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ABSTRACT To study the influenza virus determinants of pathogenicity, we charac-
terized two highly pathogenic avian H5N1 influenza viruses isolated in Vietnam in
2012 (A/duck/Vietnam/QT1480/2012 [QT1480]) and 2013 (A/duck/Vietnam/QT1728/
2013 [QT1728]) and found that the activity of their polymerase complexes differed
significantly, even though both viruses were highly pathogenic in mice. Further
studies revealed that the PA-S343A/E347D (PA with the S-to-A change at position
343 and the E-to-D change at position 347) mutations reduced viral polymerase ac-
tivity and mouse virulence when tested in the genetic background of QT1728 virus.
In contrast, the PA-343S/347E mutations increased the polymerase activity of QT1480
and the virulence of a low-pathogenic H5N1 influenza virus. The PA-343S residue
(which alone increased viral polymerase activity and mouse virulence significantly
relative to viral replication complexes encoding PA-343A) is frequently found in
H5N1 influenza viruses of several subclades; infection with a virus possessing this
amino acid may pose an increased risk to humans.

IMPORTANCE H5N1 influenza viruses cause severe infections in humans with a case
fatality rate that exceeds 50%. The factors that determine the high virulence of
these viruses in humans are not fully understood. Here, we identified two amino
acid changes in the viral polymerase PA protein that affect the activity of the viral
polymerase complex and virulence in mice. Infection with viruses possessing these
amino acid changes may pose an increased risk to humans.
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Highly pathogenic avian H5N1 influenza viruses are now enzootic in poultry pop-
ulations in several Asian and Middle Eastern countries, with occasional outbreaks

being reported in Africa and Europe. Human contact with infected birds likely caused
most of the 859 reported human infections with these viruses since 2003, which have
resulted in 453 deaths as of 25 July 2017 (http://www.who.int/influenza/human_animal
_interface/2017_07_25_tableH5N1.pdf?ua�1). In Vietnam, highly pathogenic avian
H5N1 influenza viruses were first detected in 2001 and have caused numerous out-
breaks in poultry (1–10). In 2004 to 2005, 90 human infections with these viruses were
reported in Vietnam, resulting in 39 deaths (http://www.who.int/influenza/human
_animal_interface/2017_07_25_tableH5N1.pdf?ua�1). The number of human H5N1
cases has declined considerably in Vietnam in recent years; in fact, no human infections
with H5N1 influenza viruses have been reported there since 2014. Nonetheless, the
circulation of H5N1 viruses in poultry in Vietnam poses a continuing risk to humans.

Influenza virulence and pathogenicity are determined by several viral proteins, most
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prominently the hemagglutinin (HA) protein, which is essential for virus binding to
cellular receptors and fusion of the viral envelope with the endosomal membrane of
the cell. In addition, the components of the viral polymerase complex, that is, the
polymerase proteins PB2, PB1, and PA, affect influenza pathogenicity (11–39). The PB2
protein, which binds to the cap structure of cellular mRNAs and recruits them for the
initiation of viral replication, contains several residues that are associated with the
pathogenicity of H5N1 influenza viruses in mammals, including PB2-627K (PB2 with K
at position 627) (21–23), PB2-701N (PB2 with N at position 701) (11, 12), PB2-591R/K
(PB2 with R or K at position 591) (13, 15, 19), PB2-271A (PB2 with A at position 271) (18,
19), PB2-158G (PB2 with G at position 158) (20), and PB2-147T/339T/588T (PB2 with T
at positions 147, 339, and 588) (24). The viral RNA-dependent RNA polymerase PB1 also
encodes amino acids that affect the polymerase activity and/or transmissibility of H5N1
influenza viruses in mammals, including PB1-207R (PB1 with R at position 207) (25) and
PB1-99Y/368V (PB1 with Y at position 99 and V at position 368) (26).

The third subunit of the influenza virus polymerase complex, PA, encodes an
endonuclease that cleaves the cap structure and subsequent nucleotides from cellular
mRNA to generate primers for influenza viral transcription (reviewed in reference 40).
As for PB1 and PB2, several studies have identified amino acid positions in PA (including
PA-44, PA-101, PA-127, PA-185, PA-224, PA-237, PA-241, PA-343, PA-347, PA-353, PA-
383, and PA-573) that affected replication and/or virulence (27–38, 41–44).

Previously, we conducted surveillance activities in Vietnam and isolated several
H5N1 viruses. Here, we characterized two of these viruses, isolated in 2012 and 2013,
that displayed similar virulence in mice but differed significantly in their viral polymer-
ase activities. This phenotypic difference was traced to two amino acids in the viral PA
protein that have not previously been identified as markers of H5 virulence.

RESULTS
Virulence of H5N1 viruses in BALB/c mice. Previously, we collected tissue samples

and/or swabs from apparently healthy, sick, or dead chickens, ducks, and wild birds in
Vietnam from 2008 to 2013. From these surveillance studies, we isolated 53 H5N1
influenza viruses belonging to clades 1.1.2, 2.3.2.1a, 2.3.2.1c, and 2.3.4.1 (all of these
viruses possess multiple basic amino acids at their HA cleavage site). Twenty-three
viruses representing these clades were tested for their pathogenicity in mice by
intranasally infecting groups of three 6-week-old BALB/c mice (Jackson Laboratory)
with 104 PFU/50 �l of virus. Mortality and body weight were monitored daily for 2
weeks (Fig. 1). Mice infected with viruses of clades 2.3.2.1a, 2.3.2.1c, and 2.3.4.1 lost
body weight rapidly and died or had to be euthanized due to their body weight loss
within 3.0 to 6.7 days of infection, whereas mice infected with viruses of clade 1.1.2
showed comparatively less weight loss and died or had to be euthanized due to their
body weight loss after 7.3 to 9.0 days of infection.

We selected two viruses, A/duck/Vietnam/QT1480/2012 (QT1480) and A/duck/Viet-
nam/QT1728/2013 (QT1728), as representatives of the currently circulating clades
2.3.2.1a and 2.3.2.1c. QT1480 and QT1728 viruses generated by reverse genetics
displayed 50% mouse lethal doses (MLD50s) of 100.7 and 101.5 PFU, respectively (Fig. 2A
to D). We also intranasally inoculated six mice per group with 103 PFU/50 �l of QT1480
and QT1728 viruses. On days 3 and 6 postinfection, three mice per group were
euthanized, and virus titers in different mouse organs were assessed by means of
plaque assays in MDCK cells. Both viruses replicated to high titers in the lungs of
infected animals and spread systemically, resulting in virus replication in the nasal
turbinates, spleen, kidney, and brain on day 3 and/or 6 postinfection (Fig. 2E and F).
Collectively, these results demonstrated the high virulence of QT1480 and QT1728 in
mice.

QT1480 and QT1728 viruses have different polymerase activity in mammalian
cells. Next, we tested the polymerase activity of the QT1480 and QT1728 viral poly-
merase complexes in minireplicon assays in mammalian cells at 37°C and 33°C (i.e., the
temperatures of the lower and upper respiratory tracts of humans). Human 293T cells
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were transfected with plasmids expressing the components of the viral replication
complex (i.e., PB2, PB1, PA, and nucleoprotein [NP]) and with a plasmid directing the
transcription of a virus-like RNA that encodes the reporter protein luciferase. In addi-
tion, cells were transfected with an internal transfection control encoding Renilla
luciferase. Twenty-four hours later, luciferase activity was measured as a surrogate for
the activity of the viral polymerase complex. Although the QT1480 and QT1728 viruses
caused similar virulence in mice, their polymerase activities were markedly different
(Fig. 3A). At 37°C, the QT1728 polymerase activity was 9-fold higher than that of
QT1480; at 33°C, this phenotype was even more pronounced with an 809-fold differ-
ence in polymerase activity between QT1480 and QT1728.

The PA proteins of QT1480 and QT1728 viruses are critical for the differences
in viral polymerase activity in minireplicons in mammalian cells. To identify the
component of the viral polymerase complex responsible for the difference in the
polymerase activity between these two viruses, we tested minireplicons in which
individual or multiple components of the replication complex were exchanged be-
tween QT1480 and QT1728 (Fig. 3A). Introduction of various (but not all) combinations
of the QT1728 polymerase and NP proteins into the QT1480 viral replication complex
increased the QT1480 polymerase activity significantly at 33°C and/or 37°C (Fig. 3A; see
Table S1 in the supplemental material). The greatest increase in polymerase activity was
detected upon introduction of the QT1728 PA protein into the QT1480 replication
complex. Conversely, the QT1728 polymerase activity was reduced by the introduction
of several (but not all) combinations of the QT1480 polymerase and/or NP proteins (Fig.
3A; Table S1). In general, viral minireplicons with the QT1728 PA protein displayed high
polymerase activity, whereas those with the QT1480 PA protein showed low polymer-
ase activity (Fig. 3A). These data demonstrate that the QT1480 and QT1728 PA proteins
are primarily responsible for the low or high polymerase activity of the respective viral
replication complexes.

Two amino acid residues in PA are critical for the differences in the polymerase
activities of QT1480 and QT1728 viruses. The PA proteins of QT1480 and QT1728
differ by 11 amino acids (Table 1). To identify the amino acid residues in the QT1480
and QT1728 PA proteins responsible for the difference in polymerase activity, we tested
mutant QT1428 PA proteins in which single amino acids were replaced with the amino
acid residue encoded by QT1480 at the respective position and vice versa; due to their
close proximity, the residues at positions 343 and 347 were tested together. Several

FIG 1 Virulence of H5N1 influenza viruses in BALB/c mice. Three mice per group were inoculated
intranasally with 104 PFU of the indicated virus and observed daily for 14 days for body weight loss and
lethality. The results shown are mean values � standard deviations (error bars) from three individual
mice.
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amino acid changes significantly increased the viral polymerase activity of QT1480 in
minireplicon assays in 293T cells (Fig. 3B and C; Table S1); among them, the introduc-
tion of the PA-A343S/D347E (PA with the A-to-S change at position 343 and the D-to-E
change at position 347) mutations into the QT1480 polymerase complex had the
greatest effect, increasing the viral polymerase activity by 5-fold at 37°C and 43-fold at
33°C, respectively (Fig. 3B). Conversely, the PA-S343A/E347D mutations caused the
greatest reductions in the polymerase activity of the QT1728 replication complex (Fig.
3C; Table S1).

We then tested the PA-A343S and PA-D347E mutations individually. Both mutations
increased the QT1480 polymerase activity in 293T cells significantly when tested
individually and simultaneously (Fig. 3D; Table S1). Introduction of the reciprocal
mutations (PA-S343A and PA-E347D) into the QT1728 polymerase resulted in small, but
statistically significant, reductions in polymerase activity (Fig. 3E; Table S1). Similar data

FIG 2 Virulence of QT1728 and QT1480 viruses in BALB/c mice. (A to D) Three or four mice per group
were inoculated intranasally with the indicated doses of QT1728 or QT1480 virus and monitored for
survival (A and B) and weight changes (C and D) for 14 days. The results shown are mean values �
standard deviations (error bars) from three or four individual mice. (E and F) To assess virus titers in
mouse organs, six mice per group were inoculated intranasally with 103 PFU of virus. Three mice per
group were euthanized on day 3 and day 6 postinfection, respectively, and lungs, nasal turbinates, brains,
spleens, and kidneys were collected for virus titration in MDCK cells. Each symbol represents the value
for an individual mouse. The data shown are mean values (long horizontal lines) plus standard deviations
(SD) (short horizontal lines).

Zhong et al. Journal of Virology

February 2018 Volume 92 Issue 4 e01557-17 jvi.asm.org 4

http://jvi.asm.org


FIG 3 (Continued)
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FIG 3 Identification of viral genes and amino acids that contribute to the difference in the polymerase
activities of QT1728 and QT1480 viruses. (A) 293T cells were transfected with four protein expression
plasmids for PB2, PB1, NP, and wild-type or mutant PA proteins, with a plasmid for the expression of a
virus-like RNA encoding the firefly luciferase gene, and with a control plasmid encoding Renilla luciferase,
and assayed after a 24-h incubation at 33°C and 37°C. (B and C) Minireplicon assays as described in panel
A were carried out with the indicated mutant QT1480 (B) and QT1728 (C) PA proteins. (D to L)
Minireplicon assays of QT1480, QT1728, and TY31 PA proteins possessing mutations at positions 343
and/or 347 in 293T (D to F), A549 (G to I), and DF-1 (J to L) cells. Data shown are mean values plus
standard deviations for the results of three independent experiments. P values were calculated by
one-way ANOVA, followed by Dunnett’s test (*, P � 0.05; **, P � 0.01). In experiments carried out in
parallel, cells were transfected as described above and processed for Western blot analysis.
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were obtained in human lung adenocarcinoma (A549) cells, although the expression
levels of PA were low at 33°C, and the effect of the amino acid at position 343 was not
statistically significant at 37°C (Fig. 3G and H; Table S1).

To determine whether the effects of the PA-343A/S and PA-347D/E mutations were
specific to mammalian cells, we also performed minireplicon assays in chicken DF-1
cells at 33°C and 37°C and at 39°C and 41°C. The latter two temperatures were chosen
because the body temperature of birds ranges from 38 to 42°C (the body temperature
of an active adult chicken is �41°C, whereas that of a resting adult or young chicken
is slightly lower); at 39°C and 41°C, the expression levels of PA were low (Fig. 3J to L).
Largely, the introduction of PA-A343S/D347E into the replication complex of QT1480
increased the QT1480 polymerase activity, whereas the introduction of PA-S343A/
E347D into the replication complex of QT1728 reduced its polymerase activity, al-
though not all comparisons were statistically significant (Fig. 3J and K; Table S1).

Together, these data demonstrate that the amino acids at positions 343 and 347 of
PA affect the polymerase activity of QT1480 and QT1728 in minireplicon assays in
cultured cells and that this effect is stronger in mammalian cells than in a chicken cell
line.

The amino acids at positions 343 and 347 of PA affect H5N1 virulence in mice.
To determine the significance of PA-343A/S and PA-347D/E to the virulence of QT1428
and QT1728 in mice, mutant viruses possessing the respective amino acid changes
should be generated and tested in mice. However, the introduction of the PA-A343S/
D347E mutations into QT1480 was considered by the U.S. National Institutes of Health
(U.S. NIH) to be a potential “gain-of-function” experiment and was not approved. The
introduction of PA-S343A/E347D mutations into QT1728 was, however, approved
because it was expected to result in a “loss-of-function.”

To test the effects of the PA-A343S/D347E mutations on H5N1 virulence, we used a
surrogate H5N1 influenza virus that has low pathogenicity in mice (A/chicken/Vietnam/
TY31/2005 [TY31]; clade 2.3.2) (34). This virus encodes multiple basic amino acids at its
HA cleavage site but does not cause lethal infection when inoculated into mice at 104

or 105 PFU (34); TY31 possesses the QT1480-like residues PA-343A and PA-347D (Table
1). Due to its low virulence in mice, the U.S. NIH and the University of Wisconsin
Institutional Biosafety Committee granted us permission to generate and characterize
TY31 virus with the PA-A343S and PA-D347E mutations.

First, we tested whether the PA-A343S/D347E mutations affected the polymerase
activity of the TY31 replication complex in minireplicon assays in 293T (Fig. 3F; Table
S1), A549 (Fig. 3I; Table S1), and DF-1 (Fig. 3L; Table S1) cells. In mammalian cells, TY31
minireplicons with the PA-A343S and/or PA-D347E mutations replicated more effi-
ciently than wild-type TY31 minireplicons did, although the increase in replication
efficiency was less pronounced than the increase detected with the QT1480 polymerase
complex. In chicken DF-1 cells, the introduction of the PA-A343S and/or PA-D347E
mutations did not consistently increase the polymerase activity of the TY31 polymerase
complex.

Next, mice were inoculated with wild-type QT1728 and TY31 viruses or with single
and double mutants possessing the respective mutations at positions 343 and/or 347
of PA. Body weight loss and lethality were monitored for 14 days. The amino acid
changes PA-S343A and/or PA-E347D mildly to moderately attenuated QT1728 virus

TABLE 1 Amino acid differences between the PA proteins of QT1728 and QT1480 viruses

Virus Clade

Positions at which the amino acids differ between the PA proteins of
QT1728 and QT1480a

101 237 285 308 323 343 347 532 547 648 711

QT1728 2.3.2.1c N K K V V S E L D S L
QT1480 2.3.2.1a D E M I I A D M N C I
TY31 2.3.2 E E M I V A D L D N L
aTY31 is listed for reference purposes.
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(Fig. 4), with MLD50 values of 101.5 PFU for QT1728, 102.3 PFU for QT1728-PA-S343A,
101.8 PFU for QT1728-E347D, and 102.5 PFU for QT1728-PA-S343A/E347D. The introduc-
tion of PA-D347E into TY31 did not affect mouse virulence (Fig. 5). In contrast, TY31
virus encoding PA-A343S caused body weight loss and lethality in mice infected with
high doses of this virus, and the MLD50 value of TY31-PA-A343S (103.8 PFU) was
considerably higher than that of TY31 (MLD50 � 105.5 PFU). TY31 virus possessing the
PA-A343S/D347E double mutation was even more virulent in mice (MLD50 of 102.8 PFU;
Fig. 5).

Infection of mice with 103 PFU of QT1728 caused systemic infection, with virus
replication in the respiratory tract, spleen, kidney, and brain (Fig. 6A), whereas the
viruses bearing single or double mutations in PA were restricted to the lungs of infected
animals (with the exception of QT1728-S343A/E347D, which was isolated from the nasal
turbinates of one infected mouse) (Fig. 6B to D). After infection of mice with 103 PFU

FIG 4 Effects of mutations in PA at positions 343 and 347 on virulence of QT1728 virus in mice. (A to H)
Three mice per group were inoculated intranasally with the indicated dose of viruses and monitored for
survival (A to D) and weight changes (E to H) for 14 days. The body weight loss data shown in panel A
are identical to those in Fig. 2A; they are presented again for a better comparison of wild-type and
mutant viruses; likewise, the body weight loss data presented in panel E are identical to those in Fig. 2C.
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of TY31, no virus was detected in any of the organs tested on day 3 or 6 after
inoculation (Fig. 6E), consistent with the known low virulence of this virus. The
TY31-PA-D347E mutant was detected in the nasal turbinates of one mouse, but not in
any of the other organs tested (Fig. 6G). The PA-A343S mutation in the TY31 genetic
background resulted in moderate virus titers in the lungs of most infected animals, and
virus was isolated from the nasal turbinates of one mouse (Fig. 6F). TY31 viruses
encoding both mutations in PA (i.e., PA-A343S/D347E) replicated efficiently in the lungs
of infected animals, and virus was isolated from the nasal turbinates of one animal (Fig.
6H). Thus, the PA-A343S and PA-D347E mutations individually increased the mouse
virulence of an H5 virus, although the effect of the PA-A343S mutation was greater than
that of the PA-D347E mutation. The combination of these mutations resulted in a
further increase in the virulence and pathogenicity of TY31 virus.

Prevalence of PA-343A/S and PA-347D/E among influenza viruses. Our data
indicated that the PA-A343S and PA-D347E mutations increase the virulence of H5N1
influenza viruses in mice. Therefore, we assessed the prevalence of these amino acid

FIG 5 Effects of PA mutations at positions 343 and 347 on the virulence of TY31 in mice. (A to H) Three
mice per group were inoculated intranasally with the indicated dose of viruses and monitored for survival
(A to D) and weight changes (E to H) for 14 days.
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residues among influenza A viruses. At position 347, PA-347D (i.e., the “low-virulence type”)
is highly conserved among influenza A viruses (Table 2). At position 343, human H3N2
viruses encode primarily PA-343S (i.e., the “high-virulence type”), whereas human H2N2,
human seasonal H1N1, and currently circulating human H1N1 viruses (which possess a PA
gene of North American avian influenza virus origin) predominantly encode PA-343A (Table
2). Most avian influenza viruses encode PA-343A, but the prevalence of PA-343S has
increased noticeably among H5, H7, H9, and H10 influenza viruses isolated since 2011,
2014, 2013, and 2013, respectively (Table 2). Further inspection of H5 influenza viruses
revealed PA-343S among viruses of clades 1.1.2, 2.3.2.1a, 2.3.2.1b, and 2.3.2.1c (Table 3), all
of which have been isolated in Vietnam. In contrast, PA-343S is not highly prevalent among
viruses of clade 2.3.4.4 (Table 3), which have undergone multiple reassortment events to

FIG 6 Effects of PA mutations at positions 343 and 347 on virus titers in the organs of mice infected with
QT1728 or TY31 virus. (A to H) Six mice per group were inoculated intranasally with 103 PFU of wild-type
or mutant QT1728 (A to D) or TY31 (E to H) viruses. Three mice per group were euthanized on day 3 and
day 6 postinfection, and lungs, nasal turbinates, brains, spleens, and kidneys were collected for virus
titration in MDCK cells. Each symbol represents the value for an individual mouse. Weight change and
virus titer data are presented as mean values with standard deviations. The virus titer data shown in
panel A are identical to those in Fig. 2E; they are presented again to aid in the comparison of the
wild-type and mutant viruses.
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form viruses of the H5N2, H5N3, H5N5, H5N6, and H5N8 subtypes, some of which have
spread to North America and Europe.

DISCUSSION

Here, we report that the PA-A343S/D347E mutations increase the polymerase
activity and virulence of an avian H5N1 influenza virus in mice. Both mutations
contribute to polymerase activity and virulence individually, with the PA-A343S muta-
tion having a greater effect than the PA-D347E mutation. However, the greatest effect

TABLE 2 Prevalence of PA-343A/S and PA-347D/E

Host and subtype
No. of isolates
analyzed

Prevalence (%) of the indicated amino
acid at the following position in PA
protein:

343 347

A S D E

Human isolates
Seasonal H1N1 1,650 20.1a 0.2 99.5 0.06
H1N1pdm 7,578 93.2 0.05 99.9 0.01
H2N2 105 100 0 100 0
H2N2 9,714 7.4 92.6 99.9 0.04

Swine isolates
H1 3,293 95.1 0.9 95.7 3.6
H3 1,577 94.0 2.3 94.9 3.2
Other 88 94.3 1.1 100 0

Equine isolates
H3N8 128 60.1b 0 99.2 0
H7N7 12 58.3 41.7 100 0

Avian isolates
H1 822 99.4 0 100 0
H2 527 99.8 0 100 0
H3 2,140 99.2 0.8 99.95 0
H4 1,962 98.1 0.3 99.8 0
H5c 3,972 89.0 8.4d 99.7 0.2
H6 1,622 94.3 0.7 99.9 0.06
H7e 2,165 96.9 2.9f 99.9 0
H8 170 100 0 100 0
H9 2,164 89.7 9.1g 99.8 0.05
H10 1,099 87.2 12.6h 99.8 0.09
H11 653 99.4 0.3 100 0
H12 231 87.0 1.3 100 0
H13 395 94.7 5.3 100 0
H14 32 100 0 100 0
H15 17 100 0 100 0
H16 229 100 0 100 0

Avian and human H5 3,972 89.0 8.4d 99.7 0.2
Avian H5 3,717 89.0 8.6i 99.7 0.2
Human H5 255 88.6 5.5j 100 0

Avian and human H7N9 616 90.3 9.3 99.8 0
Avian H7N9 518 89.8 10.0 99.8 0
Human H7N9 98 92.9 5.1 100 0

a79.6% of seasonal human H1N1 viruses encode E at this position.
b39.8% of equine H3N8 viruses encode E at this position.
cAvian and human isolates.
dUntil 2010, 0.04%; since 2011, 21.5% (mostly from Vietnam and Cambodia).
eAvian H7 viruses only; for human H7N9 viruses, see below.
fUntil 2013, 0.2%; since 2014, 10.4% (almost all are H7N9 viruses).
gUntil 2012, 1.5%; since 2013, 26.7% (mostly H9N2 viruses from China).
hUntil 2012, 0.3%; since 2013, 40.5%.
iUntil 2010, 0.04%; since 2011, 23.1%.
jUntil 2010, 0%; since 2011, 43.8% (all are H5N1 viruses obtained from Cambodia in 2013).
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on virulence was conferred by the double mutant, suggesting a functional relationship
between the amino acids at positions 343 and 347 of PA.

The amino acids at positions 343 and 347 of PA had been reported to affect
influenza virus replication (34, 41–44), but these studies did not assess the particular
amino acid changes tested here and did not evaluate the combined effect of PA-343/
347 on influenza virus replication and pathogenicity. Previously, we reported that the
PA gene of a human H5N1 influenza virus (A/Vietnam/UT36285/2010) increased the
polymerase activity and mouse virulence of an avian H5N1 influenza virus (A/chicken/
Vietnam/TY31/2005) (34). Further studies identified five amino acid residues in PA,
among them PA-343T, that contributed to the increased replication and virulence of
the reassortant virus (34). Comparative testing of human pandemic H1N1 viruses
revealed an isolate (A/Sichuan/1/2009) that replicated more efficiently in epithelial cells
and caused higher mouse virulence than other human pandemic H1N1 viruses tested
(41). A/Sichuan/1/2009 possessed five unique amino acid changes in four viral proteins,
including PA-A343T, but the authors did not test the individual contributions of these
amino acid changes to the polymerase activity and mouse virulence of A/Sichuan/1/
2009 (41). In another study, serial passage of an H5N6 influenza virus in mice resulted
in a more virulent variant that carried a PA-A343T mutation together with other amino
acid changes in four other viral proteins; however, the significance of these amino acid
changes for increased mouse virulence was not tested (42).

Treanor et al. (43) reported that a PA-D347N mutation suppressed the temperature
sensitivity (ts) and attenuation (att) phenotypes of a reassortant virus possessing the
PB2 gene of the cold-adapted A/Ann Arbor/1/60 virus in the background of human
A/Korea/82 (H3N2) virus, suggesting a functional relationship between PA-347N and
PB2-265S (which confer the ts and att phenotypes). In another study, a PA-D347N
mutation and several other mutations were detected after serial passages of an H9N2
influenza virus in mice, but these amino acid changes were not tested individually (44).
Nevertheless, collectively, these studies demonstrate a role for the amino acids at
positions 343 and 347 of PA in influenza virus replication and virulence.

Our analysis of influenza virus sequences revealed that PA-347E is very rare among
influenza A viruses (Table 2). PA-343S is commonly found in human H3N2 influenza
viruses, but not human H2N2, human seasonal H1N1, or human pandemic 2009 H1N1
influenza viruses (in which the PA gene is derived from a North American avian
influenza virus). Among avian influenza viruses, PA-343S was not commonly found until
2010, but its prevalence has increased appreciably in certain subtypes in recent years
(Table 2). These subtypes include H5, H7, and H9, which occasionally infect humans and
play an important role in influenza virus ecology because viruses of these subtypes are
enzootic in poultry populations where they have the opportunity to reassort frequently.
A detailed assessment of major H5 virus subclades revealed PA-343S in viruses of clades
1.1.2, 2.3.2.1a, 2.3.2.1b, and 2.3.2.1c (Table 3), which circulate in Vietnam and have

TABLE 3 Prevalence of PA-343A/S and PA-347D/E in selected subclades of H5 viruses

Clade
No. of
sequences

Amino acid(s) (no. of isolates with the respective
amino acid) at the following position in PA protein:

343 347

1.1 60 A (60) D (60)
1.1.1 10 A (10) D (10)
1.1.2 90 A (57), S (33) D (90)
2.1.3.2 87 A (87) D (87)
2.2.1 48 A (48) D (48)
2.2.1.1 28 A (28) D (28)
2.2.1.2 40 A (40) D (40)
2.3.2.1 40 A (40) D (40)
2.3.2.1a 217 A (181), S (36) D (216), N (1)
2.3.2.1b 28 A (21), S (7) D (28)
2.3.2.1c 407 A (136), S (260), T (11) D (398), N (2), E (7)
2.3.4.4 524 A (515), E (1), S (5), V (3) D (523), N (1)
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undergone reassortment; this may explain the broader prevalence of PA-343S in H5
viruses in Vietnam. In fact, viruses of clade 2.3.2.1c (the currently dominant subclade of
H5 viruses in Vietnam) encode predominantly PA-343S.

Currently, the mechanisms through which the amino acids at positions 343 and 347
of PA affect virus replication and pathogenicity are not understood. These positions are
located in the so-called PA-C domain of the polymerase complex (Fig. 7) (45) but are
not part of the two phosphoserine-5 binding sites (45, 46), which are essential for the
interaction of PA with the cellular RNA polymerase II C-terminal domain. The amino
acids at positions 343 and 347 of PA are located at the edge of an �-helix and are
exposed to the surface; interestingly, amino acid 336 of PA, which affects the viral
polymerase activity and pathogenicity of recombinant influenza viruses (28), is located
on the same �-helix as residues 343 and 347. Therefore, we speculate that these
residues interact with host factors and that it is the intensity of these interactions that
affects the viral polymerase activity.

In conclusion, we identified two novel virulence markers in the influenza H5N1 virus
PA protein, (i.e., PA-343S and PA-347E) that together significantly increase influenza
virus polymerase activity and virulence in mice. The detection of these amino acids in
H5 influenza viruses may signal an increased risk for severe infection in mammals.

MATERIALS AND METHODS
Cells. All cell lines used in this study were purchased from the American Type Culture Collection

(ATCC). Madin-Darby canine kidney (MDCK) cells were maintained in minimal essential medium (MEM)
containing 5% newborn calf serum, essential amino acids, vitamins, and antibiotics. Human embryonic
kidney (293T) cells, human lung adenocarcinoma (A549) cells, and chicken fibroblast (DF-1) cells were
maintained in Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum and antibiotics. All cells
were incubated at 37°C with 5% CO2, unless otherwise noted.

Viruses. A/duck/Vietnam/QT1480/2012 (QT1480) (H5N1) and A/duck/Vietnam/QT1728/2013
(QT1728) (H5N1) viruses were isolated from avian species in Vietnam and regenerated by reverse
genetics as described by Neumann et al. (47). A/chicken/Vietnam/TY31/2005 (TY31) (H5N1) has been
described previously (34). Mutant variants of QT1480, QT1728, and TY31 viruses were generated by using
reverse genetics. All viruses were amplified in 9- to 11-day-old embryonated chicken eggs and se-
quenced before their experimental characterization.

Mouse experiments. Six-week-old female BALB/c mice (Jackson Laboratory, Bar Harbor, ME) were
anesthetized with isofluorane and inoculated intranasally with the indicated doses of H5N1 viruses in a
volume of 50 �l. Body weight and mortality were monitored daily for 2 weeks. Infected mice that lost
more than 25% of their initial weight were euthanized humanely. The dose lethal to 50% of infected mice
(MLD50) was calculated by the method of Reed and Muench.

To assess virus replication in the organs of infected mice, groups of six animals were anesthetized and
infected intranasally with the indicated dose of virus. On days 3 and 6 postinfection, three mice per group
were euthanized humanely, and organs (lungs, brains, nasal turbinates, spleens, and kidneys) were
collected for virus titration in MDCK cells. The animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee at the University of Wisconsin—Madison before the start
of the experiments.

Minireplicon assay. To determine the relative polymerase activities of H5N1 viruses, the PB1, PB2,
NP, and wild-type and mutant PA genes were inserted into the pCAGGS/BsmBI protein expression vector.
All constructs were sequenced to ensure the absence of unwanted mutations.

FIG 7 Localization of amino acids PA-343 and PA-347 on the three-dimensional (3D) structure of influenza A
polymerase (PDB 4WSB). The PB2, PB1, and PA subunits are shown in gray, green, and blue, respectively.
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Human 293T and A549 cells and avian DF-1 cells were transfected with four protein expression
plasmids for PB2, PB1, NP, and wild-type or mutant PA proteins, with a plasmid for the expression of a
virus-like RNA encoding the firefly luciferase gene under the control of the human (for 293T and A549
cells) or avian (for DF-1 cells) RNA polymerase I promoter and with a control plasmid encoding Renilla
luciferase by using TransIT-LT1 (Mirus, Madison, WI, USA) for 293T cells, xfect (Clontech, Mountain View,
CA, USA) for A549 cells, or Lipofectamine 3000 (Thermo Fisher, Waltham, MA, USA) for DF-1 cells. Cells
were incubated for 24 h at 33°C and 37°C for 293T cells, for 48 h at 33°C and 37°C for A549 cells and for
48 h at 33°C, 37°C, 39°C, and 41°C for DF-1 cells. The cells were then lysed, and the relative luciferase
activity was measured by using a dual-luciferase reporter assay kit (Promega, Madison, WI, USA). Data
shown are the mean values with standard deviations for the results of three independent experiments.

Western blot assay. Cells were lysed with passive lysis buffer (Promega, Madison, WI, USA). Total
protein was quantified by using the BCA assay (Thermo Fisher, Waltham, MA, USA), mixed with Laemmli
sample buffer (Bio-Rad, Hercules, CA, USA), and heated at 95°C for 5 min. Samples were run on NuPAG
4%–12% Bis-Tris protein gels (Thermo Fisher, Waltham, MA, USA), and proteins were transferred onto
iBlot 2 transfer stacks polyvinylidene difluoride (PVDF) membrane by using the iBlot 2 dry transfer system
(Thermo Fisher, Waltham, MA, USA). The membranes were blocked with 5% nonfat milk powder (Bio-Rad,
Hercules, CA, USA) in Tris-buffered saline containing 0.1% Tween 20 (TBS-T) for 1 h at room temperature.
For primary antibodies, we used mouse anti-PB2 monoclonal antibody 18/1 (48), mouse anti-PB1
monoclonal antibody 136/1, mouse anti-PA monoclonal antibody 65/4 (49) (all of which were gifts from
H. Kida, Hokkaido University, Sapporo, Japan), rabbit anti-NP antibody (catalog no. PA5-32242; Thermo
Fisher, Waltham, MA, USA), and mouse anti-�-actin antibody (ab8224; Abcam, Cambridge, MA, USA). The
primary antibodies were incubated overnight at 4°C, followed by incubation with the horseradish
peroxidase (HRP)-conjugated secondary antibodies (i.e., HRP-conjugated goat anti-mouse [catalog no.
G-21040] and anti-rabbit [catalog no. G-21234] [both catalog numbers for Thermo Fisher, Waltham, MA,
USA]. Reactions were visualized with SuperSignal West Dura extended-duration substrate (Thermo Fisher,
Waltham, MA, USA). Western blot images were acquired by using the FluorChem HD2 system (Protein-
Simple, San Jose, CA, USA).

Statistical analysis. The minireplicon data were analyzed by using the R statistical package (www
.r-project.org) and the Multcomp package (50). We performed the one-way analysis of variance (ANOVA)
test, followed by Dunnett’s posthoc test to compare each mutant group to the wild-type viruses. P values
less than 0.05 were considered significant (*, P � 0.05; **, P � 0.01).

Biosafety. This study was assessed and approved by the U.S. NIH and the University of Wisconsin
Institutional Biosafety Committee prior to the start of the experiments. All experiments with infectious
H5N1 influenza viruses were performed in a biosafety level 3 (BSL3) containment laboratory.

Accession number(s). The sequences of these viruses have been deposited in GenBank under the
following accession numbers: KX513118, KX513212, KX513283, KX513287, KX513316, KX513336,
KX513361, and KX644102 for QT1728 and KX513120, KX513186, KX513203, KX513215, KX513235,
KX513262, KX513308, and KX644123 for QT1480.

SUPPLEMENTAL MATERIAL
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