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ABSTRACT Reporter viruses provide a powerful tool to study infection, yet incorporat-
ing a nonessential gene often results in virus attenuation and genetic instability. Here,
we used directed evolution of a luciferase-expressing pandemic H1N1 (pH1N1) 2009 in-
fluenza A virus in mice to restore replication kinetics and virulence, increase the biolumi-
nescence signal, and maintain reporter gene expression. An unadapted pH1N1 virus
with NanoLuc luciferase inserted into the 5= end of the PA gene segment grew to titers
10-fold less than those of the wild type in MDCK cells and in DBA/2 mice and was less
virulent. For 12 rounds, we propagated DBA/2 lung samples with the highest bio-
luminescence-to-titer ratios. Every three rounds, we compared in vivo replication, weight
loss, mortality, and bioluminescence. Mouse-adapted virus after 9 rounds (MA-9) had the
highest relative bioluminescence signal and had wild-type-like fitness and virulence in
DBA/2 mice. Using reverse genetics, we discovered fitness was restored in virus rPB2-
MA9/PA-D479N by a combination of PA-D479N and PB2-E158G amino acid mutations
and PB2 noncoding mutations C1161T and C1977T. rPB2-MA9/PA-D479N has increased
mRNA transcription, which helps restore wild-type-like phenotypes in DBA/2 and BALB/c
mice. Overall, the results demonstrate that directed evolution that maximizes foreign-
gene expression while maintaining genetic stability is an effective method to restore
wild-type-like in vivo fitness of a reporter virus. Virus rPB2-MA9/PA-D479N is expected to
be a useful tool for noninvasive imaging of pH1N1 influenza virus infection and clear-
ance while analyzing virus-host interactions and developing new therapeutics and vac-
cines.

IMPORTANCE Influenza viruses contribute to 290,000 to 650,000 deaths globally
each year. Infection is studied in mice to learn how the virus causes sickness and to
develop new drugs and vaccines. During experiments, scientists have needed to eu-
thanize groups of mice at different times to measure the amount of infectious virus
in mouse tissues. By inserting a foreign gene that causes infected cells to light up,
scientists could see infection spread in living mice. Unfortunately, adding an extra
gene not needed by the virus slowed it down and made it weaker. Here, we used a
new strategy to restore the fitness and lethality of an influenza reporter virus; we
adapted it to mouse lungs and selected for variants that had the greatest light sig-
nal. The adapted virus can be used to study influenza virus infection, immunology,
and disease in living mice. The strategy can also be used to adapt other viruses.
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Bioluminescence imaging of viral infection provides a powerful tool to investigate
virus-host interactions, yet inserting luciferase into a negative-strand RNA genome

typically attenuates replication and virulence. In vivo infection dynamics have classically
been measured by determining the titer of infectious virus recovered from euthanized
animals or respiratory washes. In contrast, bioluminescence imaging measures in living
animals the expression of luciferase, a marker for the extent of infected cells. Longitu-
dinal measurement of infection reduces the number of animals needed and interanimal
variability, increases the practical number of time points observed, assists long-term
measurement of chronic infection, and enables measurement of both primary infection
and reinfection in the same animal (1, 2). For members of the order Mononegavirales,
reporter genes are often inserted as additional transcriptional units (3). However,
luciferase-expressing Sendai virus and respiratory syncytial virus (RSV) either have been
attenuated in mice due to resultant alterations in reporter gene expression (4, 5) or
have not yet been compared to parental wild-type (WT) strains in vivo (6–8). Influenza
A viruses, from the family Orthomyxoviridae, contain 8 gene segments (9). Luciferase
insertions have been introduced into PB2 (7, 10), PB1 (11, 12), PA (13–16), and NA (17)
genes, in addition to an NS-PB1 rearrangement (18, 19). Influenza reporter viruses must
retain gene-packaging sequences at the termini and need to be relatively small due to
the relatively small size (�0.9 to 2.4 kb) of the gene segments (20). Numerous
luminescent and fluorescent influenza viruses have reduced replication kinetics and
attenuated virulence due to altered gene expression, disrupted splicing, attenuation, or
genetic instability (10, 17–19, 21–28). Thus, strategies to restore reporter virus fitness
are needed to noninvasively study viral spread, clearance, and pathogenesis and to
develop novel antivirals and vaccines.

Expected mechanisms of attenuation can be reduced or eliminated during initial
construction by incorporating a compensatory enhancement. Inserting an additional
transcriptional unit into the Sendai virus genome attenuates replication by decreasing
expression of downstream viral genes and altering the ratio of viral gene expression
(29). Wild-type Sendai virus contains a suboptimal transcription start sequence up-
stream of the fusion (F) gene (30), which can be repaired when inserting the firefly
luciferase gene into the M-F gene junction to yield a bioluminescent Sendai virus with
wild-type-like replication and virulence in mice (4). In an alternative approach, disrup-
tion of Sendai viral gene expression was also avoided by expressing Renilla luciferase
from an internal ribosome entry site (IRES) engineered into the existing nucleocapsid (N)
transcriptional unit (31). In the case of influenza viruses, which have multiple compact
gene segments containing terminal packaging sequences, large insertions are often not
genetically stable (25, 26, 28), and insertions at either end of the coding region can
disrupt virus assembly (32, 33). Limitations on insertion size can be addressed by
selecting a relatively small reporter gene, such as the NanoLuc (Nluc) luciferase gene
(NanoLuc [Nluc]) (15), which is relatively small (19-kDa) and has �150-fold greater light
output than firefly and Renilla luciferases (34). Of course, gene-packaging sequences
need to be added to insertions at the 3= and 5= termini (10, 11, 13-17, 35). Multiple
reporter gene candidates can be created and compared in parallel or in an iterative
manner to counteract attenuation (14, 15). If engineering strategies are unable to
adequately restore reporter viral fitness for in vivo infections, a reporter virus can be
blind adapted by passaging virus recovered from mouse lungs (36).

The goal of the present study was to generate a bioluminescent reporter virus that
was nonattenuated in mice to visualize infection and clearance of the 2009 pandemic
H1N1 (pH1N1) influenza virus, which now circulates seasonally. In general, seasonal
influenza viruses are estimated to contribute to 291,000 to 645,000 deaths worldwide
annually (37). Higher mortality rates are associated with influenza pandemics and less
effective seasonal vaccine formulations (38). We generated the rTN09-PA-Nluc virus
containing a NanoLuc fusion in the 5= end of the PA gene of A/TN/1-560/2009 (H1N1).
This strategy was previously used to generate luciferase reporter viruses in the genetic
backgrounds of A/WSN/33 and A/CA/04/2009 H1N1 strains, A/Vietnam/1203/2004
(H5N1), and A/Anhui/01/2013 (H7N9) (13, 15, 16). In our preliminary studies, rTN09-PA-
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Nluc was attenuated. We subsequently tested the hypothesis that in vivo replication
and virulence of rTN09-PA-Nluc could be restored without compromising reporter gene
expression and stability by using a directed-evolution approach whereby virus samples
are passaged in murine lungs and are selected in each round based on having the
highest ratio of in vivo bioluminescence to infectious viral titer.

RESULTS
Attenuated rTN09-PA-Nluc reporter virus. To generate a recombinant pH1N1

reporter virus that expresses Nluc, we adopted the strategy of Mehle and coworkers (13,
15, 16). In the 3= end of the cDNA (5= end of the viral RNA) of the PA gene segment of
A/TN/1-560/2009 (H1N1), we made synonymous mutations to codons located in the
packaging sequence and appended in tandem a 2A cleavage sequence, the Nluc gene,
and the PA packaging sequence (Fig. 1A). We generated by reverse genetics the
reporter virus rTN09-PA-Nluc using the engineered PA cDNA plasmid and wild-type
cDNA plasmids for the remaining seven gene segments. Compared to wild-type virus
generated by reverse genetics, r.g.-A/TN/1-560/2009 (H1N1), rTN09-PA-Nluc formed
smaller plaques and yielded 10-fold less infectious virus in MDCK cells (Fig. 1B and C).
In groups of DBA/2 mice inoculated intranasally with 750 PFU virus in 30 �l, the wild
type induced a mean maximum weight loss of approximately 21% and a mortality of
60% (Fig. 1D and E). In the rTN09-PA-Nluc group, mean maximal weight loss was
reduced to approximately 7%, and all animals survived infection. In parallel groups,
respiratory tissues were collected 4 days after inoculation and plaque titrated. Viral
loads in mice infected with rTN09-PA-Nluc were approximately 10-fold lower than in
those infected with the wild type (Fig. 1F).

Mouse-adapted reporter viruses. To restore the fitness of rTN09-PA-Nluc, we
passaged lung-harvested virus 12 times in groups of five DBA/2 mice. The inoculated
doses were decreased stepwise as follows: 5,000 PFU during rounds 1 to 3, 1,000 PFU
during rounds 4 to 6, 200 PFU during rounds 7 to 9, and 50 PFU during rounds 10 to

FIG 1 rTN09-PA-Nluc H1N1 influenza virus is attenuated in MDCK cells and mice. (A) Schematic
representation of the PA-Nluc cDNA. The codon swap (cs) region, self-cleaving 2A peptide, NanoLuc
luciferase (Nluc), and packaging sequence (ps) are indicated. (B) Plaque morphologies of WT and
rTN09-PA-Nluc after 2 days of infection in MDCK cells at 37°C. (C) Multistep replication kinetics of WT and
rTN09-PA-Nluc in MDCK cells. MDCK cells were infected at an MOI of 0.001, and culture supernatants
were collected at the indicated times and titrated by plaque assay in MDCK cells. (D and E) Body weight
changes (D) and survival (E) were monitored daily for mice intranasally inoculated with 30 �l PBS
containing 750 PFU of WT or rTN09-PA-Nluc. (F) Nasal turbinates, trachea, and lungs were harvested from
the mice 4 days postinfection (dpi), and virus titers in tissue homogenates were determined by plaque
assay. The reported values are means and standard deviations (n � 5). *, P � 0.05; **, P � 0.01; ***, P �
0.001.
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12. Four days after inoculation, we measured in vivo bioluminescence and harvested
lung tissue for plaque titration. Each round, we propagated virus into three naive mice
from the mouse with the highest bioluminescence-to-titer ratio and into two naive
mice from the mouse with the second-highest ratio. We used this selection criterion to
avoid propagating virus lacking the reporter gene. After 12 passages, we intranasally
inoculated groups of DBA/2 mice with 750 PFU of virus yielded after 3, 6, 9, and 12
rounds of adaptation in mouse lungs. We designated the viruses MA-3, MA-6, MA-9,
and MA-12, respectively. The wild type caused a mean maximum weight loss of
approximately 19% and a mortality of 60%, while MA-3 and MA-6 were attenuated (Fig.
2A and B). MA-9 and MA-12 caused 60% mortality, like the wild type, and induced
similar mean maximal weight loss (approximately 18% and 20%, respectively). Four
days after infection, MA-9 and MA-12 also had lung and tracheal viral loads similar to
those of the wild type (Fig. 2C). The mean nasal viral load for the wild type was
approximately 4.8 log10 units, while those of MA-9 and MA-12 were reduced to
approximately 4.0 log10 units. Consistent with increased replication in DBA/2 mice
compared to unadapted rTN09-PA-Nluc, the mouse-adapted viruses had increased in
vivo bioluminescence values (Fig. 2D). MA-9 had the highest bioluminescence-to-titer
ratio (Fig. 2E) and was selected for further characterization.

MA-9 mutations restoring fitness. We plaque titrated MA-9 lung homogenate and
picked 29 plaques. For each of the 29 virus clones, we amplified one round in MDCK
cells and measured in vitro fitness by plaque titration and plaque size. Virus titers
ranged from 20 to 430,000 PFU (data not shown). We inoculated groups of five DBA-2
mice with the 10 clones having the highest titers in MDCK cells, and we selected the
four clones causing the greatest weight loss (MA9-1, MA9-2, MA9-15, and MA9-22). In
a separate experiment, these four clones caused weight loss similar to that with
wild-type virus and the parental MA-9 (Fig. 3A). The wild type and MA9-2 caused 40%
mortality, MA9-1 and MA9-22 caused 50% mortality, and MA9-15 caused 100% mor-
tality (Fig. 3B). All four clones had lung and tracheal viral loads similar to those of
wild-type virus and the parental MA-9 (Fig. 3C). As with the parental MA-9, the nasal
viral loads of the four clones were approximately 10-fold lower than that of the wild
type. MA9-22 was selected for sequencing and subsequent analyses because it had
weight loss, mortality, and lung titers similar to the wild type and had average in vivo
bioluminescence values similar to those of the parental MA-9 (Fig. 3D). MA9-1 and

FIG 2 Mouse-adapted reporter viruses restore virus replication and virulence in mice. Groups of 5 DBA/2
mice were intranasally inoculated with 30 �l PBS containing 750 PFU of virus. (A and B) Body weight
changes (A) and survival (B) were observed for 14 days in intact mice. (C) Virus tissue titers in nasal
turbinates, trachea, and lungs were measured 4 dpi. (D) Noninvasive bioluminescence intensities in the
lungs were observed for 5 days in intact mice. (E) The bioluminescence/titer ratios at 4 dpi were
calculated for the four mouse-adapted (MA) variants. The reported values are means and standard
deviations (n � 5). *, P � 0.05; **, P � 0.01.
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MA9-2 had lower peak bioluminescence values than MA9-22. MA9-15 caused greater
mortality than the wild type and was not further characterized due to a pause in
gain-of-function research that has since been discontinued.

Sequencing of MA9-22 revealed no mutation in the HA, NA, and NS gene segments.
The NP segment contained two synonymous mutations in its coding region, and the M
and PB1 segments had one synonymous mutation (Table 1). These four synonymous
mutations were not investigated further. Instead, we focused on the PA-Nluc and PB2
genes, each of which contained two synonymous mutations and one amino acid
mutation. All the mutations were outside the gene-packaging sequences (Table 1 and
Fig. 4A and B). PA-Nluc contained a D479N amino acid mutation and synonymous
mutations at nucleotides 1689 and 2127 (Fig. 4A). One of 10 PA-Nluc clones from
MA9-22 also contained an F520Y mutation (Table 1). The F520Y mutation was not
studied further because of its low abundance. PB2 contained an E158G amino acid
mutation and synonymous mutations at nucleotides 1161 and 1977 (Fig. 4B).

We attempted to rescue a variety of viruses containing individual mutations or
combinations of mutations in the PA-Nluc and PB2 genes (Table 2). With respect to the
amino acid mutations, we were unable to rescue rPB2-E158G in 10 attempts but

FIG 3 Mouse-adapted virus MA9-22 has restored fitness in DBA/2J mice. Groups of 5 DBA/2 mice were
intranasally inoculated with 30 �l PBS containing 750 PFU of virus. (A and B) Body weight changes (A)
and survival (B) were observed for 14 days in intact mice. (C) Virus tissue titers in nasal turbinates, trachea,
and lungs were measured 4 dpi. (D) Noninvasive bioluminescence intensities in the lungs were observed
for 4 days in intact mice. The ratio of bioluminescence/titer at 4 d.p.i. was calculated for the four
mouse-adapted (MA) variants. In all panels, the reported values are means � standard deviations (n �
5) and symbols are PBS (white circles), WT (black circles), MA-9 (pink squares), MA9-1 (brown circles),
MA9-2 (yellow triangles), MA9-15 (orange diamonds), and MA9-22 (blue triangles). ***, P � 0.001.

TABLE 1 Nucleotide changes in clone MA9-22

Gene Nucleotide position Mutation

PB2 473 A/G (E158G)
1161 C/T
1977 C/T

PB1 1110 A/G

PA-Nluc 1435 G/A (D479N)
1559 T/A (F520Y)a

1689 A/G
2127 C/A

NP 814 C/T
903 G/A

M 618 T/C
aFound in only 1 clone out of 5.
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recovered rPA-D479N and the double mutant rPB2-E158G/PA-D479N. With respect to
viruses containing synonymous and nonsynonymous mutations, we were unable to
rescue rPA-MA9, a virus containing all three mutations in the PA gene. We were able to
generate rPB2-MA9, which had all three PB2 mutations, and rPB2-MA9/PA-D479N.

To identify mutations contributing to in vivo fitness and pathogenicity, we inocu-
lated groups of DBA/2 mice with 750 PFU or BALB/c mice with 5,000 PFU using the
viruses listed in Table 2. We monitored weight loss, survival, and bioluminescence in
living mice. In parallel groups, we collected respiratory tissues after 4 days of infection
to measure viral loads. Similar to the unadapted reporter virus (rTN09-PA-Nluc), in
DBA/2 mice, rPA-D479N and rPB2-E158G/PA-D479N permitted 100% survival, caused
approximately 10% weight loss or less, and had lung viral loads at least 0.7 log10 units
lower than those of the wild type (Table 2). Thus, the PA mutation D479N did not
restore fitness when present alone or in combination with the PB2 mutation E158G.
rPB2-MA9 had weight loss, mortality, and lung viral loads comparable to those of the
wild type in DBA/2 mice (Fig. 5 and Table 2) but grew to a level approximately 1 log10

unit lower in MDCK cells (Fig. 4C) and approximately 1.5 log10 units lower in DBA/2
nasal and tracheal homogenates (Fig. 5C). Addition of the PA-D479N mutation to

FIG 4 MA9-22 mutations in PA and PB2 genes and their influence on MDCK replication kinetics and
reporter insert stability. (A and B) Nonsynonymous amino acid mutations and synonymous nucleotide
substitutions in MA9-22 PA (A) and PB2 (B) genes. Nucleotide mutations are listed above the genes, and
amino acid mutations are below. (C) Multistep replication kinetics of WT, rPB2-MA9, and rPB2-MA9/PA-
D479N in MDCK cells infected at an MOI of 0.01 PFU/cell. The reported values are means and standard
deviations of the results of 3 independent experiments. *, P � 0.05; ***, P � 0.001. (D) PA-Nluc gene
stability after multiple passages in cell culture (MDCK or A549 cells) and after passage in cell culture
followed by infection in DBA/2 mice. RT-PCR was performed on RNA isolated from WT stock virus, three
viral stocks after passage in MDCK and A549 cells (P5, P10, and P15), and day 4 mouse lung homogenates
of virus previously passaged 5 times in MDCK cells (Mouse, left) or A549 cells (Mouse, right). The PCR
product was analyzed by 0.7% agarose gel electrophoresis using primers that flank the reporter gene. M,
molecular weight DNA ladder.

TABLE 2 Virus properties in DBA/2 mice

Recombinant virus Rescue frequency Survival
Max %
wt lossa

Lung
titerb

WT 2/2 4/10 21.7 � 7.2 5.1 � 0.1
rTN09PANluc 2/2 5/5 6.7 � 3.4 4.1 � 0.3
rPB2-E158G 0/10 NDc ND ND
rPA-D479N 2/2 5/5 8.1 � 4.5 4.4 � 0.3
rPB2-E158G/PA-D479N 1/4 5/5 10.2 � 5.4 4.3 � 0.2
rPB2-MA9 2/2 2/10 23.5 � 8.3 4.8 � 0.1
rPB2-MA9/PA-D479N 2/2 0/10 26.7 � 1.3 5.4 � 0.1
aThe maximum change in the mean value (percentage) � standard deviation observed over a period of 14
days postinoculation.

bLung titer (log10 PFU/ml) was determined 4 days postinoculation.
cND, not determined because virus was not rescued by reverse genetics.
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PB2-MA9 in the virus rPB2-MA9/PA-D479N restored virus replication to wild-type-like
levels in MDCK cells, mouse lungs, and mouse trachea (in DBA/2 and BALB/c strains) but
not in nasal tissue (Fig. 4C and 5C). Compared to the wild type, rPB2-MA9/PA-D479N
caused similar weight loss in BALB/c mice and increased weight loss in DBA/2 mice (Fig.
5A and 6A). In DBA/2 mice, the wild type caused 60% mortality, while rPB2-MA9/PA-
D479N caused 100% mortality (Table 2 and Fig. 5B); 100% of BALB/c mice survived
infection with either the wild type or rPB2-MA9/PA-D479N (data not shown). With
respect to in vivo bioluminescence, MA-9, rPB2-MA9, and rPB2-MA9/PA-D479N had
similarly high levels that exceeded the level of unadapted rTN09-PA-Nluc by approxi-
mately 10-fold (Fig. 5D).

rPB2-MA9/PA-D479N is genetically stable in vitro and in vivo. To assess the
genetic stability of the Nluc reporter gene, we performed two experiments. First, we
performed reverse transcription (RT)-PCR using primers that flanked the engineered
region of the PA-Nluc gene to determine whether the entire gene was retained after
infection in mice or passage in MDCK or A549 cells. The samples studied included
wild-type virus lacking the reporter insertion, rPB2-MA9/PA-D479N passaged between

FIG 5 In vivo replication, bioluminescence, and virulence of rPB2-MA9 and rPB2-MA9/PA-D479N in DBA/2
mice. Groups of 5 DBA/2 mice were intranasally inoculated with 30 �l PBS containing 750 PFU of virus,
and experiments were repeated. (A and B) Body weight changes (A) and survival (B) were observed for
14 days in intact mice. (C) Virus tissue titers in nasal turbinates, trachea, and lungs were measured 4 dpi.
(D) Noninvasive bioluminescence intensities in the lungs were observed for 4 days in intact mice. The
reported values are means and standard deviations. (A and B) The data are cumulative from three
independent experiments (n � 15). (C and D) The data are from two experiments (n � 10). *, P � 0.05;
**, P � 0.01; ***, P � 0.001.

FIG 6 In vivo replication, bioluminescence, and weight loss of rPB2-MA9/PA-D479N in BALB/c mice.
Groups of 5 BALB/c mice were intranasally inoculated with 30 �l PBS containing 5,000 PFU of virus. (A)
Body weight changes were monitored for 14 days. All the animals survived infection. (B) Virus tissue titers
in nasal turbinates, trachea, and lungs were measured 4 dpi. (C) Noninvasive bioluminescence intensities
in the lungs were observed for 4 days in intact mice. The reported values are means and standard
deviations. ***, P � 0.001.
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6 and 16 times in MDCK cells (C6, C11, and C16), rPB2-MA9/PA-D479N recovered in
MDCK cells and then passaged 5 to 15 more times in A549 cells (C1A5, C1A10, and
C1A15), and rPB2-MA9/PA-D479N passaged 6 times in cells and then once in DBA/2
mice (C6M1 and C1A5M1). In each case, the entire reporter gene insertion remained
intact after passage (Fig. 4D). Next, we inoculated groups of five DBA/2 mice with
rPB2-MA9/PA-D479N previously passaged one time in MDCK cells (C1M1), six times in
MDCK cells (C6M1), or one time in MDCK cells and five times in A549 cells (C1A5M1).
Four days after infection, we recovered the lungs, homogenized them, and plaque
titrated the virus in MDCK cells. From each murine lung sample, we picked 9 or 10
plaques, suspended them in phosphate-buffered saline (PBS), and conducted biolumi-
nescence and plaque titration assays in MDCK cells. Overall, we characterized 49
plaques from 5 mice for the C1M1 passage and 50 plaques from 5 mice for the C6M1
and C1A5M1 passages; 100% of the plaques (149/149) retained luminescence activity
(Table 3). Thus, rPB2-MA9/PA-D479N retained its reporter gene activity after passage in
cell culture and after 4 days of infection in mice.

Adaptive mutations compensate for decreased viral RNA (vRNA) and cRNA
yields by increased mRNA production. We first examined the effects of PB2 and PA
mutations on polymerase activity by minigenome assay, which measures the collective
efficiency of virus genome replication and transcription. We transfected 293T cells with
pHW2000 plasmids (39) containing full-length A/TN/1-560/2009 NP, PB1, mutant PB2,
and mutant PA gene segments. We also transfected the reporter plasmid pPolI-358Luc,
which contains the firefly luciferase open reading frame (ORF) and the cRNA promoter
of A/WSN/33 virus NP inserted into the pPolI vector (40). Polymerase activity by
TN09-PA-Nluc (containing unadapted NP, PB1, PB2, and PA-Nluc gene segments) was
73% that of the wild type at 33°C and measured at 81% and 110% that of the wild type
in two independent experiments at 37°C (Fig. 7). In each case, differences between
TN09-PA-Nluc and the wild type were not statistically significant (P � 0.05). The mutant
PB2-E158G and double mutant PB2-E158G/PA-D479N significantly (P � 0.05) decreased
polymerase activity, reaching a level �2/3 that of the wild type at 33°C and �1/2 that
of the wild type at 37°C. The low polymerase activity of these mutants was consistent
with our failure in 10 attempts to rescue rPB2-E158G and the pronounced attenuation
of rPB2-E158G/PA-D479N in DBA/2 mice (Table 2). PB2-MA9 (containing the E158G
mutation, in addition to C1161T and C1977T silent mutations), which enhanced virus
replication and pathogenicity in vivo, was found to significantly increase polymerase
activity in the minigenome assay to 390% and 370% that of the wild type at 33°C and
37°C, respectively (P � 0.001) (Fig. 7). Comparing the seven combinations of mutations
in PB2-MA9 revealed that the silent mutation C1161T was largely responsible for the
increase in polymerase activity (Fig. 7C). On its own or in combination with PB2-MA9,
the PA-D479N mutation contributed to a small increase in polymerase activity at 33°C
but to a decrease at 37°C (Fig. 7A and B).

Next, we infected 293T cells with the wild type, rPB2-MA9, or rPB2-MA9/PA-D479N
and measured the kinetics of vRNA, cRNA, and mRNA production by real-time RT-PCR.
After 3 h of infection, rPB2-MA9 and rPB2-MA9/PA-D479N had vRNA, cRNA, and mRNA
levels similar to those of the wild type (Fig. 8). After 6 h of infection, both rPB2-MA9 and

TABLE 3 Nluc reporter gene stability of rPB2-MA9/PA-D479N after passage

Mouse

Retention of Nluc activity (no. of plaques/total)

C1M1a C6M1b C1A5M1c

1 9/9 10/10 10/10
2 10/10 10/10 10/10
3 10/10 10/10 10/10
4 10/10 10/10 10/10
5 10/10 10/10 10/10
aOne passage in MDCK cells and 4 days of infection in DBA/2 mice.
bSix passages in MDCK cells and 4 days of infection in DBA/2 mice.
cOne passage in MDCK cells, 5 passages in A549 cells, and 4 days of infection in DBA/2 mice.
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rPB2-MA9/D479N had lower levels of replication (vRNA and cRNA production). After 9
and 12 h of infection, rPB2-MA9 had mRNA levels at 150 and 250% those of the wild
type, respectively (P � 0.001). The effect was more pronounced for rPB2-MA9/PA-
D479N, which had elevated mRNA production earlier (130% after 6 h) and a 12-h level
of 510%, significantly higher than those of the wild type and rPB2-MA9 (P � 0.001).
Thus, the mutant virus with the greatest restoration of replicative and virulence
properties in DBA/2 mice also had the greatest increase in mRNA production, despite
having decreased vRNA and cRNA production due to reporter gene insertion in the PA
gene segment. To determine if the noncoding mutations decreased PB2 protein
expression by reducing the stability of PB2 mRNA, we performed Western blot analyses
after 3, 6, 9, or 12 h of infection in 293T cells with WT, rTN09-PA-Nluc, rPB2-MA9/PA-

FIG 7 PB2 and PA mutational effects on viral polymerase activity by minigenome assay. 293T cells were
transfected with plasmids encoding PA, PB1, PB2, and NP, together with pPolI-358Luc and p�-gal.
Wild-type PB1 and NP plasmids from A/TN/1-560/09 were used in each group, while PB2 and PA plasmids
carrying mutants identified in MA9-22 were varied. (A and B) After 24-h incubation at 33°C (A) and 37°C
(B), both luciferase and �-Gal expression levels were measured. �-Gal expression was used to normalize
the data. R.L.U., relative light units. (C) PB2 mutants carrying nonsynonymous and/or synonymous
mutations from MA9-22 were compared at 37°C. The reported values are means and standard deviations
from 3 independent experiments (n � 9). *, P � 0.05; **, P � 0.01; ***, P � 0.001.

FIG 8 Kinetics of vRNA, cRNA, and mRNA production by rPB2-MA9 and rPB2-MA9/PA-D479N. 293T cells
were infected with the wild type, rPB2-MA9, and rPB2-MA9/PA-D479N at an MOI of 3.0 PFU/cell. Total
RNA was isolated at 3, 6, 9, and 12 h postinfection. vRNA (A), cRNA (B), and mRNA (C) were quantified
by real-time RT-PCR using specific primers annealing to the NP gene. The reported values are means and
standard deviations of the results of 3 independent experiments (n � 9) for the WT, rPB2-MA9, and
rPB2-MA9/PA-D479N. ***, P � 0.001. (D) PB2 protein expression quantified by Western blotting. 293T cells
were infected at an MOI of 3 PFU/cell with WT (lanes 1), rTN09-PA-Nluc (lanes 2), rPB2-MA9/PA-D479N
(lanes 3), or rPB2-MA9 (lanes 4) and maintained at 37°C. Cell lysates were harvested at 3, 6, 9, and 12 h
postinfection (hpi) and analyzed by Western blotting. �-Actin was used as a loading control. Densito-
metric values, shown under the 9- and 12-hpi gel, were normalized to the intensity of the WT at 12 hpi.
M, mock-infected cell lysate.
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D479N, or rPB2-MA9 (Fig. 8D). PB2 protein was detectable after 9 h of infection, at
which time the unadapted reporter virus rTN09-PA-Nluc had reduced PB2 expression
compared to the WT and the mouse-adapted viruses had increased PB2 expression.
However, differences in PB2 expression between the viruses after 12 h were minimal.
This suggests PB2 noncoding mutations exert an effect primarily independent of PB2
protein expression.

DISCUSSION

Attenuation of reporter viruses remains an obstacle to noninvasive imaging in
animal models. In this work, wild-type-like lung replication and virulence were restored
to a luciferase-expressing pH1N1 influenza A virus by directed evolution in murine
lungs that maximized the bioluminescence-to-titer ratio during each round of selection.
Unadapted rTN09-PA-Nluc was attenuated approximately 10-fold for replication in vitro
and in vivo, causing substantially less weight loss and mortality in DBA/2 mice.
Mouse-adapted virus after 9 passages (MA-9) had an �10-fold increased biolumines-
cence signal and restored in vivo fitness. Isolation of MA-9 clones and reconstruction of
reverse genetics variants harboring single and multiple mutations revealed that the
adapted reporter virus was enhanced by a combination of PA-D479N and PB2-E158G
amino acid mutations, along with the PB2 noncoding mutation C1161T. Minigenome
and real-time RT-PCR assays showed that these mutations increased mRNA transcrip-
tion. In addition to having enhanced replication, virulence, and bioluminescence in
both DBA/2 and BALB/c mice, rPB2-MA9/PA-D479N was genetically stable for reporter
gene expression after 16 passages in cell culture and after 6 passages in cell culture
followed by 4 days of infection in mice. Overall, these studies demonstrate directed
evolution is an effective approach to restoring reporter virus fitness; they also describe
a pH1N1 virus, rPB2-MA9/PA-D479N, that may be useful in future noninvasive imaging
studies.

Similar to rTN09-PA-Nluc, other unadapted luciferase-expressing influenza reporter
viruses were attenuated (10, 11, 13–15, 17, 35). For example, similarly constructed
viruses containing Nluc insertions in the PA genes of A/WSN/33 (H1N1) and A/Califor-
nia/04/2009 (H1N1) replicated to levels �10-fold lower in vitro at early (�12-h) time
points and �5-fold lower in the lungs of mice (13, 15, 16, 35). Such relatively mild
attenuation by reporter viruses lacking further adaptation should be considered a
bioengineering success, even if they could be further improved by adaptation. Gaussia
and firefly luciferase insertions into the NA, PB2, or PA gene of A/PR/8/34 (H1N1) caused
10- to 100-fold lower replication in vitro and in mice, resulting in 50% mouse lethal dose
(MLD50) values �50-fold higher than those of the corresponding wild-type virus (10, 14,
17). Finally, the replication rate of B/Yamagata/16/1988 in MDCK cells was reduced 5-
to 10-fold; in vivo properties were not reported (11).

The RNA-dependent RNA polymerase of influenza viruses is a nanomachine con-
sisting of PB1, PB2, and PA proteins that have polymerase-catalytic, cap-binding, and
cap endonuclease activities, respectively (41, 42). The PB2 mutation E158G, identified
here and in two previous mouse adaptations of pH1N1 (43, 44), is located near the N
terminus of �-helix 9, which forms a lid over the polymerase channel (41) (Fig. 9). The
lid is thought to function as a gatekeeper that directs primer (cap) entry into the
channel after PA-catalyzed cleavage while simultaneously preventing newly synthe-
sized product from becoming degraded by the PA catalytic domain during its exit from
the polymerase channel in the opposite direction from the template (45). The E158G
mutation may alter gatekeeper efficiency either by shortening �-helix 9 or, more likely,
by removing the negatively charged sidechain, as an E158A mutation also enhances
pathogenicity in mice (43).

Despite enhancing polymerase activity in the context of rPB2-MA9/PA-D479N, a
single E158G mutation in the background of TN09-PA-Nluc decreased polymerase
activity in the minigenome assay, and we were unsuccessful in generating by reverse
genetics in 10 attempts a single PB2-E158G mutation in the background of rTN09-PA-
Nluc. In contrast, a single E158G mutation in the contexts of A/CA/04/2009 and A/New
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York/1682/2009 enhanced polymerase activity in minigenome assays and increased
fitness in mice (43, 44). Thus, the functional consequence of PB2-E158G appears to be
isolate specific. As PB2-E158G enhanced replication in the backgrounds of A/CA/04/
2009 and A/New York/1682/2009 but was deleterious in the background of rTN09-PA-
Nluc, a known mouse-adaptive mutation engineered in the context of one strain may
not always yield a beneficial outcome when introduced into a different strain. Despite
being more laborious, the unbiased approach of serial passage may provide an
advantage over engineering previously identified mutations into reporter viruses in
some cases. While PB2-E158G favors virus replication in mice, the mutation is most
likely unfavored in other species, as only 3 out of 9,746 known H1N1 PB2 sequences
from 2009 to 2017 contain this polymorphism (http://fludb.org). The three isolates are
A/red-winged tinamou/Argentina/MP1/2008 (46), A/swine/Hong Kong/NS2761/2010
(47), and mouse-adapted A/Tomsk/273-MA3/2010 (gi:675440788).

PA residue 479 is located in a short loop connecting �-helix 17 and �-strand 17 in
the C-terminal domain (PA-C) (41, 45). PA479 and its loop are positioned at the
periphery of the rim of the wide channel through which the template strand enters the
complex and the synthesized strand exits, making no apparent protein-protein or
protein-RNA contacts (Fig. 9). It is unknown whether PA-D479N increases polymerase
activity by altering interactions with entering/exiting RNA strands or via interactions
with host cell proteins on a host-specific basis. Only 5 out of 9,390 known H1N1 PA
sequences from 2009 to 2017 contain the D479N polymorphism (gi:558483952,
291094384, 485086210,649789084, and 649788606), and only 11 other mutations of the
highly prevalent aspartic acid residue have been observed.

The synonymous PB2 mutation C1161T increased polymerase activity 2-fold in the
minigenome assay and contributed to enhanced virus replication by rPB2-MA9/PA-
D479N. Among 9,746 H1N1 PB2 nucleotide sequences from 2009 to 2017 (http://fludb
.org) at position 1161, cytosine and thymine represent 71.4% and 28.5% of the
sequences, respectively. With respect to codon usage, AGT and AGC have similar
relative synonymous codon usage (RSCU) values of 1.204 and 1.126, respectively, for

FIG 9 Polymerase structure and locations of mouse-adaptive mutations. Shown are front (A) and back (B) views of the
polymerase complex from A/little yellow-shouldered bat/Guatemala/060/2010 (H17N10) (PDB accession no. 4WSB) (41).
The proteins are identified by maintaining the original color conventions for PA (green), PB2 (orange), and PB1 (cyan). The
PA endonuclease, PB2 cap-binding, PB2 linker, PB2-627, PB2 lid, and PB1 catalytic-site domains are labeled. Residues
PA-D479 (479) and PB2-E158 (158) are the only residues for which sidechains are shown. 5= (magenta) and 3= (yellow) viral
RNAs are also shown. PA-D479 is positioned at the bottom of a rim that funnels up into the polymerase channel. PB2-E158
is located in an �-helical lid that directs newly captured caps down into the PB1 catalytic site and prevents newly
synthesized RNA from being cleaved by the PA endonuclease domain when it exits the top of the polymerase.
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pdmH1N109 viruses (48). Therefore, this substitution is unlikely to be responsible for
increasing RNA polymerase activity due to codon usage. Nucleotide 1161 is distant
from the flanking promoter and packaging sequences. Instead, it is positioned in the
center of the PB2 sequence, which totals 2,280 nucleotides, at the boundary of a
predicted RNA secondary structure consisting of conserved residues 1041 to 1160 (49).
The C1161T mutation is estimated by RNAfold (50) to have a ΔΔG of �1.6 kcal/mol;
thus, it may enhance polymerase activity by stabilizing RNA secondary structure.
Additional studies beyond the scope of this work would be needed to confirm this
possibility or to explore other mechanisms by which nucleotide 1161 enhances poly-
merase activity.

We are unaware of any other luciferase-expressing influenza reporter virus restored
to wild-type levels of replication and virulence in mice. Venus enhanced green fluo-
rescent protein (eGFP) was inserted into the NS gene segments of A/PR/8/1934 (H1N1)
and A/Viet Nam/1203/2004 (H5N1), and the viruses were mouse adapted by blind
passage (22, 36, 51). As in the present study, virulence-enhancing mutations in mouse-
adapted Venus-H5N1 were mapped to the PB2 and PA genes (i.e., residues V25A and
R443K, respectively). PB2 residue 25 is located in a loop between �-helices 2 and 3 in
the N-terminal domain, interacting with the PB1 hydrophobic sidechains M711 and
A712 located in a short loop between PB1 �-helices 32 and 33 (41). Based on structural
considerations, PB2-V25A may enhance viral replication in mice, thereby increasing
virulence, by stabilizing PB1-PB2 interactions (36). PA-R443 is located in the PA-C
domain in the center of �-helix 16, where it interacts with Q545 in PB1 �-helix 22 (41).
Thus, PA-R443K may enhance viral replication and pathogenicity in mice by stabilizing
PA-PB2 interactions (36).

Venus-PR8 was enhanced in mice by PB2-E712D and HA-T380A mutations (51).
PB2-E712 is highly conserved and is located in the nuclear localization signal (NLS)
domain. PB2-E712D may enhance PB2 interactions with importin to increase trafficking
to the nucleus or alter interactions with RIG-I or other cellular factors (51). Venus-PR8
residue HA-T380 (H1 numbering) is in HA2 �-helix A (52). The T380A mutation most
likely destabilizes interactions between helix A and the central coiled coil formed by the
C helices, thereby destabilizing the native hemagglutinin (HA) protein and increasing its
activation pH. This apparently enhances Venus-PR8 replication in MDCK cells, but not
in mice, suggesting HA-T380A may have been a passenger mutation during mouse
adaptation (51).

In the present study, we used a directed-evolution approach that maximized the
bioluminescence-to-titer ratio in an attempt to enhance the bioluminescence signal-
to-noise ratio and avoid loss of the reporter gene while adapting a pH1N1 virus to mice.
The resultant mouse-adapted reporter virus had a 10-fold increase in in vivo biolumi-
nescence and was genetically stable. Numerous other pH1N1 viruses not containing
reporter genes were adapted to mice by blind passage (43, 44, 53–59). Some of the
mutations map to the polymerase complex and were shown to increase polymerase
activity (43, 44, 56–59). Thus, blind adaptation could potentially yield a virus that
maintains its reporter gene and could even have increased reporter gene expression
(36, 51). However, in the 9 studies blind adapting pH1N1 to mice, mutations were
mapped to each of the 8 gene segments. This suggests many avenues exist for
adapting influenza A viruses to mice, not all of which would optimize reporter gene
stability and expression. The results presented here demonstrate the utility of directed
evolution when adapting an influenza reporter virus. Additional studies would be
needed to directly compare the relative merits and drawbacks of directed versus
blinded adaptation.

In summary, we have demonstrated directed evolution as an effective approach to
increase the fitness and bioluminescence of an influenza reporter virus in mice. The
success of this study encourages the application of directed evolution to adapt other
influenza reporter viruses to animal models, such as mice, ferrets, and guinea pigs. Our
mechanistic studies revealed that reporter gene insertion decreased vRNA and cRNA
synthesis, but in the mouse-adapted variant, fitness was restored by increased tran-
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scription due to PB2-E158G and PA-D479N amino acid mutations and PB2 C1161T and
C1977T synonymous mutations. From these studies, we advanced the reporter virus
rPB2-MA9/PA-D479N. This Nluc-expressing virus is nonattenuated in vitro and in
influenza-susceptible (DBA/2) and influenza-resistant (BALB/c) mouse strains, and its
signal emitting from living mice is increased 10-fold compared to unadapted rTN09-
PA-Nluc. Luciferase-expressing reporter viruses have been used to measure infection
levels in living mice (4, 11, 13, 15, 17), the initiation site and extent of respiratory spread
after transmission (13, 60, 61), respiratory spread and clearance in an immunocompro-
mised host (62, 63), protective immunity after primary infection or vaccination (13, 35,
60, 61, 64), mechanisms of attenuation (4, 15), hemagglutinin inhibition (HAI) and
microneutralization (MN) titers (8, 13, 24, 61), monoclonal antibody efficacy (10, 11),
antiviral drug potency (5, 7, 11, 17, 21), and titers of virus stocks (13, 21). Similarly, we
expect rPB2-MA9/PA-D479N to be a valuable tool in studying in vivo pH1N1 replication,
pathogenesis, and virus-host interactions and in characterizing antiviral drugs and
vaccines.

MATERIALS AND METHODS
Ethics statement. All animal studies were conducted following the Guide for the Care and Use of

Laboratory Animals from the National Research Council of the National Academies of the United States
(65). Experiments using mice were approved by the Animal Care and Use Committee of St. Jude
Children’s Research Hospital (protocol number 464). They were performed in compliance with relevant
institutional policies; the Association for the Accreditation of Laboratory Animal Care guidelines; the
National Institutes of Health regulations; and local, state, and federal laws. Animals were anesthetized
with isoflurane and euthanized with CO2.

Cells and plasmids. MDCK (ATCC CCL-34), 293T (ATCC CRL-3216), and A549 (ATCC CCL-185) cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). TransIT-LT1 (Mirus) was used as the transfection reagent for 293T cells. All cells were
incubated at 37°C in 5% CO2 unless otherwise specified. Plasmids for virus rescue containing cDNA of
A/TN/1-560/09 (H1N1) were kindly provided by Richard Webby. Mutations in PB2 and PA were generated
by site-directed mutagenesis using QuikChange (Stratagene, La Jolla, CA). All plasmids and mutants were
sequenced to confirm the identity and the absence of unwanted mutations by the Hartwell Center for
Bioinformatics and Biotechnology at St. Jude Children’s Research Hospital. Sequencing results were
analyzed using CLC Genomics Workbench 8 software (CLC Bio).

Creation of reporter virus cDNA plasmids. Nluc luciferase was cloned into the 5= end of the PA
gene of A/TN/1-560/09 using a previously described strategy (15). In brief, the ORF of the Nluc coding
sequence and a stop codon were fused to the C terminus of the PA gene via an amino acid GSG linker
following an autoproteolytic 2A peptide from foot-and-mouth disease virus (66). The last 50 nucleotides
from the 5= end of the PA ORF and the native 5= untranslated region (UTR) were adjacent after the Nluc
stop codon. In addition, 18 silent mutations were introduced into the wobble position at the 5= end of
the PA ORF to avoid undesired splicing. The PA-Nluc segment was synthesized (Epoch Life Science) and
subcloned into SalI and NaeI sites of the pHW2000 vector (39). To identify mutations in the mouse-
adapted reporter virus MA9-22, RT-PCR was performed to generate cDNA of each gene (primer se-
quences are available upon request). The cDNAs of PB1, PA, HA, NP, M, and NS were cloned into a
pHW2000 vector using the BsmBI site, while the cDNAs of PB2 and NA were cloned into a pHW2000
vector using the BsaI site. Sanger sequencing was performed by the Hartwell Center for Bioinformatics
and Biotechnology at St Jude Children’s Research Hospital.

Virus rescue, plaque titration, and multistep replication. (i) Virus rescue. Reporter virus was
generated by reverse genetics as described previously (39). Briefly, 1 �g of each plasmid was mixed and
incubated with 18 �l TransIT-LT (Mirus) in 1 ml Opti-MEM at room temperature for 20 min. The mixture
was gently removed to 70 to 90% confluent 293T cells in a 6-well plate. After 8 h, the transfection mixture
was replaced with 1.4 ml Opti-MEM plus 0.3% bovine serum albumin (BSA). Twenty-four to 30 h later, 200
�l trypsin was added to the well to reach a final concentration of 0.5 �g/ml. Cells were harvested 46 to
50 h postinfection using scrapers and cocultured with MDCK cells at 50 to 60% confluence. The
successful rescue of virus was confirmed by plaque assay, after which recombinant reporter virus was
amplified in MDCK cells and the sequence was confirmed by RT-PCR and Sanger sequencing. Viral stocks
were split into aliquots and stored at �80°C until needed.

(ii) Plaque titration. MDCK cells were seeded in 6-well plates at a density of 7.5 � 105 24 to 30 h
before loading 10-fold dilutions of virus in 500 �l. The cells were agitated every 15 min during incubation
at 37°C for 1 h. The cells were then washed with PBS and overlaid with 2.5 ml of minimal essential
medium (MEM) containing 0.4% agarose, 0.4% BSA, 0.3% sodium bicarbonate (NaHCO3), 2 mM
L-glutamine, 12.5 mg/ml of penicillin, 4 mg/ml of streptomycin, 1� BME vitamin solution (Sigma), and 2
ng/ml tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK) trypsin. The plates were incubated at 37°C
for 48 h to allow plaque formation. The cells were fixed in 10% formaldehyde for 2 h and visualized by
staining with 0.1% crystal violet.

(iii) Multistep replication. Confluent MDCK cells in T75 flasks were infected with wild-type A/TN/
1-560/2009 or mutants at a multiplicity of infection (MOI) of 0.01 PFU/cell. After 1 h of adsorption at 37°C,
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the inoculum was removed, and the cells were washed three times with PBS. Fresh infection medium was
added, and the infected cells were incubated at 37°C. At different time points postinfection, 0.5 ml of the
supernatants was collected and then centrifuged at 3,000 rpm at 4°C for 10 min. The supernatants were
collected and stored at �80°C, and the virus titer was determined by plaque assay in MDCK cells.

Mouse adaptation. Groups of five 6-week-old female DBA/2 mice (Jackson Laboratories, Bar Harbor,
ME) were used for each round of virus passage. The mice were anesthetized with isoflurane and
intranasally inoculated with various viral stocks. After inoculation, bioluminescent imaging was per-
formed daily for 4 days. On day 4 postinoculation, the mice were euthanized with CO2, and the lungs
were collected in 0.5 ml ice-cold PBS and homogenized. Titers were determined by plaque assay in MDCK
cells. The lung lysate with the highest bioluminescence-to-titer ratio was used to inoculate 3 DBA/2 mice,
and the second-highest one was used to inoculate 2 DBA/2 naive mice. The procedure was repeated for
12 passages. The initial inoculation dose of rTN09-PA-Nluc was 7,500 PFU. Subsequent inoculation doses
were stepwise decreased as follows: 5,000 PFU for MA-1/2/3, 1,000 PFU for MA-4/5/6, 200 PFU for
MA-7/8/9, and 50 PFU for MA-10/11/12. The inoculum volume was always 30 �l.

In vivo virus replication and clinical symptoms. Groups of five 6-week-old female DBA/2 mice were
anesthetized and intranasally inoculated with various viral stocks. Body weight and survival were
monitored daily over a period of 14 days. Mice that lost �25% of their original weight were euthanized.
Bioluminescence imaging was performed daily for 4 days. Nasal turbinates, trachea, and lungs were
harvested on day 4 postinoculation to determine viral titers by plaque assay in MDCK cells. Groups of 5
6-week-old BALB/c female mice were inoculated with 30 �l PBS or 5,000 PFU of the WT, rTN09-PA-Nluc,
or rPB2-MA9/PA-D479N. The mice were evaluated daily for morbidity over 14 days. Separate groups were
used for daily bioluminescence imaging. At day 4 postinfection, nasal turbinates, trachea, and lungs were
harvested so that tissue titers could be measured by plaque assay.

In vivo bioluminescence. For bioluminescence imaging, the hair in the area over the trachea and
lungs was removed 3 days before inoculation. Nano-Glo luciferase substrate (Promega) was diluted 1:20
in cold PBS, and each mouse was retro-orbitally injected with 100 �l of the mixture. Daily injections were
alternated between eyes. Images were acquired after the injection of substrate using a Xenogen IVIS
charge-coupled-device (CCD) camera system (Caliper Life Science). Analyses were performed with Living
Image 4.5 software (Caliper Life Sciences). Regions of interest (ROIs) were manually defined to quantify
bioluminescence signals. All data were expressed as total flux (photons per second). All data in composite
images utilize the same scale.

Reporter gene stability. rPB2-MA9/PA-D479N (C1) was used to infect MDCK and A549 cells at an
MOI of 0.01. At 48 h after infection, the culture medium was harvested and centrifuged at 3,000 rpm at
4°C for 20 min, and 100 �l of the clarified supernatant was used to infect the next passage of MDCK or
A549 cells in T25 flasks. The supernatant was aliquoted and kept at �80°C. The procedures were
repeated 15 times in MDCK (C2 to C16) and A549 (C1A1 to C1A15) cells. TRIzol reagent (Life Technol-
ogies) was used for RNA extraction from cell culture viral stocks C6, C11, C16, C1A5, C1A10, and C1A15.
RT-PCR was performed on RNA isolated from various viral stocks and mouse lung homogenates 4 days
after inoculation of the C1 stock. Two primers specifically targeting the 3= UTR (5=-TATTCGTCTCAGGGA
GCGAAAGCAGGTAC-3=) and 5= UTR (5=-ATATCGTCTCGTATTAGTAGAAACAAGGTACTT-3=) of PA were
used. The PCR products were analyzed by electrophoresis using a 1.0% agarose gel.

To determine the stability of the reporter virus in mice, groups of 5 DBA/2J mice were inoculated with
30 �l containing 50 PFU of rPB2-MA9/PA-D479N passages C1, C6, and C1A5. On day 4 postinoculation,
lungs were harvested and homogenized in 0.5 ml ice-cold PBS to yield C1M1, C6M1, and C1A4M1. Plaque
purification was performed with MDCK cells in 6-well plates. After 48 h, 10 plaques were picked from
each lung homogenate and resuspended in 0.5 ml ice-cold PBS. Two hundred microliters of the
suspension mixture was inoculated into MDCK cells in 12-well plates. The remaining 300 �l was used for
plaque assays in MDCK cells. After 2 days, Nano-Glo substrate (Promega) was added to each well of
12-well plates for bioluminescence imaging using a Xenogen IVIS camera system (Caliper Life Science).
Plaques were also visualized with 0.1% crystal violet.

Minigenome assay. 293T cells at 80 to 90% confluence in 12-well plates were transfected with 0.1
�g pPolI-358Luc (40), 0.1 �g PB1, 0.1 �g PB2, 0.1 �g PA, and 0.2 �g NP plasmids (wild type and mutated).
Plasmid p�-gal, which encodes �-galactosidase (�-Gal), was used as an internal control for the assay. As
a negative control, 293T cells were transfected with the same plasmids but without the NP plasmid. At
24 h posttransfection at 37°C or 33°C, the cells were washed with ice-cold PBS and lysed in 200 ml 1�
passive lysis buffer in each well. They were then covered with foil and rocked at room temperature for
20 min to achieve full lysis. The lysates were centrifuged at 3,000 rpm for 10 min, and 20 �l supernatant
was taken for luciferase and �-galactosidase assays. Firefly luciferase levels of all mutants were deter-
mined by luminometer, standardized against �-Gal levels, and normalized to the level of the WT. Each
experiment was performed in triplicate.

Real-time RT-PCR. Confluent 293T cells were infected with A/Tennessee/1-560/2009 and each
mutant at an MOI of 3 PFU/cell. At 3, 6, 9, and 12 h postinfection, total RNA was isolated from
virus-infected cells using TRIzol reagent (Life Technologies). Real-time RT-PCR was performed using SYBR
green ER qPCR SuperMix on an ABI 7500 real-time PCR system (Applied Biosystems, Foster City, CA). PCR
and cycling parameters were set according to the manufacturer’s recommendations. The cycle param-
eters were 95°C for 2 min and then 40 cycles of 94°C for 15 s for denaturation, 55°C for 30 s for annealing,
and 72°C for 15 s for extension. To distinguish between mRNA, vRNA, and cRNA production by real-time
RT-PCR, we used primers specific for each species as described previously (67, 68). The primers were
NP-vRNAf (5=-GGCCGTCATGGTGGCGAAT-3=), NP-vRNAr (5=-CTCAGAATGAGTGCTGACCGTGCC-3=), NP-
cRNAf (5=-GCTAGCTTCAGCTAGGCATC-3=), NP-cRNAr (5=-CGATCGTGCCTTCCTTTG-3=), NP-mRNAf (5=-CCA
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GATCGTTCGAGTCGT-3=), and NP-mRNAr (5=-CGATCGTGCCTTCCTTTG-3=). GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) was used to normalize viral gene levels with an mGAPDH-f sequence of
5=-ACCACAGTCCATGCCATCA-3= and an mGAPDH-r sequence of 5=-TCCACCACCCTGTTGCTGT-3=. The
RNA expression levels of all the mutants were normalized by the mGAPDH level and compared to that
of the wild type using the ΔΔCT method (69).

Western blotting. 293T cells were infected at an MOI of 3 with WT and recombinant reporter viruses.
Cell lysates were harvested after 3, 6, 9, and 12 h of incubation at 37°C. The cell lysates were resolved by
4 to 12% Bis-Tris gels, and protein bands were transferred to polyvinylidene difluoride (PVDF) mem-
branes by wet electroblotting. The membranes were blocked with 5% (wt/vol) skimmed milk powder in
PBST (PBS containing 0.2% Tween 20) for 2 h at room temperature. Next, the membranes were washed
with PBST and incubated overnight at 4°C with anti-influenza A virus PB2 monoclonal antibody at a
1:2,000 dilution (GenScript; A01464-40). The membranes were extensively washed with PBST and
incubated at room temperature for 1 h with anti-rabbit horseradish peroxidase-conjugated secondary
antibody. Protein expression was normalized using beta-actin (Abcam; ab8224) as a loading control.

Statistical analyses. Virus yields in cell culture, weight changes of mice, virus titers in lungs,
polymerase activities, bioluminescent signals, and RT-PCR were compared by analysis of variance
(ANOVA) with GraphPad Prism5 software. P values of �0.05 were considered statistically significant.

Structural analyses. Structures were visualized using MacPyMOL (PyMOL Molecular Graphics System
v1.5.0.5 enhanced for Mac OS X; Schrödinger, LLC). Protein Data Bank (PDB) accession no. 4WSB (Bat Flu
A) and its coloring conventions were used (45).
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