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In 2001 and 2003, we isolated two H5N1 viruses, A/swine/Fujian/1/01 (SW/FJ/01) and A/swine/Fujian/
1/03 (SW/FJ/03), from pigs in Fujian Province, southern China. Genetically, these two viruses are similar,
although the NS gene of the SW/FJ/03 virus has a 15-nucleotide deletion at coding positions 612 to 626.
The SW/FJ/01 virus is highly lethal for chickens, whereas the SW/FJ/03 virus is nonpathogenic for
chickens when administrated intravenously or intranasally. To understand the molecular basis for the
difference in virulence, we used reverse genetics to create a series of single-gene recombinants of both
viruses. We found that a recombinant virus containing the mutated NS gene from the SW/FJ/03 virus in
the SW/FJ/01 virus background was completely attenuated in chickens. We also found that viruses
expressing the mutant NS1 protein of SW/FJ/03 did not antagonize the induction of interferon (IFN)
protein. Conversely, only the recombinant virus containing the wild-type SW/FJ/01 NS gene in the
SW/FJ/03 background was lethal in chickens and antagonized IFN protein levels. Further, we proved that
the NS1 genes of the two viruses differ in their stabilities in the host cells and in their abilities to interact
with the chicken cleavage and polyadenylation specificity factor. These results indicate that the deletion
of amino acids 191 to 195 of the NS1 protein is critical for the attenuation of the SW/FJ/03 virus in
chickens and that this deletion affects the ability of the virus to antagonize IFN induction in host cells.

In addition to their natural hosts, i.e., wild birds, influenza A
viruses can infect numerous animal species, including humans,
pigs, and domestic fowl. Based on antigenic differences in the
two surface glycoproteins, hemagglutinin (HA) and neuramin-
idase (NA), the influenza viruses are divided into 16 HA sub-
types and 9 NA subtypes (7). All of the subtypes have been
detected in wild birds, although only a few subtypes have
crossed the species barrier and spread widely among domestic
poultry. Most avian influenza viruses display low pathogenicity
in chickens; however, some of the H5 and H7 subtypes have
caused significant outbreaks in poultry and wild birds (5) and
have posed a significant threat for human public health. The
elucidation of factors that determine influenza virus host range
and virulence is therefore an area of research that has impor-
tant implications for public health and agriculture.

When influenza viruses are transmitted to a novel host,
mutations occur in the genome to enable the virus to adapt.
When lowly pathogenic avian influenza viruses circulate in
domestic poultry, they acquire additional basic amino acids in
their cleavage sites (14, 19), which are associated with in-
creased pathogenicity for H5 and H7 subtypes. The amino acid
at position 627 of the PB2 gene changed from serine (E) to

lysine (K) when an H7 virus was passaged in mammalian cell
lines (35) or after replication in mice (13, 22). This change in
PB2 amino acid sequence influenced the outcome of the virus
infection in mice (13). The amino acid at position 701 of the
PB2 gene also plays a crucial role in the replication and lethal-
ity of H5 and H7 subtype viruses in mice (9, 22). Recent studies
demonstrated that the NS1 gene is important for the virulence
of several subtypes of influenza virus in mice and pigs (30, 34).
The amino acid at position 149 of NS1 correlates with the
replication phenotype of a goose H5N1 avian influenza virus in
chickens (23).

For this study, we performed extensive genetic and biologi-
cal analyses of two H5N1 viruses that were isolated from pigs
in the Fujian province of southern China. Our data indicate
that these two viruses are closely related to each other and to
a duck virus, A/duck/Zhejiang/52/00 (DK/ZJ/00). These two
swine viruses exhibit different virulence properties in chickens,
and we used reverse genetics to determine the genetic basis for
this difference.

MATERIALS AND METHODS

Cells and viruses. Chicken embryo fibroblasts (CEFs) were prepared from
10-day-old specific-pathogen-free (SPF) chicken embryos. The CEFs and human
embryonic kidney (293T) cells were maintained in minimum essential medium
containing 10% fetal bovine serum (Invitrogen Corp., CA).

The two H5N1 swine influenza viruses, A/swine/Fujian/1/01 (SW/FJ/01) and
A/swine/Fujian/1/03 (SW/FJ/01), were isolated during routine surveillance in the
Fujian province of southern China in 2001 and 2003, respectively (20). Virus
stocks were propagated in 10-day-old SPF embryonated chicken eggs and stored
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at �70°C until they were used for RNA extraction and animal studies. Recom-
binant vesicular stomatitis virus (VSV) expressing green fluorescent protein
(GFP) was generated as described previously by inserting the G protein gene of
VSV into the VSV�G*GFP vector (36), using reverse genetics (18).

Construction of plasmids. We used an eight-plasmid reverse genetics system
for virus rescue. We inserted the cDNA derived from the SW/FJ/01 or SW/FJ/03
viral genes between the ribozyme and promoter sequences of polymerase I of the
mRNA-viral RNA bidirectional transcription vector pBD as described previously
(22), Briefly, we used a set of primers with two extra nucleotides (CC and TT) at
the 5� ends of the forward and reverse primers to amplify the full-length cDNAs
of the viruses. The primer sequences are listed in Table 1. We then treated the
PCR products with T4 polymerase (New England Biolabs, Beverly, MA) in the
presence of 100 mM dTTP and 100 mM dCTP for 10 min at 12°C to generate a
CC and a TT overhang at the two ends of the viral insert. We cut plasmid pBD
with SapI (New England Biolabs) and then partially filled it in by treatment with
Klenow fragment in the presence of 30 mM dATP and 30 mM dGTP at 25°C for
30 min to create 5� GG and 5� AA ends to match the ends of the PCR products.

To generate the NS1 expression constructs, cDNAs encoding the NS1 proteins
of SW/FJ/01 and SW/FJ/03 were amplified using the primers listed in Table 1 and
were cloned into pBlueScript II KS (Clontech) under the control of the T7
promoter, creating pBlueNS1-01 and pBlueNS1-03, respectively. The NS1-en-
coding cDNAs contained silent mutations in the splice acceptor site to avoid
splicing events and expression of NS2. To generate N-terminally HA-tagged
full-length NS1 expression constructs of SW/FJ/01 and SW/FJ/03, the open
reading frames encoding NS1 were amplified using primers that contained the
HA tag sequence (listed in Table 1). The PCR products were cloned into
pBluescript, creating pBlueNS1-01-HA and pBlueNS1-03-HA, using the SmaI
restriction site. The 30-kDa subunit of the chicken cleavage and polyadenylation
specificity factor (CPSF) gene from CEFs was cloned by PCR, using a primer
pair specific for the chicken cDNA (GenBank accession no. XM-414800) (primer
sequences are listed in Table 1). The product was cloned into pBlueScript II KS
plasmid, creating pBlue-CPSF, by using the SmaI restriction site. To generate a
C-terminally Flag-tagged CPSF construct, the CPSF gene was amplified from
pBlue-CPSF by using the pair of primers listed in Table 1, blunt inserted into the
pBlueScript II KS plasmid, and then subcloned into the pCAGGS plasmid, using
the SmaI and XhoI sites. All constructs were confirmed by sequence analysis.

Virus rescue. Monolayers of 293T cells at 80% to 90% confluence in six-well
plates were transfected with 5 �g of the eight plasmids (about 0.6 �g/plasmid),
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instruc-

tions. Briefly, DNA and transfection reagent were mixed (2 �l of Lipofectamine
2000 per �g of DNA), incubated at room temperature for 30 min, and added to
the cells. Sixteen hours later, the DNA-transfection reagent mixture was replaced
by Opti-MEM (Invitrogen) containing 0.3% bovine serum albumin and 0.01%
fetal calf serum. Forty-eight hours after the transfection, the supernatants were
harvested and inoculated into embryonated eggs for virus propagation. Viruses
were detected by using a hemagglutination assay and were fully sequenced to
ensure the absence of unwanted mutations.

Sequence analyses. Viral RNA was extracted with an RNeasy mini kit (Qia-
gen, Valencia, CA) and was reverse transcribed. PCR amplification was per-
formed by using segment-specific primers (primer sequences are available upon
request). The PCR products were purified with a QIAquick PCR purification kit
(Qiagen) and sequenced by using a CEQ DTCS quick-start kit on a CEQ 8000
DNA sequencer (Beckman Coulter). Sequence data were compiled using the
SEQMAN program of the DNASTAR package.

Determination of IFN secretion. Levels of interferon (IFN) secreted by virus-
infected cells were determined as previously described (6, 23, 29, 34). Monolay-
ers of CEFs at 80% confluence were infected at a multiplicity of infection (MOI)
of 1 with the test viruses. The supernatants were harvested at 20 h postinfection
(p.i.). Viruses present in the supernatant were UV inactivated by placing samples
on ice 70 cm below a 30-W UV lamp for 20 min, with constant stirring. The
UV-inactivated supernatant was added to fresh confluent CEFs and incubated
for 24 h. The cells were then infected at an MOI of 0.01 with VSV-GFP. At 20 h
p.i., the cells were examined for GFP expression under a fluorescence micro-
scope (Leica, Germany).

Detection of IFN-�/� mRNA in influenza virus-infected cells by RT-PCR.
CEFs were infected at an MOI of 1 with different H5N1 swine influenza viruses.
Total RNA was extracted using an RNeasy mini kit (Qiagen, Valencia, CA).
Reverse transcription-PCR (RT-PCR) was conducted by using an Access RT-
PCR system (Promega, Madison, WI) with specific pairs of primers (Table 1) for
chicken IFN-� and chicken IFN-� mRNAs (GenBank accession numbers
AB021153 and AY831397). As a control, we used a pair of specific primers
(Table 1) to amplify a 660-bp fragment of the chicken �-actin gene. The products
were sequenced and confirmed to be derived from the expected mRNAs.

Antisera. To generate antibodies to the SW/FJ/01 NS1 protein, we produced
the protein in Escherichia coli BL21 (Invitrogen Corp.) cells from the plasmid
pET-32a (�) NS1. This plasmid encodes a truncated SW/FJ/01 NS1 protein that
spans amino acids 28 to 221, with histidine tags fused to both the N and C
termini. Once it was expressed, the truncated NS1 protein was purified using a

TABLE 1. Primers used in this study

Purpose
Primer sequence (5�–3�)a

Forward Reverse

PB2 amplification CCAGCAAAAGCAGGTCAAATATATTC TTAGTAGAAACAAGGTCGTTTTTAAACAAT
PB1 amplification CCAGCAAAAGCAGGCAAACCATT TTAGTAGAAACAAGGCATTTTTTCAT
PA amplification CCAGCAAAAGCAGGTACTGATCCAAAAT TTAGTAGAAACAAGGTACTTTTTTGGAC
HA amplification CCAGCAAAAGCAGGGGTCTAATTTGCC TTAGTAGAAACAAGGGTGTTTTTAACTAC
NP amplification CCAGCAAAAGCAGGGTAGATAATCACTC TTAGTAGAAACAAGGGTATTTTTCTTTA
NA amplification CCAGCAAAAGCAGGAGTTCAAAATGAATC TTAGTAGAAACAAGGAGTTTTTTGAACA
M amplification CCAGCAAAAGCAGGTAGATGTTGAAAG TTAGTAGAAACAAGGTAGTTTTTTAC
NS amplification CCAGCAAAAGCAGGGTGACAAAAAC TTAGTAGAAACAAGGGTGTTTTTTATC
NS1 expression GCCGCCACCATGGATTCCAACACTGTGTCAAGC GCTATCAAACTTCTGACTCAATTGTTCTC
NS2 splice acceptor

site mutation
ATGAGGATGTGAAAAATGCAATTGG CCAATTGCATTTTTCACATCCTCAT

NS1 HA tag
introduction

GCCACCATGACCAGCTACCCATACGATGTTCCAGA
TTACGCTGCAGATTCCAACACTGTGTCAAGC

TTAGTAGAAACAAGGGTGTTTTTTATC

Chicken CPSF
amplification

GCCACCATGCAGGAGCTCAT CTTTCACTGTCCACTGAG

CPSF Flag tag
introduction

GCTGCCACCATGCAGGAGCTCATCG GACTTACTACTTGTCATCGTCATCCTTGTAGT
CGATGTCATGATCTTTATAATCACCGTCAT
GGTCATGGTCTTTGTAGTCAGCCTGTCCAC
TGAGAAAGGCCAG

Chicken IFN-�
amplification

GGGTACGACATCCTGTTGCTC CGGCTGATCCGGTTGAGGAG

Chicken IFN-�
amplification

GCCACAGCCTCCTCAACCAGAT CAACGTCCCAGGTACAAGCACT

Chicken �-actin
amplification

AGACAGCTACGTTGGTGATGAAGCCCAG GTTGAAGGTAGTTTCATGGATACCACAG

a Nucleotides that have been changed are shown in italics.
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Ni-nitrilotriacetic acid purification system (Invitrogen) and then injected into
rabbits (Harbin Experimental Animal Center). Chicken antisera raised against
the SW/FJ/03 virus were used to detect the other influenza virus proteins.

Western blot analysis. Cell extracts were made in lysis buffer containing 0.5%
NP-40, 150 mM NaCl, 20 mM HEPES, pH 7.4, 1 mM EDTA, 1 mM EGTA, 10%
glycerol, and Complete protease inhibitor cocktail (Roche). The protein lysate
(10 or 20 �l) was loaded onto a 10% sodium dodecyl sulfate (SDS)-polyacryl-
amide gel. Separated proteins were probed for the NS1 protein with a rabbit
polyclonal antibody. As controls, the M1 protein of influenza virus and the
�-actin protein were also detected by using monoclonal antibodies directed
against these molecules. Antibody binding was visualized with DAB (3,3�-diamino-
benzidine) reagent after incubation with peroxidase-conjugated secondary anti-
bodies.

Pulse-chase radioactive labeling and immunoprecipitation. NS1 proteins were
expressed by using a vaccinia virus T7 transient expression system as described
previously (2, 42). Briefly, HeLa cells seeded in 35-mm dishes were infected with
vTF7-3, a recombinant vaccinia virus expressing the T7 polymerase, at a multi-
plicity of 10 for 1 h. After infection, the cells were transfected with plasmid DNA
constructs in mixture with Lipofectin. At 10 h p.i., cells were starved in Met- and
Cys-deficient Eagle’s medium for 30 min and then pulse labeled with 200 �Ci of
a mixture of 35S-labeled methionine and cysteine ([35S]Met-Cys) (Amersham) in
600 ml of Met- and Cys-deficient Eagle’s medium for 30 min. After being pulse
labeled, cells were lysed with lysis buffer (150 mM NaCl, 50 mM Tris-HCl, 1 mM
EDTA, 1% Triton X-100, 1% sodium deoxycholate [pH 7.5]) or chased in
complete medium (Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum) for 4 or 7 h, followed by lysis. The cell lysates collected
after pulse labeling or at different chase time points were immunoprecipitated
with rabbit antibodies against NS1 and with protein A-agarose beads (Pierce) at
4°C overnight. Protein samples were prepared with sample buffer (125 mM
Tris-HCl [pH 7.5], 4% SDS, and 20% glycerol plus 10% �-mercaptoethanol) and
heated at 95°C for 5 min, followed by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) analysis.

NS1-CPSF coimmunoprecipitation. To monitor the interaction of the different
NS1 constructs with Flag-CPSF, HA-tagged NS1 cDNAs in pBluescript under
the control of the T7 promoter were expressed using a TNT transcription/
translation kit (Promega). The cDNA coding for Flag-CPSF was expressed
by transfection into 293T cells. At 40 h posttransfection, cells were lysed in 50
mM Tris (pH 7.5), 200 mM NaCl, 0.5% NP-40, 0.2 mM EDTA, and 10%
glycerol. The cleared cell lysates were incubated with the NS1 proteins in the
presence of 1 �g of a monoclonal anti-Flag antibody (Sigma) and 25 �l of protein
A-Sepharose beads (Amersham) for 2 h at 4°C. The beads were then washed
three times in lysis buffer and incubated in SDS sample buffer for 5 min at 95°C.
The proteins were subjected to 12% SDS-PAGE and transferred to membranes
for Western blotting. The precipitated NS1 proteins were detected using a
monoclonal antibody specific to the HA tag (Upstate Biotechnology, CA), and
the precipitated Flag-CPSF was detected using a monoclonal antibody specific to
Flag (Sigma).

Mouse experiments. Groups of eight 6-week-old female BALB/c mice (Beijing
Experimental Animal Center) were lightly anesthetized with CO2 and inoculated
intranasally (i.n.) with 105.0, 106.0, or 107.0 50% egg infectious doses (EID50) of
H5N1 influenza virus in a volume of 50 �l. Three mice in each group were
euthanized on day 3 p.i., and the lungs, kidneys, spleens, and brains were
collected for virus titration in eggs. The lower limit of virus detection was 0.5
log10 EID50 per ml of tissue homogenate. The remaining five mice in each
group were monitored daily for 14 days for weight loss and mortality. To
determine the 50% mouse lethal dose (MLD50) of viruses, groups of five mice
were inoculated i.n. with 10-fold serial dilutions containing 103 to 107 EID50

of virus in a 50-�l volume. The MLD50 was calculated by the method of Reed
and Muench (31).

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 (27). 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. Serum conversion of the surviving birds on day 10 p.i. was
confirmed by the hemagglutination inhibition test. Ten additional chickens were
inoculated i.n. with 106 EID50 of each virus in a 0.1-ml volume. On day 3 p.i.,
three birds in each group were euthanized, and the lungs, bursae, kidneys, brains,
pancreases, and spleens were collected for virus isolation. Oropharyngeal and
cloacal swabs were collected on day 3 p.i. from all birds for detection of virus
shedding, and the remaining seven chickens were observed for signs of disease or
death for 14 days.

RESULTS

Genetic analysis of the two H5N1 swine influenza viruses.
The H5N1 influenza viruses SW/FJ/01 and SW/FJ/03, which
were isolated from pigs in Fujian Province, China, were se-
quenced and compared with available sequences of other
H5N1 avian influenza viruses. Five amino acid differences be-
tween the two viruses were identified and mapped to the PB2,
HA, and M2 genes. Both viruses have six basic amino acids in
the connecting peptide of HA. The PB1, PA, NP, and NA
genes of the two viruses are identical at the amino acid level,
although a few silent mutations were detected. No deletions
were detected in the region of the gene that encodes the NA
stalk. There is a 15-nucleotide deletion spanning positions 263
to 277 in the NS genes of both viruses that has also been
observed in other H5N1 viruses. However, there is a unique
deletion of 15 nucleotides at positions 612 to 626 in the SW/
FJ/03 virus, which results in a five-amino-acid deletion in both
the NS1 and NS2 proteins (Table 2). We found that the two
swine viruses are very closely related to the previously reported
H5N1 duck virus A/duck/Zhejiang/52/2000 (DK/ZJ/00) (Table
2). There are fewer than 30 amino acid differences between the
H5N1 swine influenza viruses and the DK/ZJ/00 virus, suggest-
ing that DK/ZJ/00 is a close ancestor of these H5N1 swine
influenza viruses.

Biological properties of the two H5N1 swine influenza vi-
ruses. Our previous study demonstrated that H5N1 viruses
isolated from healthy ducks in southern China have a clear

TABLE 2. Amino acid differences between two H5N1 swine
influenza viruses and the duck virus DK/ZJ/00

Protein Amino acid
position

Amino acid in virusa

DK/ZJ/00 SW/FJ/01 SW/FJ/03

PB2 51 V M M
92 P S S
164 L M M
562 I I S
679 L P P
725 P L L

PB1 456 L H H
486 L R R

PA 54 V I I
330 I V V
384 Y C C
459 V I I

HA 16 S G G
100 N S S
168 K K E
254 S A A
444 L I L

NP 65 S R R
257 T I I
284 V A A

NA 34 V I I
M2 26 L S L

65 T T A
NS1 18 V I I

69 P L L
88 I M M
191–195 EALQR EALQR

NS2 39–43 KLYRD KLYRD

a The amino acids that are different between the two swine influenza viruses
are shown in italics.
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temporal pattern of increasing pathogenicity in mice (4). Sev-
eral early isolates, including DK/ZJ/00, cannot replicate in
mice (4). Here we investigated the replication and virulence of
the two H5N1 swine influenza viruses and DK/ZJ/00, using the
previously described mouse model (4). When 6-week-old
BALB/c mice were inoculated i.n. with different doses (105 to
107 EID50) of virus, the two swine influenza viruses replicated
well in the lungs without prior adaptation, with titers ranging
from 3.8 to 5.5 log EID50. The viruses were not detected in
other tested organs, including the brain, spleen, and kidneys
(Table 3). The SW/FJ/01 virus caused about 10% weight loss
and killed the mice at high doses, with an MLD50 of 5.7 log
EID50 (Fig. 1). Interestingly, the SW/FJ/03 virus killed only
one of the five mice at the high dose of 107 EID50. As reported
previously (4), DK/ZJ/00 did not cause disease or death and
was not detected in any organs tested (Fig. 1; Table 3).

SW/FJ/01 and SW/FJ/03 have multiple basic amino acids in
the connecting peptide of HA, which has been proven to be a
marker for lethality in chickens. To confirm the pathogenicity
of these two viruses, we tested their IVPI in SPF chickens. The
IVPI for SW/FJ/01 was 2.5, with 10 inoculated chickens dying
within 3 days (Table 4). In contrast, SW/FJ/03 caused only mild
disease in the chickens inoculated from days 2 to 4 p.i., and all
of the chickens survived over the observation period. The IVPI
for SW/FJ/03 was 0.3, and all of the chickens seroconverted
(Table 4).

The SW/FJ/01 virus replicated systemically in chickens inoc-
ulated i.n. with 106 EID50 and could be detected on day 3 p.i.
in any organ tested, including the lungs, bursa, kidneys, brain,
pancreas, and spleen (Table 5). Virus shedding was detected in
both pharyngeal and cloacal swabs. By 6 days p.i., all of the
birds had died. In the SW/FJ/03-inoculated chickens, virus was

also detected in any organ tested; however, the virus titers were
significantly lower than those observed in chickens inoculated
with SW/FJ/01 (Table 5). Virus shedding was not detected for
any of the chickens. None of the chickens showed disease signs,
and all survived during the observation period (Table 5). These
results indicate that the two swine viruses are genetically close
but have different phenotypes with respect to their replication
and lethality in chickens.

The NS gene is crucial for the difference in virulence be-
tween the H5N1 swine influenza viruses in chickens. To ex-
plore the genetic basis for the different virulence levels of the
two viruses in chickens, we used a reverse genetics system to
generate single-gene reassortant viruses. To rescue the parent,
wild-type recombinant viruses, we inserted the cDNA of each
full-length RNA segment of the SW/FJ/01 and SW/FJ/03 vi-
ruses into the viral RNA-mRNA bidirectional expression plas-
mid pBD. The rescued SW/FJ/01 and SW/FJ/03 wild-type
viruses were designated R-SW/FJ/01 and R-SW/FJ/03, respec-
tively. The rescued R-SW/FJ/01 virus, like its wild-type coun-
terpart, was highly pathogenic for chickens, and the IVPI was
2.2 (Table 4). The virus replicated systemically in i.n. inocu-
lated chickens and killed all of the animals before day 4 p.i.
(Table 5). The rescued R-SW/FJ/03 virus, also like its wild-type
counterpart, caused only mild clinical signs in i.v. inoculated
chickens (Table 4). Although it replicated systemically in the
organs tested after i.n. inoculation, the virus titers were signif-
icantly lower than those in the R-SW/FJ/01 virus-inoculated
chickens (Table 5). The rescued H5N1 viruses therefore pos-
sessed the biological characteristics of the original wild-type
viruses.

We then generated four single-gene reassortants. First, we
tested the effects of genes derived from SW/FJ/03 on the rep-
lication and virulence of SW/FJ/01. Each recombinant con-

TABLE 3. Replication and lethality of H5N1 swine influenza
viruses and a duck virus in mice

Virus
Virus titer in mouse lungs on day 3 p.i.a MLD50

(log EID50)105 EID50 106 EID50 107 EID50

DK/ZJ/00 �0.5 �0.5 �0.5 	7.5
SW/FJ/01 4.7 
 0.4 5.5 
 0.3 4.6 
 0.3 5.7
SW/FJ/03 3.8 
 0.3 4.8 
 0.5 4.5 
 0.7 7.3

a Data are means 
 standard deviations.

FIG. 1. Weight changes in mice inoculated with H5N1 swine influ-
enza viruses and a duck influenza virus. Groups of five mice were
inoculated i.n. with 106 EID50 (in 50 �l) of DK/ZJ/00 (Œ), SW/FJ/
01(F), or SW/FJ/03 (}) and weighed daily for 14 days.

TABLE 4. Disease and death caused by H5N1 viruses in chickens
after i.v. inoculationa

Virus Titer
(log EID50/ml)

No. of chickens with
manifestation IVPI

S/D/totalb SC/totalc

SW/FJ/01 7.7 0/10/10 / 2.5
SW/FJ/03 8.0 10/0/10 10/10 0.3
R-SW/FJ/01 8.0 0/10/10 / 2.2
R-SW/FJ/03 8.3 10/0/10 10/10 0.2
SW/FJ/01-03PB2 8.3 0/10/10 / 2.1
SW/FJ/01-03HA 8.3 0/10/10 / 2.5
SW/FJ/01-03M 8.0 0/10/10 / 1.9
SW/FJ/01-03NS 8.3 4/0/10 10/10 0.2
SW/FJ/03-01PB2 7.8 10/0/10 10/10 0.2
SW/FJ/03-01HA 8.3 10/0/10 10/10 0.3
SW/FJ/03-01M 7.8 10/0/10 10/10 0.2
SW/FJ/03-01NS 8.0 0/10/10 / 1.9

a Six-week-old White Leghorn chickens housed in high-efficiency particulate
air-filtered isolators were inoculated i.v. with 0.2 ml of a 1:10 dilution of bacte-
rium-free allantoic fluid containing virus for IVPI testing, based on the Office
International Des Epizooties recommendations.

b S/D/total, numbers of chickens that were sick (S) and died (D) as well as total
number of chickens during the observation period. Birds that showed disease
signs, such as depression and ruffled feathers, but recovered at the end of the
observation were counted as sick animals.

c SC/total, number of chickens that seroconverted/total number of chickens at
the end of the observation period. /, all birds died by the end of the observation
period.
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tained the PB2, HA, M, or NS gene from the lowly pathogenic
SW/FJ/03 and the remaining seven genes from the highly
pathogenic SW/FJ/01. The pathogenicity of the recombinant
viruses was tested in chickens. As shown in Table 4, i.v. inoc-
ulation of the recombinant viruses containing the M (SW/FJ/
01-03M), HA (SW/FJ/01-03HA), and PB2 (SW/FJ/01-03PB2)
genes from the SW/FJ/03 virus in the SW/FJ/01 background
led to the death of all 10 chickens by day 4 p.i., with the IVPI
ranging from 1.9 to 2.5 (Table 4). However, the recombinant
virus that contained the NS1 gene of SW/FJ/03 (SW/FJ/01-
03NS) induced mild disease signs in the inoculated chickens,
and all of the birds survived the observation period. The IVPI
for SW/FJ/01-03NS was 0.2 (Table 4). When these viruses were
inoculated into chickens i.n., the SW/FJ/01-03PB2, SW/FJ/01-
03HA, and SW/FJ/01-03M viruses were detected in the lungs,
kidneys, brains, and pancreases of the chickens killed on day
3 p.i., and the titers were similar to those in SW/FJ/01-inocu-
lated chickens (Table 5). Low-titer virus shedding was detected
for all of the chickens on day 3 p.i., and all of the chickens died
by 4 days p.i. SW/FJ/01-03NS also replicated in all of the tested
organs, but the virus titers were significantly lower than those
for the SW/FJ/01- or R-SW/FJ/01-inoculated chickens.

We then tested the effects of genes derived from SW/FJ/01
on the replication and virulence of the SW/FJ/03 virus. We
again generated four single-gene recombinant viruses, each
containing the NS, HA, M, or PB2 gene from SW/FJ/1/01 and
the remaining seven genes from SW/FJ/03. The viruses that
carried the PB2 (SW/FJ/03-01PB2), HA (SW/FJ/03-01HA),
and M (SW/FJ/03-01M) genes of SW/FJ/01 caused transient,
mild disease in chickens, and the IVPI ranged from 0.2 to 0.3
(Table 2). The recombinant virus bearing the NS1 gene from
SW/FJ/01 (SW/FJ/03-01NS), however, caused severe disease
and killed all of the inoculated chickens by day 5 p.i. (Table 4).
The IVPI was 1.9. When the chickens were inoculated i.n.,
SW/FJ/03-01PB2, SW/FJ/03-01HA, and SW/FJ/03-01M were
detected in the tested organs, with titers similar to those in the

SW/FJ/03-inoculated chickens, but virus shedding was not de-
tected. All of the chickens survived during the observation
period. The SW/FJ/03-01NS virus also replicated in all of the
tested organs, but the titers were significantly higher than those
for the SW/FJ/03-inoculated chickens. The virus killed five of
seven chickens during the observation period (Table 5).

These results indicate that the NS gene plays an important
role in determining the virulence of SW/FJ/01 and SW/FJ/03 in
chickens. There is a 15-nucleotide deletion in the NS gene of
the SW/FJ/03 virus, which results in a five-amino-acid deletion
in both the NS1 and NS2 proteins (Table 2). These data sug-
gest that the amino acid deletion in the NS1 and/or NS2 pro-
tein of SW/FJ/03 is crucial for the attenuation of this virus in
chickens.

The deleted amino acids at positions 191 to 195 of the NS1
gene affect the ability of SW/FJ/01 and SW/FJ/03 to antagonize
IFN-�/� production. The NS1 protein of influenza virus has
previously been shown to act as an IFN-�/� antagonist (10, 37).
To examine whether the differences in the replication and
virulence of SW/FJ/01 and SW/FJ/03 were directly correlated
with their respective abilities to inhibit the IFN-�/� system, the
production of IFN in cells infected with the different wild-type
and reassortant viruses was assessed. To assay IFN production,
supernatants from influenza virus-infected cells were tested for
the ability to inhibit GFP expression and viral replication of
recombinant VSV-GFP. VSV growth is very sensitive to type I
IFN (6, 29, 34). Supernatants from mock-infected CEFs and
R-SW/FJ/01- and SW/FJ/03-01NS-infected CEFs did not in-
hibit GFP expression (Fig. 2A), indicating that R-SW/FJ/01
and SW/FJ/03-01NS antagonized IFN production. However,
the supernatants from CEFs infected with R-SW/FJ/03 and
SW/FJ/01-03NS completely prevented the replication of VSV-
GFP (Fig. 2A), indicating that viruses bearing the SW/FJ/03-
like NS1 gene were unable to antagonize IFN production in
these cells.

To examine the effect of influenza virus infection on the

TABLE 5. Replication and lethality of H5N1 swine influenza viruses in chickens after i.n. inoculationa

Virus

No. of chickens with
manifestation Virus replication in organ on day 3 p.i. (log10 EID50/g) Virus shedding on day 3

(log10 EID50/ml)

S/D/totalb SC/totalc Lung Brain Kidney Spleen Pancreas Bursa Pharynx Cloaca

SW/FJ/01 0/7/7 / 7.5 
 0.7 7.3 
 1.1 6.8 
 0.1 6.6 
 0.6 7.7 
 0.5 6.7 
 0.8 2.3 
 1.5 1.1 
 1.1
SW/FJ/03 0/0/7 7/7 3.5 
 0.5d 1.2 
 0.3d 1.5 
 0.7d 1.3 
 0.5d 1.8 
 0.5d 1.1 
 0.8d �0.5 �0.5
R-SW/FJ/01 0/7/7 / 6.1 
 0.3 6.0 
 1.1 5.0 
 0.4 5.1 
 0.3 5.3 
 0.5 5.7 
 0.7 2.4 
 0.7 1.3 
 0.9
R-SW/FJ/03 0/0/7 7/7 3.5 
 0.3d 0.8 
 0.3d 1.7 
 0.9d 1.3 
 0.1d 1.2 
 0.8 0.8 
 0.3d �0.5 �0.5
SW/FJ/01-03PB2 1/6/7 1/7 6.8 
 0.7 6.1 
 1.0 5.3 
 1.0 4.8 
 1.2 4.6 
 1.0 4.1 
 1.0 1.9 
 1.1 0.7 
 0.5
SW/FJ/01-03HA 0/7/7 / 7.4 
 0.1 7.0 
 0.4 6.8 
 0.6 4.9 
 0.5 6.4 
 1.1 6.0 
 1.6 2.1 
 0.9 1.0 
 0.8
SW/FJ/01-03M 0/7/7 / 6.2 
 0.4 5.4 
 1.4 5.9 
 0.3 5.6 
 0.6 5.1 
 0.8 5.9 
 0.3 2.3 
 0.6 1.4 
 0.9
SW/FJ/01-03NS 0/0/7 7/7 2.7 
 0.1d �0.5 2.2 
 0.2d 2.0 
 0.1d 0.8 
 0.3d �0.5 �0.5 �0.5
SW/FJ/03-01PB2 0/0/7 7/7 2.4 
 0.4 0.7 
 0.3 2.0 
 0.1 1.9 
 0.4 0.8 
 0.3 �0.5 �0.5 �0.5
SW/FJ/03-01HA 0/0/7 7/7 2.6 
 0.4 �0.5 1.9 
 0.4 2.1 
 0.2 0.7 
 0.3 �0.5 �0.5 �0.5
SW/FJ/03-01M 0/0/7 7/7 2.8 
 0.4 1.3 
 0.8 2.3 
 0.1 2.4 
 0.5 1.8 
 0.3 0.7 
 0.7 �0.5 �0.5
SW/FJ/03-01NS 2/5/7 2/7 4.3 
 0.3 2.4 
 0.1e 3.7 
 0.3e 3.8 
 0.3e 2.6 
 0.6 1.8 
 1.1 1.2 
 1.0 1.2 
 0.9

a Six-week-old SPF chickens were inoculated i.n. with 106 EID50 of each virus in a 0.1-ml volume; on day 3, three birds in each group were euthanized, and virus was
titrated in samples of lung, bursa, kidney, brain, pancreas, and spleen in eggs. The lower limit of virus detection was 0.5 log10 EID50 per gram of tissue. Pharyngeal and
cloacal swabs were collected from all birds on day 3. �0.5, virus was not detected in that sample. Data are means 
 standard deviations.

b S/D/total, numbers of chickens that were sick (S) and died (D) as well as total number of chickens during the observation period. Birds that showed disease signs,
such as depression and ruffled feathers, but recovered at the end of the observation were counted as sick animals.

c SC/total, number of chickens that seroconverted/total number of chickens at the end of the observation period. /, all birds died by the end of the observation period.
d P � 0.01 compared with the titers in the corresponding organs of the SW/01- or R-SW/01-inoculated chickens.
e P � 0.05 compared with the titers in the corresponding organs of the SW/03- or R-SW/03-inoculated chickens.
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synthesis of IFN-�/� mRNA, CEFs were infected with various
influenza viruses and their RNAs were extracted 20 h after
infection. The cDNAs of chicken IFN-�/� were amplified by
using primers specific to either the IFN-� or the IFN-� gene.
As shown in Fig. 2B, the cDNAs of both the IFN-� and IFN-�
genes were amplified from the SW/FJ/03- and SW/FJ/01-03NS-
inoculated CEFs but not from the CEFs inoculated with the
SW/FJ/01 and SW/FJ/03-01NS viruses. The effects of these
viruses on IFN-�/� mRNA production are consistent with their
effects in the IFN-�/� bioassay. Western blot analysis revealed
that the levels of the NS1 protein in the cells infected with virus
containing the SW/FJ/01 NS gene were considerably higher
than those in cells infected with virus containing the SW/FJ/03
NS gene (Fig. 3). However, no significant difference in the
levels of M protein and �-actin were detected among the
different virus-infected cells (Fig. 3).

These results indicate that viruses bearing the NS1 gene of
SW/FJ/01 are better able to antagonize the IFN-�/� response
in CEFs than are viruses bearing the NS1 gene of SW/FJ/03.
Since the NS1 genes of these two viruses differ only in the
deletion of the amino acids at positions 191 to 195, this indi-
cates that the five-amino-acid deletion in the NS1 gene is
crucial for the reduced ability of the SW/FJ/03 virus to antag-
onize the host IFN-�/� response and for its attenuation in
chickens.

The deleted amino acids at position 191 to 195 affect the
stability of the NS1 protein and impair its interaction with
chicken CPSF. As shown in Fig. 3, the SW/FJ/01 NS1 protein
was expressed at significantly higher levels than the SW/FJ/03
NS1 protein in virus-infected cells. To determine whether this
was due to a reduced stability of the SW/FJ/03 NS1 protein, we
carried out a pulse-chase radioactive labeling and immunopre-
cipitation analysis. The genes for the SW/FJ/01 and SW/FJ/03
NS1 proteins were cloned into the plasmid vector pBlueScript
II KS under the control of the T7 promoter, and the NS1
proteins were expressed in HeLa cells by using the recombi-
nant vaccinia virus T7 transient expression system (8). As
shown in Fig. 4A, similar levels of labeled SW/FJ/01 and SW/
FJ/03 NS1 proteins were detected in cells after pulse labeling.
However, while the SW/FJ/01 NS1 protein largely maintained
its level after 4- and 7-h chases, the amount of labeled SW/
FJ/03 NS1 protein was significantly reduced after 4- and 7-h
chases. This result indicates that the SW/FJ/03 NS1 protein,

FIG. 2. Induction of IFN-�/� in CEFs infected with different influ-
enza viruses. (A) CEFs were infected with the indicated influenza
viruses, and the UV-treated supernatants were used to examine IFN-
mediated inhibition of VSV-GFP replication in CEFs as described in
Materials and Methods. The cells were visualized by fluorescence
microscopy at 12 and 24 h p.i. (B) RT-PCR analysis of IFN-�/�- and
chicken �-actin-specific mRNAs from CEFs infected with R-SW/FJ/03
(lane 1), SW/FJ/01-03NS (lane 2), R-SW/FJ/01 (lane 3), or SW/FJ/03-
01NS (lane 4) or from mock-infected CEFs (lane 5). Lane 6, marker.

FIG. 3. Virus protein levels determined by Western blotting. Ly-
sates of mock-infected cells (lane 1) or cells infected with R-SW/FJ/03
(lane 2), SW/FJ/01-03NS (lane 3), R-SW/FJ/01 (lane 4), or SW/FJ/03-
01NS (lane 5) were incubated with rabbit anti-NS1 antiserum, a mouse
monoclonal antibody to the viral M1 protein, or �-actin antiserum.

FIG. 4. Stability of NS1 proteins and their interaction with chicken
CPSF. (A) Analysis of NS1 expression by pulse-chase radioactive la-
beling and immunoprecipitation. The SW/FJ/01 and SW/FJ/03 NS1
proteins were expressed and labeled as described in Materials and
Methods. The cells were lysed after being pulse labeled or at different
chase time points, and cell lysates were immunoprecipitated with an-
tibodies against NS1, followed by SDS-PAGE analysis. Lane 1, control
(empty plasmid DNA vector-transfected cells); lanes 2 to 4, pBlue-
NS1-01-transfected samples; lanes 5 to 7, pBlue-NS1-03-transfected
samples. Lanes 2 and 5, samples prepared after being pulse labeled;
lanes 3 and 6, samples prepared after a 4-h chase; lanes 4 and 7,
samples prepared after a 7-h chase. The arrow indicates the NS1
protein band. (B) Analysis of CPSF binding. HA-tagged NS1 con-
structs were expressed by in vitro translation. Flag-tagged CPSF was
expressed in transfected 293T cells. The cell lysate was mixed with the
NS1 proteins and subjected to coimmunoprecipitation (IP) using a
monoclonal anti-Flag antibody coupled to protein A-Sepharose. The
precipitated proteins were analyzed for the HA-tagged NS1 protein
and Flag-CPSF by Western blot analysis using HA tag- and Flag-
specific monoclonal antibodies, respectively. Lane 1, SW/FJ/01 NS1;
lane 2, SW/ FJ/03 NS1.
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which contains a five-amino-acid deletion, is less stable than
the SW/FJ/01 NS1 protein.

The effector domain of the NS1 protein of influenza A virus
has been reported to bind to distinct cellular proteins and to
affect their function (17). NS1 interacts with the 30-kDa sub-
unit of CPSF (25, 26), leading to a block of cellular mRNA
processing in influenza A virus-infected cells. To investigate if
the five-amino-acid deletion in the NS1 gene of the SW/FJ/03
virus affects its interaction with chicken CPSF, we tested and
compared the two NS1 proteins for their interaction with
CPSF in a coimmunoprecipitation assay. HA-tagged NS1 con-
structs were expressed by in vitro transcription and translation.
The NS1 proteins were mixed with Flag-tagged CPSF and
subjected to immunoprecipitation using a Flag-specific anti-
body. We found almost no CPSF binding for SW/FJ/03 NS1
but a strong association for SW/FJ/01 NS1 (Fig. 4B). These
results indicate that the deleted amino acids at positions 191 to
195 of NS1 not only affect the stability of the NS1 protein in
cells but also affect its ability to interact with the chicken
cellular protein CPSF.

DISCUSSION

We report an extensive characterization of two H5N1 influ-
enza viruses, SW/FJ/01 and SW/FJ/03, that were isolated from
pigs in Fujian Province, southern China. The two swine viruses
share high homology with a duck virus, DK/ZJ/00, that has
been characterized previously. The virus SW/FJ/03 has a
unique five-amino-acid deletion in the NS gene. The two swine
influenza viruses replicated in the lungs of mice without prior
adaptation, but they displayed low pathogenicity in mice. In-
terestingly, the viruses displayed differing levels of pathogenic-
ity in chickens. The SW/FJ/03 virus was less pathogenic than
SW/FJ/01, even though the HA protein of SW/FJ/03 bears
multiple basic amino acids in its cleavage site, a known marker
for high pathogenicity. Using reverse genetics, we generated a
series of single-gene recombinants by switching the genes of
the SW/FJ/01 and SW/FJ/03 viruses, and we then tested their
replication and lethality in chickens. We demonstrated that the
five-amino-acid deletion at positions 191 to 195 in the NS1
protein contributes to the attenuation of the SW/FJ/03 virus in
chickens and that the attenuation phenotype of this virus in
chickens may be associated with its decreased ability to antag-
onize IFN-�/� production in host cells.

Our data also support the hypothesis that pigs can serve as
an intermediate host for influenza viruses to evolve in a direc-
tion toward being able to replicate more efficiently in animals
other than their natural hosts. We found that there are only 23
amino acid differences between the genomes of the SW/FJ/01
and DK/ZJ/00 viruses, but the replication phenotypes of these
two viruses in mice are quite different. DK/ZJ/00 does not
replicate in mice (4), whereas SW/FJ/01 replicates well in the
mouse lung and kills mice at high doses (105 to 106 EID50).
SW/FJ/01 does not, however, contain the markers 627K and
701N in the PB2 protein, which are associated with the repli-
cation and virulence of H5N1 influenza viruses in mice (9, 13,
22). This suggests the existence of additional mutations that
contribute to the replication of H5N1 viruses in mammals. The
SW/FJ/01 and SW/FJ/03 viruses were isolated from the same
region of Fujian Province, and besides the deletion in the NS

gene of SW/FJ/03, there are only five amino acid differences
between the two isolates. Two of these five amino acids (HA
444L and M2 26L) in SW/FJ/03 are the same as those in
DK/ZJ/00, implying that the virus may have circulated in this
region and been transmitted back and forth between waterfowl
and pigs.

NS1 has multiple regulatory functions during influenza virus
infection (11, 17). Here we confirmed that the deletion of the
amino acids at positions 191 to 195 in the NS1 protein plays an
important role in the attenuation of the SW/FJ/03 or R-SW/
FJ/01-03 virus in chickens and in its ability to antagonize host
cell IFN-�/� production. There are several possible explana-
tions for how this deletion could contribute to the low-patho-
genicity phenotype and the inability to antagonize IFN. First,
the deletion is located within the effector domain, whose main
function is the stabilization and/or facilitation of NS1 dimer-
ization (41). Interestingly, it was shown that truncation of the
C-terminal domain significantly decreased the stability of an
NS1 protein from a swine influenza virus (34) but not that of
NS1 from the influenza virus WSN (41). We found that the
amount of NS1 protein in cells infected with R-SW/FJ/03 or
SW/FJ/01-03NS was significantly lower than that in cells in-
fected with R-SW/FJ/01 or SW/FJ/03-01NS (Fig. 3) and that
the SW/FJ/03 NS1 protein exhibited decreased stability com-
pared to the SW/FJ/01 NS1 protein (Fig. 4A). It is thus possi-
ble that the deletion in the effector domain affects NS1 protein
stabilization, resulting in reduced amounts of the NS1 protein
in infected cells. The NS1 protein is responsible for IFN an-
tagonist activity in mammalian (6, 34, 37) and chicken (23)
cells. Decreased NS1 protein levels could therefore lead to a
decreased ability to antagonize IFN production. Second, the
deletion in the effector domain could lead to impaired mul-
timerization of the NS1 protein, which would weaken NS1
binding to RNA (40). The NS1 protein of influenza A virus
binds to double-stranded RNA and prevents double-stranded
RNA-mediated activation of protein kinase R (1, 12, 24). It is
this kinase that induces IFN-�/� synthesis (6, 37). Therefore,
the NS1 deletion could lead to the attenuated phenotype
through a decreased NS1 protein level and/or a reduction in
NS1’s RNA binding ability.

The deletion of amino acids 191 to 195 of the NS1 protein of
SW/FJ/03 negatively affects the ability of NS1 to bind the
cellular 30-kDa subunit CPSF. CPSF is an essential component
of the 3�-end processing machinery of cellular pre-mRNAs,
and the influenza virus NS1 protein is known to interact with
the 30-kDa subunit and to inhibit 3�-end formation of cellular
pre-mRNAs (21). The inhibition of cellular pre-mRNA pro-
cessing and subsequent protein translation are among the an-
tiviral mechanisms employed by influenza virus (17). Two dis-
tinct domains in the C-terminal effector domain, namely, the
well-characterized region around amino acid 186 (39) and the
recently identified middle region around positions 103 and 106
(16), have been proved to be required for binding to the host
factor CPSF, resulting in an inhibition of cellular mRNA pro-
cessing. In the present study, we proved that the amino acid
deletion at positions 191 to 195 of NS1 of the SW/FJ/03 virus
impairs NS1 binding to the 30-kDa CPSF subunit and may lead
to more cellular pre-mRNA, including antiviral IFN-�/� pre-
mRNA and proteins.

The nucleotide deletion in the SW/FJ/03 NS gene also re-
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sults in a five-amino-acid deletion at positions 39 to 43 of the
NS2 protein. The NS2 protein of influenza A virus mediates
the nuclear export of viral ribonucleoproteins (28), and muta-
tions within the nuclear export signal motif (amino acids 12 to
21) of NS2 affect the export of viral ribonucleoproteins and
limit viral growth in cell culture and in mice (15). Although the
function, if any, of the NS2 region affected by the deletion at
positions 39 to 43 is unknown, we believe that it is unlikely that
this deletion in NS2 affects the attenuation of the SW/FJ/03
virus in chickens.

Several reports suggest that mutations or deletions in the
NS1 protein contribute to the virulence of influenza viruses in
different hosts (3, 23, 32, 33, 38). In this study, we found that
the amino acid deletion at positions 191 to 195 of the NS1
protein attenuated the SW/FJ/03 virus in chickens and was
critical for the virus to antagonize the host cell IFN response.
Our results further strengthen the view that the NS1 protein is
an important virulence factor for influenza viruses and that
multiple domains within this protein may be suitable targets
for the development of antiviral drugs and attenuated vaccines.
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