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During their circulation in nature, HSN1 avian influenza viruses (AIVs) have acquired the ability to kill their
natural hosts, wild birds and ducks. The genetic determinants for this increased virulence are largely unknown.
In this study, we compared two genetically similar HSN1 AIVs, A/duck/Hubei/49/05 (DK/49) and A/goose/
Hubei/65/05 (GS/65), that are lethal for chickens but differ in their virulence levels in ducks. To explore the
genetic basis for this difference in virulence, we generated a series of reassortants and mutants of these two
viruses. The virulence of the reassortant bearing the PA gene from DK/49 in the GS/65 background increased
10°-fold relative to that of the GS/65 virus. Substitution of two amino acids, S224P and N383D, in PA
contributed to the highly virulent phenotype. The amino acid 224P in PA increased the replication of the virus
in duck embryo fibroblasts, and the amino acid 383D in PA increased the polymerase activity in duck embryo
fibroblasts and delayed the accumulation of the PA and PB1 polymerase subunits in the nucleus of virus-
infected cells. Our results provide strong evidence that the polymerase PA subunit is a virulence factor for

H5N1 AIVs in ducks.

Influenza A viruses are classified into different subtypes on
the basis of the antigenicity of their surface proteins hemag-
glutinin (HA) and neuraminidase (NA). To date, 16 different
HA subtypes and nine different NA subtypes have been iden-
tified in viruses isolated from wild birds, which are regarded as
the natural hosts of influenza A viruses. Of the numerous
potential subtypes of viruses, only a few have adapted to and
circulate among humans (HIN1, H2N2, and H3N2), pigs
(HIN1 and H3N2), and domestic poultry (HON2, H5, and H7).
The viruses typically acquire critical changes in their genomes
that allow them to adapt to or severely damage their host.
Identification of these genetic changes will improve our under-
standing of the determinants of virulence and aid in the devel-
opment of counter measures.

Several determinants of avian influenza virus (AIV) viru-
lence have been identified (6, 13, 14, 17, 20, 21, 24, 35, 36, 44).
The multiple-basic-amino-acid motif in the cleavage site of the
HA gene is required for the systemic replication and lethal
infection of the HS and H7 subtypes of influenza viruses in
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chickens (18) and mice (13). Fan et al. (6) reported that mu-
tations in the M1 protein contribute to the virulence of H5SN1
influenza viruses in mice. Certain amino acids or regions of the
NSI1 protein play a key role in the ability of H5N1 influenza
viruses to undermine the antiviral immune response of the host
cell and are critical for the pathogenicity of HSN1 influenza
viruses in mice (17, 34, 40).

The polymerase proteins also play important roles in the
pathogenicity of AIVs in different species. The amino acid
lysine at position 627 of PB2 is a principal determinant of the
high virulence of the 1997 Hong Kong H5N1 influenza viruses
(3, 13). The amino acid at position 701 in PB2 plays a crucial
role in the ability of H5N1 viruses of duck origin to replicate
and be lethal in mice (20). This amino acid also contributes to
the increased lethality of an H7N7 AIV in a mouse model (10),
while both of these PB2 amino acids contribute to the trans-
mission of the H5N1 influenza viruses in guinea pigs (12, 37).
PB2 residue 271 plays a role in the enhanced polymerase
activity of influenza A viruses in mammalian host cells (1).
Lastly, the importance of the amino acid at position 591 of PB2
for efficient replication of the pandemic HIN1 viruses in hu-
mans has recently been reported (25, 41). The PB2 and PB1
polymerase subunits contribute to the high virulence of the
human HSNI1 influenza virus isolate A/Vietnam/1203/04 in
mice and ferrets (32). Recently, it was reported that differences
in viral transcription and replication levels between mamma-
lian and avian cells are determinants of both host specificity
and pathogenicity of an H7N7 virus (9).
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Ducks play an important role in AIV ecology. They can be
infected by many AIVs, including HSN1 viruses, but generally
they do not show any signs of disease or die when infected (39).
Therefore, AIVs could circulate silently in this host, allowing
them to be transmitted to susceptible animals (4, 42). How-
ever, since 2003, several AIV outbreaks in ducks caused by
HS5N1 viruses have been documented in Southeast Asia (Office
International des Epizooties [OIE]; http://www.oie.int). Some
of the strains responsible for these outbreaks are lethal to
ducks in the laboratory setting (16, 38, 43). Although the vir-
ulence factors of H5N1 influenza viruses in chickens and mice
have been studied extensively, the molecular determinants of
HS5N1 pathogenicity in ducks are still poorly understood.

In this study, we characterized two H5N1 avian influenza
viruses, A/duck/Hubei/49/05 (DK/49) and A/goose/Hubei/
65/05 (GS/65), which were isolated in the Hubei province of
China during the H5N1 avian influenza outbreak at the end of
2005 (2, 19). These two viruses are both highly pathogenic in
chickens but differ in their virulence levels in ducks. Here, we
examined the molecular basis for the increased virulence of
HS5N1 influenza viruses in ducks and explored the possible
underlying mechanisms.

MATERIALS AND METHODS

Facility. Studies with highly pathogenic H5N1 avian influenza viruses were
conducted in a biosecurity level 3+ laboratory approved by the Chinese Ministry
of Agriculture. All animal studies were approved by the Review Board of Harbin
Veterinary Research Institute, Chinese Academy of Agricultural Sciences.

Cells and viruses. 293T cells and duck embryo fibroblasts (DEFs) were grown
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum plus antibiotics. The cells were incubated at 37°C in 5% CO,. Two
viruses, A/duck/Hubei/49/05 (DK/49) and A/goose/Hubei/65/05 (GS/65), were
isolated from a duck and a goose, respectively, during the avian influenza out-
break in 2005 in China (2). Virus stocks of the AIVs were propagated in 10-day-
old specific pathogen-free (SPF) embryonated chicken eggs and stored at —70°C
until use.

Construction of plasmids. An eight-plasmid reverse genetics system was used
to generate the reassortant viruses. As described previously (20), we inserted the
full-length cDNA derived from the DK/49 and GS/65 viruses into the bidirec-
tional transcription vector pBD (20), which could generate viral RNA and
mRNA simultaneously driven by the human poll and cytomegalovirus (CMV)
promoters. The sequences of primers used for virus rescue are available upon
request. The protein expression plasmids for the polymerase subunits and NP of
influenza, DK/49 (P;,-49PA, P;,-49PB1, P;,-49PB2, and P;;-49NP), and
GS/65 (P5,-65PA, P5,-65PB1, P5-65PB2, and P;;-65NP) were generated by
inserting their cDNAs between the Nhel and NotI restriction enzyme sites of the
pcDNA3.1+ plasmid (Invitrogen). To construct the reporter plasmid, paviPol-
Luc, the open reading frame of the luciferase gene flanked by the 5" and 3’
noncoding regions of the NP gene of the DK/49 virus was inserted into a pPol I
plasmid containing the 250-nucleotide sequence of the avian polymerase I pro-
moter (DQ112354) (33). Mutations were introduced by site-directed mutagen-
esis with the QuikChange mutagenesis kit (Stratagene) according to the manu-
facturer’s protocol and confirmed by sequencing. The primer sequences are
available upon request.

Generation of reverse genetic viruses. 293T cells were transfected with 0.6 g
of each of eight plasmids mixed with 10 wl Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. After 48 h, the supernatant was
harvested and injected into embryonated eggs for virus propagation. The rescued
viruses were detected by use of a hemagglutination assay, and RNA was ex-
tracted and analyzed by reverse transcription-PCR (RT-PCR). Each viral seg-
ment was sequenced to confirm the identity of the reassortant viruses.

Chicken experiments. To determine the pathogenicity of the viruses, the
intravenous pathogenicity index (IVPI) was determined according to the recom-
mendations of the Office International des Epizooties (OIE) (22). Groups of 10
6-week-old SPF White Leghorn chickens housed in isolator cages were inocu-
lated intravenously (i.v.) with 0.2 ml of a 1:10 dilution of bacterium-free allantoic
fluid containing virus, and signs of disease or death were monitored for 10 days.
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Duck experiments. Groups of 8 6-week-old SPF Shaoxin ducks (a local breed
obtained from the Harbin Veterinary Research Institute, Chinese Academy of
Agricultural Sciences) were inoculated intranasally (i.n.) with 10° 50% egg in-
fectious doses (EIDs;) of H5N1 influenza viruses in a volume of 100 pl. On day
3 postinoculation (p.i.), three birds in each group were euthanized, and the lungs,
kidneys, pancreas, and brains were collected for virus titration. Oropharyngeal
and cloacal swabs were also collected on day 3 p.i. from all birds for detection of
virus shedding. The remaining five ducks in each group were observed for signs
of disease or death for 14 days. To determine the 50% duck lethal dose (DLDs)
of virus, groups of five ducks were inoculated i.n. with 100 wl of 10-fold serial
dilutions containing viruses between 10? and 10® EIDs,. The DLD5, was calcu-
lated by the method of Reed and Muench (30).

Sequence analysis. The plasmids used for virus rescue and the rescued viruses
themselves were fully sequenced to confirm the absence of unwanted mutations.
Viral RNA was extracted from allantoic fluid and was reverse transcribed. A set
of fragment-specific primers (primer sequences available on request) was used
for PCR amplification and sequence analysis. The sequence data for the two
viruses used in these studies have been reported previously (19); their accession
numbers in GenBank are HM172449, HM172450, HM172360, HM172358,
HM172311, HM172312, HM172071, HM172070, HM172215, HM172216,
HM172116, HM172118, HM172119, HM172117, HM172262, and HM172263.

Viral replication in DEFs. Virus was inoculated into DEF monolayers at a
multiplicity of infection (MOI) of 0.001. The cells were supplemented with MEM
containing 0.5% bovine serum albumin and incubated at 37°C. Virus-containing
culture supernatant was collected at various time points (hours postinfection
[hpi]) and titrated in eggs. The growth data shown are the average results of
three independent experiments.

Luciferase assay of polymerase activity. DEFs were transfected with paviPoll-
T-Luc together with the pTK-RL (Promega) and pcDNA3.1+ plasmid con-
structs expressing the polymerase PB2, PB1, PA, and NP genes (0.5 g each) plus
Lipofectamine 2000 (Invitrogen) as recommended by the manufacturer. pTK-RL
is an internal control plasmid to normalize transfection efficiency that encodes
the Renilla luciferase protein. After 6 h, the medium was replaced with DMEM
(10% fetal calf serum). Cell extracts were harvested 30 h posttransfection, and
luciferase activity was assayed by using the luciferase assay system (Promega).
The assay was standardized against the Renilla luciferase activity. All experi-
ments were performed in triplicate.

Immunofluorescence. DEFs were grown on glass-bottom dishes and infected
at an MOI of 2, with the indicated virus. At the indicated time points postinfec-
tion, the cells were fixed with PBS containing 4% paraformaldehyde for 20 min
and permeabilized with PBS containing 0.5% Triton X-100 for 30 min. After
being blocked with 5% bovine serum albumin (BSA) in PBS, the cells were
incubated with rabbit antisera against PA, PB2, goat antisera against PB1 (Santa
Cruz), or monoclonal antibody against NP (Santa Cruz) at room temperature for
2 h. The cells were then washed three times with PBS and incubated for 1 h with
fluorescein isothiocyanate (FITC)-coupled donkey anti-rabbit (for PA and PB2),
rhodamine-coupled donkey anti-goat (for PB1), or goat anti-mouse (for NP)
secondary antibodies (Santa Cruz). After incubation with secondary antibodies,
the cells were washed three times with PBS and incubated with 4’,6-diamidino-
2-phenylindole (DAPI) for 10 min. Cells were observed with a laser scanning
confocal microscope (Leica). Localization of proteins in the nucleus was deter-
mined by counting the cells (n = 100) infected with the test viruses. The results
shown represent three independent experiments.

RESULTS

Characterization of the H5N1 AIVs DK/49 and GS/65. Two
HS5N1 AlIVs, DK/49 and GS/65, were isolated from the Hubei
province of southern China in 2005 during the H5NI1 avian
influenza outbreak (19). The pathogenicity analysis of these
two viruses in chickens (following the recommendation by the
Office International des Epizooties [27]) revealed that both
viruses killed all 10 chickens within 24 h and yielded an IVPI of
3 (with 3.0 being the most pathogenic and 0 being the least
pathogenic).

Since DK/49 also caused 100% mortality of infected ducks in
a small farm during an outbreak in 2005, we tested the viru-
lence of both DK/49 and GS/65 in ducks. Groups of eight
ducks were intranasally inoculated with 10° EIDs, of the vi-
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TABLE 1. Replication of H5SN1 influenza viruses in ducks”
Virus shedding on day 3 p.i.

(logyo EIDs¢/ml) Virus replication on day 3 p.i. (log;y EIDsy/g) No. of
Virus Pharynx Cloaca de:zlt\l/ﬁgt%)tal

. . d <

Titers No. shedding/ Titers” No. shedding/ Lung Kidney Pancreas Brain [days])

total total

DK/49 33*+0.8 8/8 25=*05 7/8 6.0 =0.7 6.4 0.3 6.8 £ 1.6 7.6 0.3 5/5(3.4)
GS/65 2.0 *0.4¢ 8/8 1.1 =04 4/8 6.3 *=0.5 5307 48*+13 25+0.7¢ 0/5 (NA)

R-DK/49 39=*0.6 8/8 29x1.2 8/8 72=*0.7 6.5*0.3 6.4 = 1.1 7.6 0.2 5/5(3.0)
R-GS/65 3.1 £0.4° 8/8 1.2+049 5/8 6.8 £0.5 53 £0.3° 52+1.0 2.5 +0.9¢ 0/5 (NA)

“ Six-week-old SPF ducks (eight/group) were inoculated intranasally with 10° EIDs, of each virus in a 100-p.l volume. On day 3, three birds in each group were
euthanized, and virus was titrated in samples of lung, kidney, pancreas, and brain in eggs. Pharyngeal and cloacal swabs collected from all birds on day 3 were tested
for virus shedding in eggs. The remaining five birds were observed for disease and deaths for 2 weeks. Data are means *+ standard deviations.

® Titers were calculated from the birds that shed virus.

¢ P value was <0.05 compared with the titers in the corresponding organs of DK/49- or R-DK/49-inoculated ducks.
@ P value was <0.01 compared with the titers in the corresponding organs of DK/49- or R-DK/49-inoculated ducks.

¢ MDT, mean death time; NA, not applicable.

ruses, and swabs from the pharynx and cloaca were collected
on day 3 p.i. for detection of virus shedding. Three birds in
each group were euthanized to test for virus replication in
organs, and the remaining five birds were observed for 2 weeks.
As shown in Table 1, virus was detected in the pharynxes of all
eight birds in both virus-inoculated groups and in the cloacae
of seven and four birds that were inoculated with the DK/49
and GS/65, respectively. Both viruses caused a systemic infec-
tion, and high titers of virus were detected in the lungs, kid-
neys, and pancreas of all inoculated ducks. However, the titer
in the brain of ducks inoculated with the DK/49 virus was
significantly higher than that in the brain of birds inoculated
with the GS/65 virus (Table 1). The DK/49-inoculated ducks
showed severe neurological signs and died within 4 days of
infection, whereas the GS/65 virus-inoculated ducks appeared
healthy and survived the 2-week observation period (Table 1).

To further compare the virulence of these two viruses in
ducks, we determined their DLDy,. We inoculated groups of
five ducks with 10-fold serial dilutions containing 10* to 10°
EIDs, of DK/49 or 10° to 10® EIDs, of GS/65. As shown in Fig.
1, the DK/49 virus killed all of the ducks, even at doses as low
as 10° EIDs, (Fig. 1A), whereas GS/65 did not kill any ducks,
even at the highest dose of 10® EIDs, (Fig. 1B). Therefore, the
two viruses differed markedly in their DLDs,: 2.5 log,, EID5,,
for the DK/49 virus and >8.5 log,, EIDs, for the GS/65 virus.
These data show that DK/49 is highly virulent in ducks and that
GS/65 is nonlethal, although it replicates systemically in ducks.

To investigate the genetic relationship between the two vi-
ruses, we sequenced and compared their genomes. We found
that the two viruses are closely related and similar to the
A/Anhui/1/2005(HSN1) virus (clade 2.3.4). DK/49 and GS/65
share the same products of the NP, M2, and NS2 genes at the
amino acid level. We mapped a total of 20 amino acids that
were different between the two viruses in the products of their
PB2, PB1, PA, HA, NA, M1, and NS1 genes (Fig. 2), suggest-
ing that single or multiple amino acid combinations among
these 20 different amino acids contribute to the difference in
virulence in ducks between these two viruses.

The polymerase PA gene of DK/49 dramatically increases
the virulence of the GS/65 virus. To investigate the genetic
basis of the difference in virulence between the DK/49 and
GS/65 viruses, we established a reverse genetics system for the

two viruses, as described in Materials and Methods. The res-
cued viruses were designated R-DK/49 and R-GS/65, respec-
tively. After confirming their sequences, we prepared virus
stocks by the use of 10-day-old SPF eggs and tested the repli-
cation and lethality of these viruses in ducks. R-DK/49 and
R-DK/65 exhibited properties similar to those of their respec-
tive parent viruses, in terms of virus titers in organs and with
respect to DLD4,s (Table 1 and Fig. 1C and D).

The two viruses have the same NP genes. Therefore, to
investigate which gene contributes to the increased virulence
of the virus in ducks, we generated seven single-gene reassor-
tants by the use of a strategy described previously (13, 20).
Each reassortant contained one gene derived from DK/49 and
seven genes derived from GS/65. We inoculated groups of
eight ducks with 10° EIDs, of the reassortants and tested their
replication and pathogenicity. The virus titers in the lungs and
brains of euthanized ducks were measured on day 3 p.i. The
titers of six reassortants were comparable to that of the rescued
R-GS/65 virus, but in the brain, the titer of the reassortant

A B
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FIG. 1. Virulence and death pattern of ducks infected with differ-
ent H5N1 viruses. Six-week-old SPF ducks (five/group) were inocu-
lated intranasally with different HSN1 viruses, DK/49 (A), GS/65 (B),
R-DK/49 (C), or R-GS/65 (D). Doses of 10? to 10° EIDs, (A, C) or 10°
to 10® EIDs, (B, D) were used.
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FIG. 2. Amino acid differences between the DK/49 and GS/65 vi-
ruses. The amino acid differences between the two viruses are shown as
single letters at the indicated positions. DK/49 is shown to the left of
the slash, and GS/65 to the right. The PB1-F2, M2, and NS2 areas are
shown in gray.

GS/65-DK/49PA virus was significantly higher than that of the
R-GS/65 virus (Table 2). Five of the seven reassortants caused
deaths in only some birds within the group, whereas the re-
maining two reassortants, GS/65-DK/49PA and GS/65-DK/
49PB2, killed all five ducks in the group within the observation
period (Table 2).

We then determined the DLDs, of GS/65-DK/49PA and
GS/65-DK/49PB2. In the GS/65-DK/49PA-inoculated groups,
the ducks that received 10> EIDs, and 10° EIDs, of virus
survived, but birds inoculated with higher doses died within 8
days p.i. (DLDs, 3.5 log,, EID5, [Table 2]). In the GS/65-DK/
49PB2-inoculated group, however, only the ducks that received
10° EIDs, of virus died. All of the ducks inoculated with low
dosages of virus survived during the observation period
(DLDsy, 5.5 log, EIDs, [Table 2]). These results indicate that
multiple genes from the DK/49 virus contribute to the in-
creased pathogenicity of the GS/65 virus in ducks but that the
PA gene of the DK/49 virus had the greatest effect on virulence
(DLDsy, 3.5 versus >8.5 log,, EIDs,). We therefore focused
on the PA gene for further analyses.

Two amino acids at positions 224 and 383 in the PA protein
change the pathogenicity of the GS/65 and DK/49 viruses in
ducks. The PA proteins of the DK/49 and GS/65 viruses differ
by three amino acids (Table 2). We therefore generated six
mutants in the GS/65 virus background that contained one or
two amino acid changes at these positions in the PA protein
and tested their replication and pathogenicity in ducks. On day
3 p.i. with 10° EIDs, of the test virus, the titers of all of the
mutant viruses in the lungs of the ducks were comparable with
the titers of the R-GS/65 virus in the lungs. However, the virus
titers in the brains of the ducks that were inoculated with the
three mutants containing double mutations were significantly
higher than those of the R-GS/65 virus (Table 2). The virus
containing the double mutation at positions 224 and 383 of the
PA protein, GS/65-PA224P + 383D, killed all five ducks within
7 days p.i., whereas the other five mutant viruses killed only
some of the inoculated birds during the 2-week observation
(Table 2). We, therefore, determined the DLDs, of the GS/
65-PA224P + 383D virus. We found that all of the ducks that
received dosages between 10* and 10° EIDs, died within 7 days
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p.i., whereas all of the ducks that received the 10°> EIDs, dose
survived during the 2-week observation period (Table 2).
These results indicate that any of the three single amino acid
mutations could increase the virulence of the GS/65 virus to
some degree but that the combination of the two amino acid
mutations at positions 224 and 383 increased the virulence of
the GS/65 virus more than 10°-fold (DLDs,, 3.5 versus >8.5
log,o EIDs).

To investigate whether the amino acids at positions 224 and
383 of the GS/65 PA protein could attenuate the DK/49 virus
in ducks, we generated the reassortant virus DK/49-GS/65PA,
which contains the PA gene of GS/65 and a mutant DK/49-
PA224S + 383N virus that bears two amino acid substitutions
at PA224 and PA383 in the DK/49 background. Both viruses
replicated well in the lungs and brains of ducks at day 3 after
10° EIDs, intranasal inoculation, but the titers in the brains of
the ducks inoculated with DK/49-GS/65PA and DK/49-
PA224S + 383N were significantly lower than that of ducks
inoculated with the R-DK/49 virus (Table 2). The virulence of
these two viruses was attenuated 100-fold relative to the R-
DK/49 virus (Table 2) (DLDs,, 4.5 versus 2.5 log;, EIDs).

These results demonstrate that the polymerase PA gene is
an important virulence factor of H5N1 viruses in ducks and
that the amino acids at positions 224 and 383 play a critical role
in the difference in virulence in ducks observed with these two
HS5N1 viruses.

TABLE 2. Replication and virulence of H5N1 reassortants and
mutants in ducks”

Virus replication on

day 3 p.i. No.of DLDs, Change
Virus (log,o EIDs¢/g) deaths/ (logyo in
total EIDs,) DLDs,
Lung Brain
R-GS/65 6.8+0.5 25*+09 0/5 >8.5 NA
GS/65-DK/49PA 6.0*04 52+09° 5/5 3.5 5¢
GS/65-DK/49PB2 6.5+ 0.7 3.6 =24 5/5 5.5 3¢
GS/65-DK/49PB1 6.4 +=0.8 33+ 1.5 2/5 / NA

GS/65-DK/49HA
GS/65-DK/49NA
GS/65-DK/49 M
GS/65-DK/49NS
GS/65-PA204R
GS/65-PA224P
GS/65-PA383D

6.602 25=*08 2/5
6.4+03 32+06 2/5
6.8*+0.7 35%03 2/5
6.1*+04 23x03 1/5
65+x0 3.0x04 1/5
6.1+05 41=x04 1/5
63+x0 37x09 2/5

— e e
Z
>

GS/65-PA204R + 65+ 0.4 4.6+02" 2/5 NA
224P

GS/65-PA204R + 59*04 45=*0° 2/5 / NA
383D

GS/65-PA224P + 64 +02 6.0+05 5/5 35 5¢
383D

R-DK/49 72+07 7.6*02 5/5 25 NA

DK/49-GS/65PA 69 0.5 6.5+0.2° 5/5 4.5 v

DK/49-PA224S + 65+03 53+057 55 45 o

383N

@ Six-week-old SPF Shaoxin ducks were used in these studies as described in
Materials and Methods. /, not done; NA, not applicable.

b P < 0.05 compared with the titers in the corresponding organs of R-GS/65-
inoculated ducks.

¢ P < 0.05 compared with the titers in the corresponding organs of R-DK/49-
inoculated ducks.

4P < 0.01 compared with the titers in the corresponding organs of R-DK/49-
inoculated ducks.

¢ Virulence increased compared with the R-GS/65 virus.

/Virulence decreased compared with the R-DK/49 virus.
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FIG. 3. Multicycle replication of HS5N1 viruses in DEFs. DEF
monolayers were inoculated at an MOI of 0.001 with virus, and the
culture supernatants were collected at the indicated hpi and then
titrated in eggs. (A) Replication of R-GS/65 and R-DK/49 viruses. *,
P < 0.05 compared with that of R-GS/65-infected cells; **, P < 0.01
compared with that of R-GS/65-infected cells. (B) Replication of the
mutants in the GS/65 background. *, P < 0.05 compared with that of
R-GS/65-infected cells; **, P < 0.01 compared with that of R-GS/65-
infected cells. (C) Replication of the mutants in the DK/49 back-
ground. *, P < 0.05 compared with that of R-DK/49-infected cells; **,
P < 0.01 compared with that of R-DK/49-infected cells.

The amino acid at position 224 in the PA protein signifi-
cantly affects viral replication in DEFs. We further compared
the multicycle growth of the viruses in DEFs and found that
the DK/49 virus grew more rapidly than did the GS/65 virus
and that the titers of DK/49 were significantly higher than
those of GS/65 at 12, 36, and 48 h postinfection (Fig. 3A). We
then investigated the contribution of the amino acid changes in
PA to the replication of the two viruses. Titers of GS/65-
PA224P and GS/65-PA224P + 383D significantly higher than
those of R-GS/65 were observed at several time points postin-
fection, while the replication level of GS/65-PA383D was com-
parable to that of R-GS/65 (Fig. 3B). The P224S mutation in
PA attenuated the replication of DK/49, and the titer of DK/
49-PA224S was significantly lower than that of DK/49 at 48 h
postinfection. The replication of DK/49-PA224S + 383N was
significantly attenuated, and decreased titers were observed at
24, 36, and 48 h postinfection; however, the replication of
DK/49-PA383N was similar to that of the wild-type DK/49
virus (Fig. 3C). These results indicate that the amino acid
change of PA-S224P increases the replication of the H5N1
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FIG. 4. Activities of DK/49 or GS/65 ribonucleoprotein (RNP)
with different PA mutations in a minigenome assay. Four protein
expression plasmids (PB2, PB1, PA, and NP) for the RNP combina-
tions were transfected into DEFs together with paviPoll-T-Luc, as
described in Materials and Methods. The values shown are means *=
standard deviations of results for three independent experiments and
are standardized to the activity of GS/65 (100%). *, P < 0.01 compared
with that of DK/49-infected cells; **, P < 0.01 compared with that of
GS/65-infected cells.

virus in DEFs, and this increase could be further enhanced by
the addition of the amino acid change of PA-N383D, although
N383D alone did not alter virus replication in DEFs.

The amino acid at position 383 in the PA protein affects
viral polymerase activity. The PA protein is a component of
the RNA-dependent polymerase complex and affects both
transcription and replication (7, 29, 31). We investigated
whether the two influenza viruses have different polymerase
activities by using a minigenome assay in DEFs. As shown in
Fig. 4, the polymerase activity of the DK/49 virus was more
than 4-fold higher than that of the GS/65 virus. To investigate
how the amino acids at positions 224 and 383 in PA affect the
polymerase activity, we introduced single or double mutations
into the PA proteins of both viruses. The amino acid substitu-
tion at position 224 of PA did not change the activity of the
polymerase complex of the DK/49 or GS/65 virus; however, the
polymerase activity of the complexes containing the single
amino acid substitution at position 383 or the double mutation
at positions 224 and 383 of PA changed significantly in com-
parison to the complex containing the wild-type PA protein
(Fig. 4). These results indicate that the amino acid at position
383, but not that at position 224, contributes to the difference
in the polymerase activities of the DK/49 and GS/65 viruses.

The amino acid at position 383 in the PA protein affects the
transport of PA and PB1 into the nucleus of DEF cells. The
influenza virus polymerase is active in the nucleus of the in-
fected cell, and cytoplasmically expressed PB1 and PA are
imported as a subcomplex (8). Accumulation of the polymer-
ase PA in the nucleus correlates with the viral pathogenicity of
HIN1 human influenza viruses in mice (15). We therefore
tested whether the DK/49 and GS/65 viruses differ in their
polymerase accumulation in the nucleus. DEFs were infected
with viruses at an MOI of 2, and localization of PA and PB1 in
virus-infected cells was examined at different time points
postinfection. As shown in Fig. 5, in both virus-infected cells,
PA and PBI gradually shifted from the cytoplasm to the nu-
cleus, but the accumulation of PA in the nucleus of the GS/65
virus-infected cells was faster than that of the DK/49 virus-
infected cells at all time points tested. The levels of accumu-
lation of PB1 in the nucleus of both virus-infected cells were
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FIG. 5. Kinetics of the nuclear transport of PA and PB1 of H5N1 AIVs in DEFs. (Top) DEFs were infected at an MOI of 2 with DK/49 and
GS/69, and the localization of PA and PB1 was determined by immunofluorescence at different time points after infection (4 hpi, 6 hpi, 8 hpi, and
10 hpi). Cell nuclei were stained with DAPI. (Bottom) PA and PB1 were quantified by counting cells (n = 100) infected with recombinant viruses
under the microscope. The values shown are means = standard deviations of results for three independent experiments. **, P < 0.01 compared

with that of DK/49-infected cells.

quite similar at three of the four time points tested (4, 6, and
10 hpi); however, PB1 was detected in the nucleus of 76% of
the cells infected with GS/65 at 8 hpi but in the nucleus of less
than 50% of the cells infected with DK/49 (Fig. 5). The levels
of accumulation of PB2 and NP in the nucleus of both virus-
infected cells were comparable at all of the four time points
tested (see Fig. S1 in the supplemental material).

We then investigated whether the amino acids at positions
224 and 383 of PA, which contributed to the increased viru-
lence of the HSN1 viruses in ducks, also affected viral poly-
merase accumulation in the nucleus. We performed immuno-
fluorescence assays for the six mutants containing one or two
amino acid changes in PA in the DK/49 or GS/65 background
(Fig. 6). We found that the amino acid substitution of aspartic
acid (D) to asparagine (N) at position 383 of the PA protein
dramatically increased the accumulation of PA and PB1 in the
nucleus of the DK/49-infected cells, whereas the amino acid
substitution of N to D at position 383 of the PA protein
significantly decreased the accumulation of PA and PB1 in the
nucleus of the GS/65-infected cells. However, the substitution
of the amino acid at position 224 of PA did not change the
nuclear accumulation of PA in virus-infected cells (Fig. 6).
These results indicate that the DK/49 and GS/65 viruses differ
in their levels of nuclear accumulation of the polymerase and
that the amino acid at position 383 of PA contributes to this
difference.

DISCUSSION

As H5N1 viruses have circulated, they have acquired com-
plicated biological properties. One important property is their
enhanced virulence in wild birds and ducks (5, 43), which are
their natural hosts. Here, we compared two H5N1 avian influ-
enza viruses, DK/49 and GS/65, which have similar genomes
but differ in their abilities to kill ducks. The DK/49 virus rep-
licated systemically with high viral replication in the brain and
killed ducks at low doses, with a DLDy, of 2.5 log,, EIDy,,
whereas GS/65 replicated systemically also, but with low viral
replication in the brain, and was nonlethal in ducks (DLDsy,,
>8.5 log,, EIDs,). We generated and tested a series of single-
gene reassortants containing one gene from DK/49 in the
GS/65 background and demonstrated that the PA gene is a
major contributor to the increased virulence of the DK/49
virus. We identified two amino acids in the PA protein, 224P
and 383D, that have cumulative effects on the pathogenicity of
these H5N1 influenza viruses in ducks. We further demon-
strated that amino acid 224 affects the replication of H5N1
virus in DEFs and that the amino acid at position 383 in PA
affects the polymerase activity and plays an important role in
the accumulation of the polymerase in the nucleus of virus-
infected cells.

Based on the available sequences, the amino acids 224S and
383D in the PA protein are common in influenza A viruses,
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FIG. 6. Localization of PA and PB1 of different mutants in DEFs. (A) DEFs were infected at an MOI of 2 with the indicated viruses, and the
localization of PA and PB1 was determined by immunofluorescence 8 h postinfection, as indicated in Materials and Methods. Cell nuclei were
stained with DAPI. PA (B) and PB1 (C) were quantified by counting cells (» = 100) infected with recombinant viruses under the microscope. The

values shown are means * standard deviations of results for three independent experiments. *, P < 0.01 compared with that of DK/49-infected

cells; **, P < 0.01 compared with that of GS/65-infected cells.

whereas 224P and 383N in PA are detected in only a few
viruses isolated from ducks and humans. The 224P and 383D
combination that was observed in the lethal DK/49 virus was
also detected in eight other H5N1 viruses isolated after 2005
from ducks (2 strains), a wild bird (1 strain), and humans (5
strains) (accession numbers EF124756, CY034779, AB462294,
CY014402, CY014410, CY014418, CY014426, and CY036236).
Although the virulence of these viruses in ducks is unknown, our
present study indicates that the 224P-and-383D combination in
PA contributes to the increased virulence of the virus in ducks
and is a recent feature of HSN1 strains.

Several HSN1 influenza viruses have been shown to be lethal
in ducks in recent years (16, 38, 43). However, the viruses that
were isolated from live bird markets in Hong Kong in 2002
(38), wild birds in Qinghai Lake in 2005 (43), and humans in
Vietnam in 2005 (16) killed only some of the tested ducks at
very high doses (10°° to 10%7° EIDs,). In this study, we eval-
uated the virulence of the viruses in ducks by determining their
DLDsys and found that the DK/49 virus is highly lethal and
killed all ducks at a dose as low as 10° EIDs,. These findings
indicate that the H5N1 influenza viruses continue to evolve
and their virulence levels in ducks may be progressively in-
creasing. The DK/49 virus could be used as a model for ex-
ploring the genetic determinants of H5N1 virulence in the
natural duck host.

Hulse-Post et al. (16) previously reported that the human
influenza virus isolate A/Vietnam/1203/04 (HSN1) was lethal
in ducks, whereas variants containing a Y436H PB1 or a
T515A PA mutation were attenuated. All of these viruses had

indistinguishable replication levels in ducks. In their study,
however, the DLDs, of these viruses was not determined, and
the noted difference in virulence was based only on how many
ducks were killed by 10° EIDs, of the test virus inoculation.
Therefore, the actual contribution of the amino acid at posi-
tion 436 of PB1 or position 515 of PA to the virulence in ducks
may be limited. Although both the DK/49 and GS/65 viruses
have 436Y in PB1 and 515T in PA, GS/65 could not kill ducks,
even at the highest inoculation dose of 10® EID,. We found
that although both DK/49 and GS/65 replicated systemically in
ducks, their titers in the brains of these birds were significantly
different. Our mutagenesis studies further demonstrated that
the amino acids at positions 224 and 383 of PA had a cumu-
lative effect on the different replication levels of the two viruses
in the brains of ducks, which is directly related to the virulence.

The level of polymerase accumulation in the nucleus of
influenza virus-infected cells may affect the virulence of the
viruses. Gabriel et al. (11) reported that the increased trans-
port and accumulation of PB2 in the nucleus of A549 cells
correlates with the adaptation and increased virulence of an
H7N7 avian influenza virus in mice. In this study, we found that
the accumulation of polymerase PA in the nucleus of DEF
cells infected with the highly lethal DK/49 was much lower
than that of PA in cells infected with the nonlethal GS/65 virus.
These results suggest that the nuclear accumulation of poly-
merase PA may attenuate viral pathogenicity. This is in con-
trast to a previous study that reported that viruses bearing the
PA T157A mutation are delayed in their nuclear PA accumu-
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lation and have an attenuated phenotype in mice, with respect
to replication and body weight loss (15).

The polymerase complex of influenza virus is active in the
nucleus of infected cells. The polymerase enters the nucleus via
a host cell transport pathway that depends on the recognition
of a nuclear localization sequence (NLS) of the cargo protein
by an importin «/B dimer (23). NLSs have been identified in
two regions of PA located between amino acids 124 and 139
and between amino acids 186 and 247 (26). Amino acid 224 is
located within the second NLS of PA, but it does not affect the
accumulation of PA in the nucleus of cells infected by the
DK/49 and GS/65 viruses. The amino acid at position 383 of
PA, however, is a major contributor to the observed difference
in nuclear accumulation of the polymerase in the cells infected
with the DK/49 and GS/65 viruses. These results suggest that
another domain, in addition to the known NLS, may contribute
to the transport and accumulation of PA in the nucleus of
virus-infected cells.

The polymerase PA is a phosphoprotein with proteolytic
activity. The amino-terminal third of the molecule (positions 1
to 247) is required and sufficient to activate the proteolysis
function (33). Perales et al. (28) reported that mutations of the
amino acids at positions 157 and 162, which result in the loss of
the potential phosphorylation site, weaken the proteolysis
function of PA. The amino acid 224 is located in the known
second NLS of PA, and the amino acid mutation from S to P
at position 224 would result in the loss of a potential casein
kinase II phosphorylation site in the PA phosphoprotein. We
found that the S-to-P change at position 224 in the PA protein
dramatically increased the replication of GS/65 in DEFs; how-
ever, the mechanism underlying how this S224P mutation in
PA could affect the virulence of the H5N1 virus in ducks
remains to be determined.

In summary, we compared two naturally isolated H5N1
avian influenza viruses that differ in their lethalities in ducks
and demonstrated that the polymerase PA plays an important
role in the increased virulence of the H5SN1 DK/49 virus in
ducks. We report for the first time that the amino acids 224P
and 383D in PA are critical and have cumulative effects on the
highly lethal phenotype of the virus to ducks. The amino acid
at position 338 in PA plays an important role in the activity of
the polymerase and in the accumulation of the polymerase PA
and PB1 subunits in the nucleus of virus-infected cells. Our
results demonstrate that PA is a virulence factor of H5N1
avian influenza viruses.
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