY1682-E158G virus
was 1,300-fold higher than that of the rNY1682-WT virus at 12
and 24 h p.i. and reached very high peak titers (108 TCID50/ml)
by 48 h p.i., whereas the peak titers of rNY1682-WT and
rNY1682-E627K were less than 107 TCID50/ml (Fig. 6A). Sta-
tistical analysis by F tests showed that rNY1682-E158G had
significantly higher lung titers than rNY1682-WT (P � 6 �
10�10), whereas the differences between rNY1682-WT and
rNY1682-E627K were insignificant. The average virus titer in
the nasal wash was approximately 100-fold higher in mice in-
fected with the PB2-E158G variant than in mice infected with
the PB2-WT virus at 24 h p.i. (Fig. 6B), which was statistically
significant (P � 0.005; F test). The high level of replication
achieved in the lungs early after infection that was sustained

FIG. 4. Replication kinetics of rNY1682-WT, rNY1682-E158G,
and rNY1682-E627K in various cell lines. Confluent monolayers of the
various cell lines were inoculated with the rNY1682-WT (WT),
rNY1682-E158G (E158G), and rNY1682-E627K (E627K) viruses.
Culture supernatants were harvested from MDCK cells at 2, 12, 24, 48,
and 72 h p.i. (A) and from human lung epithelial cells (Calu-3) (B) or
mouse rectal epithelial carcinoma cells (CMT-93) (C) at 2, 12, 24, 48,
72, and 96 h p.i. Viral titers were determined by TCID50 assay using
MDCK cells. Averages of triplicate experiments are shown, with error
bars representing SD. *, statistical analysis indicated that the titers of
rNY1682-E158G were significantly greater than those of rNY1682-WT
at 24 to 96 h p.i. (P � 2 � 10�10; F test).

FIG. 5. Viral RNA polymerase activity of PB2-WT, PB2-E158G,
and PB2-E627K in human cells. HEK-293T cells were transfected with
a pPolI-NS-Luc plasmid (pBZ81A36) that expresses negative-sense
virus-like RNA encoding a destabilized firefly luciferase enzyme that
can be transcribed by the viral RDRP. The HEK-293T cells were also
cotransfected with plasmids expressing NY1682 PB1, PA, and NP and
one of the PB2 clones (WT, E158G, or E627K) to generate different
viral RDRPs. Cells were also cotransfected with a Renilla luciferase
expression plasmid to control for transfection efficiency. Eighteen
hours posttransfection, both firefly and Renilla luciferase production
levels were measured, and Renilla expression was used to normalize
the data. The averages of triplicate experiments are shown, with error
bars that represent SD. *, PB2-E158G had significantly greater activity
than either PB2-WT (P � 1.6 � 10�5) or PB2-E627K (P � 4.2 � 10�5)
when analyzed using a t test with unequal variance and Bonferroni’s
correction.
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throughout the course of infection by rNY1682-E158G ex-
plains why the PB2-E158G substitution causes severe mor-
bidity and mortality in mice. We also examined the potential
for virus replication in other tissues, including brain, kidney,
spleen, serum, and intestine. Small amounts of both
rNY1682-WT and rNY1682-E158G were sporadically detected
in the kidney, spleen, serum, and intestine; however, there was
not an obvious difference between the extrarespiratory tro-
pisms of the WT and PB2-E158G viruses (data not shown).

PB2-E158G substantially alters the pathotypes of unrelated
avian H5 viruses. To determine if PB2-E158G is a pathogenic

determinant specifically in the genetic constellation of H1N1pdm
viruses or if this substitution represents an adaptive strategy
that enhances the pathogenesis of unrelated avian viruses in
mice, we created two sets of avian viruses that differ only at
PB2-158. We used plasmid-based reverse genetics to create
wild-type and PB2-E158G variants of a highly pathogenic avian
H5N9 virus, A/Turkey/Ontario/7732/1966 (rTy/Ont) (21), and
a low-pathogenic avian H5N2 virus, A/Mallard/Wisconsin/944/
1982 (rMal/WI). Remarkably, substitution of E158G in the
PB2s of these avian H5 viruses increased the morbidity and
mortality observed in mice (Fig. 7). Although rTy/Ont has a
highly cleavable HA and is highly pathogenic for chickens, it is
normally not lethal to mice. The rTy/Ont-WT virus caused a
maximum of �10% weight loss, and it was not lethal to the
mice (Fig. 7A and B). In contrast, infection by rTy/Ont-E158G
caused �25% weight loss and 100% mortality by 5 days p.i.
(Fig. 7A and B). The increase in pathogenicity caused by the
PB2-E158G substitution was more remarkable in the context
of the normally low-pathogenic rMal/WI viruses. Mice infected
by rMal/WI-WT did not lose weight, and 100% survived infec-
tion (Fig. 7C and D). On the other hand, infection with rMal/
WI-E158G caused �25% weight loss and 100% mortality by 6
days p.i. (Fig. 7C and D).

DISCUSSION

Zoonosis and subsequent human-to-human transmission of
influenza A viruses requires the emerging virus to overcome a
variety of species-specific barriers to infection, and amino acid
substitutions in the viral RDRP are one of the major adaptive
mechanisms that avian viruses exploit for efficient replication,
transmission, and pathogenesis in mammals. Although the
avian (PB2 and PA)/human (PB1) RDRP of H1N1pdm viruses
previously acquired amino acid substitutions that enhance its
replication in mammals (e.g., PB2-G590S/Q591R) (30, 44)
during its evolution as part of the swine triple-reassortant virus
polymerase complex, additional evolutionary changes will un-
doubtedly be acquired as the virus adapts to humans.

Using mice as a model for the mammalian adaptation of the
H1N1pdm virus, we showed that a highly pathogenic variant
evolved from a plasmid-derived parental stock after limited
serial passage. Additionally, we proved that a single amino acid
substitution (PB2-E158G) identified in the consensus sequence of
NY1682-MAP7 was the virulence determinant responsible for
the increased pathogenicity observed. The PB2 gene binds host
capped mRNAs, targeting them for cleavage by the PA sub-
unit, and it is an important pathogenic determinant; however,
amino acid substitutions critical to the pathogenesis of avian
PB2s in mammals often map to the carboxy-terminal region of
the protein (e.g., E627K and D701N). Therefore, PB2-E158G
represents a unique amino acid change in the amino-terminal
region of the protein that had not been described previously.
Comparison of the pathotypes of rNY1682 viruses containing
PB2-WT, PB2-E627K, and PB2-E158G demonstrated that the
PB2-E158G substitution has a much greater impact on mor-
bidity and mortality than the PB2-E627K change in the context
of H1N1pdm viruses. Although we were initially surprised that
rNY1682-E627K did not have enhanced pathogenicity, our
data are consistent with three other PB2-E627K studies using
different strains of the H1N1pdm virus (15, 19, 47). Intrigu-

FIG. 6. Analysis of viral replication efficiency in the respiratory
tracts of mice. Six-week-old female BALB/cJ mice (n � 3/group/time
point) were inoculated intranasally with 50 �l containing 103 TCID50
of rNY1682-WT (WT), rNY1682-E158G (E158G), or rNY1682-
E627K (E627K). Animals were euthanized at 12, 24, 48, and 96 h p.i.
An entire lung of each animal was homogenized in 1 ml of medium and
clarified by centrifugation, and nasal washes were collected from each
mouse in 1 ml of medium. Viral titers of the clarified lung homoge-
nates (A) and nasal washes (B) were determined by TCID50 assay
using MDCK cells. The average of each group is shown, with error bars
representing the SD. *, rNY1682-E158G had significantly higher lung
titers than rNY1682-WT at all of the time points (P � 6 � 10�10; F
test). **, rNY1682-E158G had significantly higher titers than
rNY1682-WT in the nasal wash at 24 h p.i. (P � 0.005; F test). The
dotted line (1.5 log10 units) indicates the lower limit of detection of
infectious virus.
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ingly, mouse adaptation of two H1N1pdm clinical isolates (A/
CA/04/09 and A/TN/1-560/09) identified PB2-E158G/A, along
with eight other amino acid changes in PA (L295P), NP (D101G
and H289Y), and HA (K119N, G155E, S183P, R221K, and
D222G), as putative pathogenic determinants that were iden-
tified in lethal plaque-picked variants selected after nine serial
passages in BALB/c mice (17). Although Ilyushina et al. did
not use reverse genetics to define the roles that the individual
amino acid changes played in vivo (17), the data that they
presented and the data from our study independently demon-
strate that PB2 residue 158 is an important determinant in the
pathogenesis of the pandemic H1N1 virus in the mouse model.

To investigate the mechanism(s) responsible for the in-
creased pathogenicity rendered by PB2-E158G, we compared
this change with PB2-WT and PB2-E627K using assays for
viral RDRP activity and virus replication in vitro and in vivo.
We were not surprised that all of the viruses grew to similar
titers in MDCK cells, which is one of the best cell lines for the
propagation of influenza A viruses. We also observed similar
replication kinetics between rNY1682-WT and rNY1682-
E158G in human lung epithelial (Calu-3) cells, which indicates
that the PB2-E158G substitution does not have a negative
impact on replication in human lung cells (Fig. 4B). In con-
trast, the rNY1682-E627K virus showed subtle attenuation in
these cells, which is consistent with a recent study using the
A549 human lung epithelial cell line (19). The attenuation of
rNY1682-E627K in Calu-3 cells is likely due to the fact that the

H1N1pdm viruses have an arginine substitution at position
591, which compensates for the glutamate typically in position
627, and these two residues interact in the three-dimensional
structure of this domain of the PB2 protein (30, 44). We used
a mouse rectum epithelial cell line (CMT-93) to further
investigate the effects that PB2-E158G and PB2-E627K have
on virus replication, and these data clearly demonstrated
that PB2-E158G enhances virus replication (Fig. 4C). No-
tably, rNY1682-E627K also grew better than the wild-type
virus in CMT-93 cells, although its replication kinetics were
delayed compared to those of rNY1682-E158G. PB2-E627K is
not regarded as a mouse-specific adaptive mutation because it
also enhances replication of avian influenza A viruses in fer-
rets, pigs, and humans, as well as in a wide variety of mamma-
lian cell lines (14, 38). Thus, the high level of virus replication
observed for rNY1682-E158G and rNY1682-E627K in
CMT-93 cells may not be related to the fact that CMT-93 cells
are derived from mice. We speculate that PB2-E158G may
enhance replication in cells of many mammalian species and
that its influence is evident under stringent conditions, such as
in CMT-93 cells or in respiratory epithelial cells in vivo.

We subsequently focused specifically on the function of the
viral RDRP using a luciferase-based mini-genome assay to
better understand why the PB2-E158G change led to enhanced
production of infectious virus particles. Although the RDRPs
containing PB2-E627K and PB2-E158G both showed higher
luciferase expression, PB2-E158G had an impressive 15-fold

FIG. 7. PB2-E158G radically alters the pathotypes of avian H5 viruses in mice. Six-week-old female BALB/cJ mice (n � 5/group) were
intranasally inoculated with 50 �l of the recombinant avian H5 viruses created by reverse genetics. (A and B) Mice were inoculated with 5 � 105

TCID50 of either rA/Ty/Ont/7732/66-wild type (rTy/Ont-WT) or rA/Ty/Ont/7732/66-E158G (rTy/Ont-E158G) virus or mock inoculated (Mock).
(A) Morbidity was assessed by weight changes over a 10-day period and is graphed as a percentage of the animals’ weights on the day of inoculation
(day 0). (B) Mortality associated with infection by the recombinant A/Ty/Ont/7732/66 (H5N9) viruses was also examined. (C and D) Mice were
inoculated with 1 � 105 TCID50 of rA/Mal/WI/944/82-WT (rMal/WI-WT) or rA/Mal/WI/944/82-E158G (rMal/WI-E158G) or mock inoculated
(Mock). The morbidity (C) and mortality (D) of mice infected with the recombinant Mal/WI (H5N2) viruses were recorded daily for 10 days. The
average weight loss of each group (A and C) is shown, with error bars representing the SD.
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increase, which indicates that this change substantially en-
hances RDRP activity in human cells (Fig. 5). The increased
RNA polymerase activity of PB2-E158G mutants in the mini-
genome replication assay correlates strongly with the fact that
mice infected with rNY1682-E158G had 1,300-fold-higher lung
titers than mice infected with the wild-type virus. The titers of
rNY1682-E158G in nasal washes from infected mice also
showed the same trend, which suggests that PB2-E158G may
also enhance transmission between hosts, because high-level
replication in the upper respiratory tract is likely to increase
transmission. In contrast, the titers of rNY1682-E627K and the
wild type were nearly identical in lungs and nasal washes from
infected mice. These results directly correlate with the patho-
type of each of the PB2 mutants and demonstrate that PB2-
E158G is a virulence determinant in mice because it drastically
enhances early viral replication in this mammalian host. The
viral titers and associated mortality we observed for the
rNY1682-E158G virus are reminiscent of studies conducted
with the highly pathogenic 1918 pandemic H1N1 virus (1, 9,
41), and the RDRP of the 1918 virus is central to its high
pathogenicity (42). Remarkably, PB2-E158G substitutions in
the natural gene constellations of two avian H5 viruses also
increased their morbidity and mortality in mice. The results of
the avian H5 virus studies powerfully demonstrate that PB2-
E158G has far-reaching impacts on the pathogenicity of diver-
gent influenza A viruses isolated from different hosts over the
last 43 years (i.e., turkeys in 1966, ducks in 1984, and humans
in 2009) in the mouse model. Collectively, our data show that
this region of the PB2 protein is an important virulence factor
in the adaptation of avian PB2 genes in mice and potentially in
other mammals.

The majority of studies on mutations in PB2 that enhance
replication of avian viruses in mammalian systems are focused
on residues close to the carboxy terminus (e.g., E627K, D701N,
and G590S/Q591R), which are believed to either facilitate
interaction with a host stimulatory factor or prevent interaction
with a host inhibitory factor. However, enhanced mini-genome
replication in human cells was recently observed when threo-
nine 271, commonly found in avian viruses, was changed to the
alanine conserved in mammalian PB2 genes (4), which indi-
cates that residues in other regions of the protein also play
critical roles in replication. The H1N1pdm viruses already have
alanine 271, so E158G represents an additional adaptive mu-
tation that enhances H1N1pdm RDRP activity in human cells.
Although high-resolution crystal structures are available for
the central and carboxy-terminal domains of PB2 (12, 20, 39,
40), there is no structural information available around residue
158. Studies using PB2 deletion mutants implicate this region
of the molecule in interaction with the viral NP, and interac-
tions with specific host factors, such as those involved in rec-
ognition of host capped mRNAs, have not been identified (34).
Amino acid sequence analysis of this region predicts that res-
idue 158 is in a hydrophilic loop that is likely to be exposed on
the surface of the PB2 protein. The residues near position 158
are highly conserved in PB2; however, sequence database
searches identified a human H1N1pdm virus isolated in New
Zealand (A/Auckland/1/2009) and four avian influenza viruses
that have the PB2-E158G mutation. Detailed information
about the human H1N1pdm PB2-158G mutant and the case
history are not available, so we do not know the disease sever-

ity associated with this infection. Nonetheless, our data indi-
cate that future molecular epidemiological surveillance of this
region of PB2 is warranted. Since the PB2-E158G virus repli-
cates efficiently in human lung epithelial cells and the RDRP
activity of this PB2 substitution is enhanced in human kidney
cells, we speculate that PB2-E158G may enhance replication in
many mammalian species in addition to mice. However, addi-
tional studies on the influence of the PB2-E158G substitution
in other animal models, such as ferrets or primates, are needed
to determine if this mutation enhances pathogenicity in these
models and if it is likely to impact virulence in humans.
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