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Abstract Pigs are susceptible to infection with both

human and avian influenza A viruses and are considered

intermediate hosts that facilitate virus reassortment.

Although H5N1 virus has spread to a wide range of avian

and mammalian species, data about swine H5N1 isolates

are scarce. To determine whether Asian H5N1 influenza

viruses had been transmitted to pigs, a total of 1,107 nasal

swab samples from healthy swine were collected from 2008

to 2009 in Jiangsu province of eastern China. In this survey,

two H5N1 viruses A/swine/Jiangsu/1/2008 (JS/08) and

A/swine/Jiangsu/2/2009 (JS/09) were isolated and identi-

fied. Phylogenetic analysis showed that JS/08 and JS/09

belonged to clade 7 and clade 2.3.4, respectively, and

shared over 99.0 % sequence identity with poultry H5N1

isolates of the same clade in China. Receptor specificity

analysis also showed that both of the swine H5N1 isolates

bound preferentially to avian-type receptors. However,

experiments in mammals indicated that JS/09 was moder-

ately pathogenic to mice without prior adaption, whereas

JS/08 had limited ability to replicate. Our findings suggest

that pigs are naturally infected with avian H5N1 virus and

highlight the potential threat to public health due to adap-

tion or reassortment of H5N1 virus in this species.

Introduction

In 1996, the Asian highly pathogenic avian influenza

(HPAI) H5N1 virus was initially recognized in geese in

Guangdong Province of China, and the first case of human

infection was reported in Hong Kong in 1997 [6, 32, 36].

Since then, Asian H5N1 viruses present a continuing threat

to both animals and public health on a global scale [27, 38].

Although a number of avian H5N1 outbreaks have been

reported, data about H5N1 in pigs are scarce. It has been

shown that pigs have limited susceptibility to infection

with avian H5N1 viruses under experimental conditions

[5, 20, 37]. However, serological surveillance revealed

evidence of H5N1 infection in swine in Vietnam and

co-circulation with other subtypes of avian influenza virus

in China [5, 22]. The isolation of H5N1 viruses from pigs

has also been reported in China and Indonesia [25, 30, 42].

Pigs are considered intermediate hosts or ‘‘mixing ves-

sels’’ because their tracheal epithelial cells express both

SAa2,3Gal and SAa2,6Gal receptors [3, 12, 14]. This is

the molecular basis for pigs being susceptible to infection

with both avian and human influenza viruses, which

facilitates virus reassortment and can potentially lead to

pandemics, as evidenced by the occurrence of the 2009

H1N1 pandemic virus [8, 31, 34]. Since pigs are naturally

infected with H5N1, the potential risk of H5N1 reassort-

ment and introduction of novel deadly viruses back into the

human population exists. Recent studies have demonstrated

the high genetic compatibility between avian H5N1 viruses

and the currently circulating human influenza viruses

[4, 16, 26]. Moreover, evidence from clinical surveillance

has also shown that avian H5 subtype influenza A viruses

participated in the reassortment of swine human-like H3N2

viruses isolated in China [2, 7]. Hence, understanding the

prevalence and adaptation of H5N1 influenza viruses in the

pig population is of crucial importance.

Although several HPAI H5N1 viruses have been iso-

lated from pigs in Fujian and Shandong provinces of

eastern China, the H5N1 situation of Jiangsu Province in
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the same area is still unknown [30, 42]. In this study, two

swine H5N1 viruses isolated in Jiangsu Province were

characterized genetically and pathobiologically, and their

receptor specificity and pathogenicity were also investi-

gated. Our results further demonstrate the importance of

pigs as intermediate hosts for influenza A virus and provide

useful information for improving surveillance in swine.

Materials and methods

Virus isolation and identification

The first period of our influenza virus survey in pigs in

Jiangsu Province of China was performed from October

2008 to May 2009. In this survey, a total of 1,107 nasal

swab samples were randomly collected from healthy swine.

These samples were maintained in transport medium con-

taining antibiotics and kept on ice until transported to the

laboratory. After centrifugation for 10 min at 5000 rpm at

4 �C, 0.2 ml of the supernatant was inoculated into the

allantoic cavities of 10-day-old specific-pathogen-free

(SPF) embryonated chicken eggs. After 48-72 h of incu-

bation at 35 �C, the allantoic fluids were harvested and

tested for hemagglutinin (HA) activity. The HA subtypes

and neuraminidase (NA) subtypes of positive isolates were

identified by sequence analysis of the reverse transcription

polymerase chain reaction (RT-PCR) products as described

previously [15, 28]. All of the experiments dealing with

H5N1 viruses were conducted in biosafety level 3 facilities.

The animal research was approved by the Jiangsu

Administrative Committee for Laboratory Animals (Permit

number: SYXKSU-2007-0005) and complied with the

guidelines of Jiangsu Laboratory Animal Welfare and

Ethical of Jiangsu Administrative Committee of Labora-

tory Animals.

Sequencing and phylogenetic analysis

Viral RNA was extracted from infected allantoic fluid

using TRIzol LS Reagent (Invitrogen) and reverse tran-

scribed with the Uni12 primer (5’-AGCAAAAGCAGG-3’).

PCR was performed using specific primers as described

[10]. Each full-length PCR product was purified and

sequenced. The sequence data were compiled and edited

using DNASTAR, Lasergene v7.1. To assess the genetic

relationships among H5 influenza virus strains, reference

gene sequences were selected from the National Center for

Biotechnology Information (http://www.ncbi.nlm.nih.gov),

and a phylogenetic tree was constructed by the neighbor-

joining method using MEGA 4.1 software. Bootstrap

values were calculated based on 1000 replicates of the

alignment.

Hemagglutination assay for receptor-binding analysis

To measure if the H5N1 viruses had adapted to recognize

human-type receptors during replication in pigs, we per-

formed a hemagglutination assay as described previously

[33]. Briefly, a 100-ll aliquot of a 10 % suspension of

goose red blood cells (GRBCs) was treated with 1.25 units

of a2, 3-sialidase (TaKaRa) for 1 h at 37 �C. The treated

GRBCs were washed twice and adjusted to a final working

concentration of 0.5 % with phosphate-buffered saline

(PBS). Viruses (50 ll) were serially diluted with 50 ll of

PBS and mixed with 50 ll of 0.5 % of GRBCs in a 96-well

microtiter plate. The reaction was kept at room tempera-

ture, and HA titers were read after a 15-minute incubation.

The A(H1N1)pdm2009 virus A/California/04/2009 (CA/

09) and poultry H5N1 isolate A/mallard/Huadong/S/2005

(HD/05) were used as controls.

Solid-phase direct binding assay

The receptor specificity was further analyzed by a solid-

phase direct binding assay as described previously [1].

Briefly, the synthetic sialylglycopolymers Neu5Aca2-

3Galb1-4GlcNAcb (3’SLN)-PAA-biotin and Neu5Aca2-

3Galb1-4GlcNAcb (6’SLN)-PAA-biotin (GlycoTech) were

serially diluted in PBS and added to the wells of 96-well

streptavidin coated microtiter plates (Pierce). The plates

were blocked with PBS containing 2 % skim milk powder,

and 128 HA units of live virus was added per well. Chicken

antiserum against the virus was diluted in PBS and added

to each well. Bound antibody was detected by sequential

addition of HRP-conjugated rabbit anti-chicken IgG anti-

body and tetramethylbenzidine substrate solution. The

reaction was stopped with 1 M H2SO4, and the absorbance

at 450 nm was read. Each sample was measured in

triplicate.

Replication kinetics

Madin-Darby canine kidney (MDCK) cells were infected

with 0.01 50 % tissue culture infective dose (TCID50) of

virus for 1 h at 37 �C. Cells were washed twice with PBS

and incubated in minimum essential medium at time zero.

Aliquots of culture supernatants were collected at 12, 24,

48 and 72 hours post-inoculation (h.p.i) and immediately

stored at -80 �C for determination of virus titers. Virus was

titrated (log10 TCID50) in MDCK cells by the method of

Reed and Muench [29].

Plaque assays

Confluent MDCK cell monolayers in six-well plates were

infected with serial tenfold dilutions of virus for 1 h at
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37 �C. Cells were washed twice with PBS and covered

with 0.8 % agarose in 29 Dulbecco’s Modified Eagle

Medium (DMEM) containing 0.3 % BSA and 1 lg/ml of

TPCK-trypsin (Sigma, Missouri, USA). After 48 h of

incubation at 37 �C, the agarose was removed and the cells

were fixed with 10 % formaldehyde and then stained with

0.1 % crystal violet. The plaques produced by the viruses

were measured using the GNU image manipulation pro-

gram, version 2.8 (www.gimp.org), as described previously

[24].

Mouse study

To determine the 50 % mouse lethal dose (MLD50), two

groups of twenty 6-week-old female BALB/c mice were

infected intranasally with 103 to 106 50 % egg infective

dose (EID50) of the JS/08 and JS/09 viruses diluted in 50 ll

PBS. The MLD50 values were calculated by the method of

Reed and Muench after a 14-day observation period and

expressed as EID50. To determine the morbidity and mor-

tality, three groups of ten 6-week-old female BALB/c mice

were infected intranasally with 106 EID50 of JS/08 and JS/

09 viruses or mock inoculated with PBS in 50-ll volumes.

Body weight was recorded daily until 14 days post-inoc-

ulation (d.p.i.). Infected mice showing more than 25 %

body weight loss were humanely euthanized and recorded

as dead.

To evaluate the replication ability of the JS/08 and JS/09

viruses in vivo, two groups of six mice were inoculated

with 106 EID50 of the indicated viruses, and three mice

from each infected group were euthanized humanely at 3

d.p.i. and 5 d.p.i. The lung, heart, brain, spleen, kidney and

liver were collected and homogenized in PBS at a ratio of

1:1 (g/ml). After centrifugation for 30 min at 8,000 rpm,

the supernatants were collected for the extraction of viral

RNA as described above. The viral RNA was reverse

transcribed to cDNA using random primers (Invitrogen).

Real-time PCR for quantitation of viral loads

Viral loads in each of the organ samples were determined

by quantitative PCR. cDNA from tissues mentioned above

were run in an ABI 7300 Real Time PCR System using an

SYBR Premix Ex Taq Kit (TaKaRa). The detection tar-

geting the M gene was performed with the forward primer

5’-TGGGATTTGTATTCACGCTCA-3’ and the reverse

primer 5’-AGTAGCTGAGTGCGACCTCCTT-3’. A ref-

erence standard was prepared using pGEM-T Easy Vector

(Promega) containing the corresponding target virus

sequences. A series of tenfold dilutions equivalent to

19102 to 19108 copies per reaction were prepared to

generate concomitant calibration curves. The detection

limit of this assay was 820 copies per ml.

Statistical analysis

Statistical analysis was performed using PAWS Statistics

18 (SPSS Inc., USA). Significant differences in virus titers

and plaque size between the two isolates were analyzed by

an independent-sample t-test, and a P-value of 0.05 or less

was considered significant.

Nucleotide sequence accession numbers

The nucleotide sequences of the viral genomes of the two

H5N1 isolates were submitted to GenBank and are avail-

able under accession numbers KC683516-KC683531.

Results

Isolation and identification of viruses

From October 2008 to May 2009, 1,107 nasal swab sam-

ples were randomly collected from apparently healthy pigs

(4–6 months of age) in Jiangsu Province of China. A total

of six strains of influenza viruses were isolated and

sequenced (Table 1). Among these viruses, two strains of

H5N1 viruses were identified and designated as A/swine/

Jiangsu/1/2008 (JS/08) and A/swine/Jiangsu/2/2009 (JS/

09), respectively. These two H5N1 viruses were isolated

from different pig farms in Yangzhou. The isolation rate of

H5N1 virus was 0.18 % in this surveillance.

Phylogenetic analysis

Phylogenetic analysis of the HA genes of JS/08 and JS/09

showed that these two swine H5N1 isolates belonged to

clade 7 and clade 2.3.4, respectively (Fig. 1a). JS/08 was

mostly closely related to chicken isolate A/chicken/Ji-

angsu/18/2008, and the identities of the HA gene between

these two viruses were 99.2 % for the nucleotide sequence

and 99.1 % for the amino acid sequence. Its HA segment

was also closely related to that of A/Chicken/Huadong/4/

2008, which was detected in Jiangsu Province [17]. JS/09

showed the highest homology to A/tree sparrow/Jiangsu/1/

2008, and the nucleotide and amino acid homology of the

HA genes between these two viruses were 99.4 % and

99.1 %, respectively. JS/09 also showed a close relation-

ship to the human isolate A/Jiangsu/1/2007, which shared

highest homology with A/tree sparrow/Jiangsu/1/2008 as

well [21]. The NA gene and all the internal gene trees

showed the same pattern of common origin that was seen

for the HA gene tree (Fig. 1b-h). With the exception of the

PB2 gene, JS/08 showed the highest homology to

A/chicken/Jiangsu/18/2008, and the NA and the other

internal genes were mostly closely related to those of

H5N1 influenza viruses from swine in Jiangsu Province, China 2533
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A/Chicken/Huadong/4/2008. The percentages of nucleo-

tide and amino acid sequence similarities among these

genes ranged from 99.2 to 99.9 % and 97.8 to 100 %,

respectively. The NA and all the internal genes of JS/09

also showed high homology to those of A/tree sparrow/

Jiangsu/1/2008, except the PA and M genes, which were

most closely related to those of A/Jiangsu/1/2007. The

percentages of nucleotide and amino acid sequence simi-

larities among these genes ranged from 99.1 to 99.8 % and

98.7 to 99.8 %, respectively. Overall, these results indi-

cated that each H5N1 isolate evolved from a common

source of the same clade in Jiangsu Province of China.

Receptor-binding analysis

In the hemagglutination assay, compared to untreated

GRBCs, the HD/05, JS/08 and JS/09 viruses showed no

HA activity with a2,3-sialidase-treated GRBCs, which had

only a2,6-receptors. However, full HA activity was

detected with both types of GRBCs when the 2009 pan-

demic H1N1 virus CA/09 was tested (Table 2). To further

evaluate the receptor-binding specificity, a solid-phase

direct binding assay was conducted. The HD/05, JS/08 and

JS/09 viruses still showed an absolute preference for a2,3-

sialoglycan (3’SLN) binding, opposite to the absolute a2,6-

sialoglycan (6’SLN) binding preference of CA/09 (Fig. 2).

Neither the JS/08 nor the JS/09 virus acquired the ability to

recognize a human-type receptor during its replication in

pigs.

Growth characteristics in vitro

The replication kinetics of the JS/08 and JS/09 viruses were

studied in MDCK cells. At any given time point, JS/09

replicated to a higher titer than the JS/08 virus (Fig. 3a).

The difference in the peak titer was noticable at 48 h.p.i.,

with a tenfold-higher titer for the JS/09 virus than for the

JS/08 virus (P \ 0.01). In the plaque assay, MDCK cells

infected with JS/09 virus developed large plaques with a

mean size of 2.58 ± 0.40 mm, whereas JS/08 formed

significantly smaller plaques with an mean size of

1.32 ± 0.33 mm (P \ 0.001) (Fig. 3b). These results

indicated that JS/09 grew faster in MDCK cells and

showed a more obvious cytopathic effect compared with

JS/08.

Mouse study

To evaluate the virulence of JS/08 and JS/09 in mam-

mals, we used a BALB/c mouse model to determine the

MLD50. The results showed that JS/09 was more virulent

for mice than JS/08; the MLD50 values of the two H5N1

isolates were 105.2 EID50 and greater than 106.0 EID50,

respectively. To investigate their morbidity and mortality,

mice were inoculated intranasally with 106.0 EID50 of JS/

08 and JS/09. Approximately 25 % weight loss was

detected in JS/09-infected mice, and the mortality rate

was 100 %. The JS/09-infected mice also exhibited

clinical signs, including depression, huddling and

Table 1 Distribution and

numbers of nasal swabs

collected from swine in Jiangsu

Province of China

Period Area Sampling site (number of swine) No. positive/no. tested Serotype

Oct. 2008 Yangzhou Farm (30) 0/5

Yangzhou Farm (50) 1/12 H9N2

Yangzhou Slaughterhouse ([600) 0/100

Nov. 2008 Yangzhou Farm (300) 0/30

Yangzhou Slaughterhouse ([600) 2/100 H9N2

Yancheng Slaughterhouse ([700) 0/120

Dec. 2008 Yangzhou Farm (50) 1/10 H5N1

Yangzhou Farm (30) 0/5

Yangzhou Slaughterhouse ([600) 0/100

Jan. 2009 Yangzhou

Yangzhou

Farm (250)

Farm (40)

0/40

1/10

H5N1

Feb. 2009 Yangzhou Farm (100) 0/20

Yancheng Slaughterhouse ([600) 0/100

Wuxi Slaughterhouse ([600) 0/120

Mar. 2009 Yangzhou Farm (30) 0/5

Yangzhou Farm (1000) 0/125

Apr. 2009 Yangzhou Farm (20) 1/5 H6N6

Yangzhou Slaughterhouse ([600) 0/100

May 2009 Yangzhou Slaughterhouse ([600) 0/100

Total 6/1107
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decreased activity. In contrast, JS/08-infected mice

showed no weight loss and behaved the same as the

PBS-treated mice (Fig. 4a and b). Taken together,

compared to JS/08 virus, JS/09 was more pathogenic for

the mammalian host, as evidenced by fatal infection of

mice.

Fig. 1 Phylogenetic trees for

the HA (a), NA (b), PB2 (c),

PB1 (d), PA (e), NP (f), M

(g) and NS (h) genes of the

H5N1 influenza viruses isolated

from swine in Jiangsu, China.

Trees were constructed for H5

isolates and reference strains

from GenBank based on their

open reading frame sequences.

The sequences determined in

the present study are indicated

by black triangles. The trees

were generated using the

neighbour-joining method in

MEGA 4.1 with 1,000 bootstrap

trials performed to assign

confidence to the grouping
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Fig. 1 continued
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Quantitation of viral RNA loads

Differences in the ability of these viruses to replicate in the

organs of mice were also investigated. We chose 3 d.p.i. and

5 d.p.i. to determine the viral RNA loads in different tissues

by quantitative PCR. At 3 d.p.i., JS/08 viruses only had

detectable viral loads in the lungs of infected mice, with

mean titer of 103.3 copies/g. In mice inoculated with the JS/

09 strain, the viral RNA titer in the lungs was significantly

higher than in JS/08 group, with a mean titer of 107.5 copies/g.

The viral RNA loads were also detectable in the heart and

Fig. 1 continued

Table 2 Hemagglutination titers of H1N1 and H5N1 isolates from

human and animalsa

Virus stain HA titers (log2)

Untreated GRBCs Treated GRBCs

CA/09 6 6

HD/05 8 0

JS/08 8 0

JS/09 7 0

a Hemagglutination titers were determined using goose red blood

cells treated with a2, 3-sialidase
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spleen of JS/09- infected mice, with a similar mean titer of

103.3 copies/g (Fig. 5a). At 5 d.p.i., no virus was detected

in any of the organs of JS/08-infected mice, indicating that

the virus might be gradually cleared from the body.

However, in the JS/09-infected group, all of the tissues

except the kidneys had detectable viral loads. The mean

viral RNA titer in the lungs was 108.2 copies/g, which was

significantly higher than in the other organs. The heart and

spleen still contained similar viral RNA loads, with a mean

titer of 103.9 copies/g, whereas the brain and liver con-

tained somewhat lower viral RNA loads, with mean titers

of 103.5 copies/g and 103.2 copies/g, respectively (Fig. 5b).

Fig. 2 Solid-phase receptor-binding assay of human isolate A/Cal-

ifornia/04/2009 (a), poultry isolate A/mallard/Huadong/S/2005 (b),

swine isolate A/swine/Jiangsu/1/2008 (c) and swine isolate A/swine/

Jiangsu/2/2009 (d). Direct binding of viruses to sialylglycopolymers

containing either 3’SLN-PAA or 6’SLN-PAA was measured. The

data shown are representative of three independent binding

experiments

Fig. 3 Growth kinetics curves (a) and plaque assay (b) of JS/08 and

JS/09 viruses in MDCK cells. Cells were infected at a multiplicity of

infection of 0.01. Virus titers were determined in MDCK cells at the

appropriate time points. Each data point on the curve indicates the

mean ± standard deviation of three independent experiments. *,

P \ 0.05; **, P \ 0.01. The sizes of plaques formed by the H5N1

viruses in MDCK cells at 48 hours postinfection are shown. The

average plaque size of 10 representative plaques for each virus is

indicated
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Discussion

The Asian HPAI H5N1 viruses emerged over a decade ago

in China and then spread into wide range of avian and

mammalian species. Here, we reported two cases of swine

H5N1 viruses (JS/08 and JS/09) isolated in separate small-

scale pig farms in Jiangsu Province of eastern China.

Genetic and phylogenetic analysis showed that these two

swine H5N1 viruses belonged to clade 7 and clade 2.3.4,

respectively. Both of the H5N1 viruses showed a close

relationship to the corresponding poultry isolates in the

same clade circulating in China during 2007–2009 [13, 18].

Compared to large farms, these small farms practiced rel-

atively poor biosecurity, therefore the H5N1 viruses may

be easily transmitted from poultry to pigs in areas with

H5N1 virus endemicity and with intermingled raising of

poultry and swine. A similar observation was made in a

recent surveillance in Indonesia that revealed that 52 swine

H5N1 viruses were isolated from pig farms near the HPAI

H5N1 outbreak site [25].

However, there was no evidence that JS/08 and JS/09

acquired the ability to transmit from pig to pig, as only one

virus was isolated in the same sampling group. In addition,

analysis of viral receptor specificities also showed that both

of the H5N1 isolates still bound to the avian-type receptor,

indicating that they do not adapt when they replicate in the

respiratory tract of a pig. The important adaptation of an

avian influenza virus to a mammalian host is to switch its

preference to bind a2,6-linked SA. To date, most H5

subtype HPAI viruses have retained a binding specificity

for a2,3-linked SA and have not demonstrated the capacity

for efficient transmission in the ferret and pig models

[5, 23, 39]. However, the lack of signs in pigs infected with

HPAI H5N1viruses would prolong the time of virus

adaption before detection. Moreover, during our surveil-

lance of Jiangsu Province in 2010, eight human

A(H1N1)pdm2009 viruses were isolated [41]. A recent

Fig. 4 Average body weight changes (a) and survival rates (b) of

BALB/c mice infected with JS/08 and JS/09 viruses. Six-week-old

female BALB/c mice (n=10/group) were inoculated intranasally with

50 ll containing 106 EID50 of the viruses JS/08, JS/09 or PBS (mock),

and each group was monitored daily for 14 days. The results are

expressed as the mean ± SD

Fig. 5 Viral loads in the main organs of mice inoculated with JS/08

and JS/09 viruses at 3 d.p.i. (a) and at 5 d.p.i. (b). Three mice were

chosen randomly and euthanized. Viral loads are expressed as log10

RNA copy numbers per gram of sample. The dashed horizontal line

indicates the lower limit of detection
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study has demonstrated that the reassortant H5 HA/pH1N1

virus could acquire the ability of aerosol transmission in

ferrets with a few mutations in the HA gene [11]. Since

pigs have long been considered intermediate hosts, the co-

circulation of H5N1and A(H1N1)pdm2009 viruses in

swine in the same area would increase the likelihood of

their reassortment and the subsequent generation of H5N1

viruses that transmit efficiently in humans.

No amino acid substitutions were found at key sites

(e.g., E627K and D701N in the PB2 protein) known to be

related to virulence in mammalian hosts in either H5N1

isolate [9, 19]. However, compared to JS/08, JS/09 seemed

to be of particular concern, as it was obviously more

cytopathic in vitro and more pathogenic in mice without

prior adaption. These results suggest that the virus

belonging to clade 2.3.4 might be transmitted to other

mammalian species more easily. Actually, most of the

human H5N1 isolates in China belonged to clade 2.3.4, and

only one, A/Beijing/01/2003, belonged to clade 7 [35]. The

discrepant properties may be explained to some extent by

the different multiple basic amino acids at the hemagglu-

tinin cleavage site in these two clades [40]. However, due

to the poor surveillance of swine influenza viruses world-

wide, the potential risk of pigs becoming a reservoir that

could maintain the H5N1 virus or even infect humans is

still unclear.

Despite the control efforts that have been made for

many years, H5N1 avian influenza is still endemic in

China, and the viruses evolve continuously to pose a real

threat to the poultry industry and public health [18].

Transmission of H5N1 HPAI viruses from poultry to swine

increases the likelihood of human infections and the

potential risk of a pandemic. Our findings further demon-

strate the important role of pigs as intermediate hosts and

their ability be infected naturally with H5N1 viruses, and

they emphasize the need to strengthen influenza A virus

surveillance in swine.
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