@'PLOS ‘ ONE

OPEN 8 ACCESS Freely available online

Novel Reassortant Highly Pathogenic H5N2 Avian
Influenza Viruses in Poultry in China

Guo Zhao'"?, Xiaobing Gu', Xinlun Lu’, Jinjin Pan’, Zhigiang Duan’, Kunkun Zhao', Min Gu',
Qingtao Liu’, Liang He', Jian Chen', Shengqiang Ge', Yanhong Wang", Sujuan Chen’, Xiaoquan Wang",
Daxin Peng’, Hongquan Wan’, Xiufan Liu'**

1 College of Veterinary Medicine, Yangzhou University, Yangzhou, Jiangsu, China, 2 Ministry of Education Key Lab for Avian Preventive Medicine, Yangzhou University,
Yangzhou, Jiangsu, China

Abstract

There has been multiple evidence that domestic poultry may act as a vessel for the generation of novel influenza A viruses.
In this study, we have analyzed the evolution and pathogenicity of 4 H5N2 avian influenza viruses isolated from apparently
healthy poultry from H5N1 virus endemic areas in China. Phylogenetic analysis revealed that two of these viruses, A/duck/
Eastern China/1111/2011 (DK/EC/1111/11) and A/goose/Eastern China/1112/2011 (GS/EC/1112/11) were derived from
reassortment events in which clade 2.3.4 highly pathogenic avian influenza (HPAI) H5N1 viruses acquired novel
neuraminidase and nonstructural protein genes. Another two isolates, A/chicken/Hebei/1102/2010 (CK/HB/1102/10) and A/
duck/Hebei/0908/2009 (DK/HB/0908/09), possess hemagglutinin (HA) gene belong to clade 7 H5 viruses and other genes
from endemic HON2 viruses, or from viruses of various subtypes of the natural gene pool. All of these H5N2 isolates bear
characteristic sequences of HPAI virus at the cleavage site of HA, and animal experiments indicated that all of these viruses
but DK/HB/0908/09 is highly pathogenic to chickens. In particular, DK/EC/1111/11 and GS/EC/1112/11 are also highly
pathogenic to ducks and moderately pathogenic to mice. All of these 4 viruses were able to replicate in domestic ducks and
mice without prior adaptation. The emergence of these novel H5N2 viruses adds more evidence for the active evolution of
H5 viruses in Asia. The maintenance of the highly pathogenic phenotype of some of these viruses even after reassortment
with a new NA subtypes, their ability to replicate and transmit in domestic poultry, and the pathogenicity in the mammalian
mouse model, highlight the potential threat posed by these viruses to both veterinary and public health.
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characterization of influenza virus subtypes and variants in
poultry [3,4,5,6].

Influenza virus of HSN2 subtype is present in wild birds usually
with low pathogenicity. After introduction into domestic poultry,
however, this virus may mutate into a HPAI strain [7,8]. The
acquisition of the highly pathogenic phenotype is associated with
the loss of a glycosylation site at amino acid position 11, or the
insertion of multiple basic residues upstream from the cleavage
site, in the HA molecule [8]. In Asia, HSN2 virus was previously
recorded mainly in migratory birds. In recent years, it has been
1solated in poultry and mammals, including humans, pigs and dogs
[9,10,11,12]. Phylogenetic analyses revealed that some gene
segments of the H5N2 viruses isolated in Asia were derived from
the American lineage, indicating an intercontinental exchange and
dissemination of these viruses [9]. Notably, all H5N2 isolates
reported in Asian countries so far were of low pathogenicity.

Introduction

The Asian highly pathogenic avian influenza (HPAI) H5N1
viruses that emerged over a decade ago in China have evolved
into over ten distinct phylogenectic clades on the basis of the
hemagglutinin (HA) gene [l1]. From 2000 onwards, various
reassortant viruses were detected in geese, ducks, chickens, and
other terrestrial poultry, with the HA gene derived from the A/
goose/Guangdong/1/96-like  (Gs/GD-like) lineage and the
internal genes from other subtypes of influenza viruses [2,3].
Recently, HPAI H5N5 virus has been identified in domestic
ducks, highlighting the role of ducks in the generation of novel
H5 HPAI virus with new neuraminidase (NA) subtype [4].
Among those recognized reassortants, only a few genotypes have
been persistent or prevalent [5,6]. Over the same period, HPAI
H5N1 virus expanded its host range to include a variety of

birds and mammalian species [6]. The endemicity in poultry In this study, we characterized four novel reassortant H5N2

and the introduction into humans of H5NI1 viruses emphasize
the 1importance of continued surveillance, isolation, and
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avian influenza viruses isolated from poultry in China, which
possess HA genes closely related to the circulating HPAI H5N1
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Figure 1. Phylogenetic trees based on the open reading frame sequences of haemagglutinin genes of H5N2 viruses in this study
and those of reference strains from GenBank. Viruses highlighted with a closed triangle were those characterised in this study. The trees were
constructed using the neighbour-joining method of MEGA 4.0 with 1,000 bootstrap trials performed to assign confidence to the grouping.

doi:10.1371/journal.pone.0046183.9001
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viruses. None of these isolates grouped in the HA tree (Iig. 1) with
those low pathogenic H3N2 viruses previously reported in Asia
[9,10,11,12]. However, the pathogenicity of these viruses for
chickens, domestic ducks and mice varies. Our findings also add
more evidence for the active evolution of H5N1 viruses in Asia.

Results

Isolation and Identification of H5N2 Virus

During our routine surveillance of avian influenza viruses at a
live bird market (LBM) in Eastern China, 5 H5N1, 2 H5N5 and 4
H5N2 viruses were isolated from apparently healthy domestic
poultry, which have been vaccinated with an inactivated, bivalent
influenza vaccine (H5N1 and HON2). The 4 H5N2 isolates, as
listed in Table 1, were abbreviated as DK/HB/0908/09, CK/
HB/1102/10, DK/EC/1111/11 and GS/EC/1112/11, respec-
tively. DK/7HB/0908/09 was isolated in ducks delivered to the
LBM from Hebei province, China in August 2009, while CK/
HB/1102/10 was isolated from chickens from Hebei in October
2010. DK/EC/1111/11 and GS/EC/1112/11 were isolated
from ducks and geese delivered from Shandong and Jiangsu
province, China, respectively, in January 2011. Viruses were
purified with plaque assay and used in the subsequent analysis and
experiment.

Phylogenetic Analysis

To explore the origination of these H5N2 viruses, the whole
genome of each virus was sequenced and phylogenetically
analysed together with a number of gene sequences selected from
the GenBank. The analysis revealed that these novel HON2 viruses
were likely originated from the reassortment between HPAI H5N1
and viruses of other subtypes. In the HA tree, DK/EC/1111/11
and GS/EC/1112/1 clustered with H5N1 viruses of clade 2.3.4,
both isolates shared 96.8%~97.0% nucleotide homology with a
clade 2.3.4 virus A/duck/Eastern China/108/2008. The other
two isolates, CK/HB/1102/10 and DK/HB/0908/09, fell into
clade 7, with 97.0% homology to H5NI virus A/chicken/
Vietnam/NCVD-swab15/2008 and 99.0% to H5NI virus A/
chicken/Huadong/4/2008, respectively (Table 2). These data
suggest the H5N2 viruses have acquired their HA genes from
different clades of H5N1 viruses. All of the 4 H5N2 isolates
clustered with Eurasian viruses rather than North American ones
in the NA tree. Although DK/HB/0908/09 was isolated in ducks
from Hebei, this virus and the two eastern Chinese H5N2 viruses
clustered in the tree with a duck H3N2 virus A/duck/Eastern
China/142/2006, while another Hebei isolate, CK/HB/1102/10,
was closely related with HIN2 viruses (Fig. 2A). However, a close
examination on the internal gene trees (Fig. 2 and 3) and genetic
similarity (Table 2) revealed that the Hebei duck isolate DK/HB/
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0908/09 has a more diversified origin of internal genes than the
Hebei chicken isolate CK/HB/1102/10 and the two Eastern
Chinese H5N2 viruses. For CK/HB/1102/10, the internal genes
shared the highest genetic identities to either A/Chicken/
Shanghai/F/98-like viruses or A/Quail/Hong Kong/G1/97-like
HIN2 viruses, suggesting an HIN?2 origin of the internal genes. All
internal genes of DK/EC/1111/11 and GS/EC/1112/11 were
closely related to those of H5N1 viruses (A/duck/Eastern China/
90972009 and A/duck/Eastern China/108/2008), except the
non-structural protein (NS) gene. The NS gene of both viruses has
high genetic similarity (95.9%~96.0%) to an H7NI virus A/
duck/Nanchang/1904/1992 virus. In the case of DK/HB/0908/
09 virus, the polymerase basic protein 2 (PB2) gene was closely
related to an H7NI1 virus, while its polymerase basic protein 1
(PB1) and matrix protein (M) genes were almost identical to those
of H6N) viruses, e.g. A/avian/Japan/8KI0135/2008 and A/
duck/Yangzhou/013/2008. The polymerase acidic protein (PA)
and nucleoprotein (NP) genes of this virus, however, were highly
similar to those of Korean H5N2 isolates. In addition, its NS gene
was genetically very close to a Korean H3N8 virus. Taken
together, it seems that the Eastern Chinese H5N2 isolates DK/
EC/1111/11 and GS/EC/1112/11 were generated from reas-
sortment events in which the NA and NS genes of HPAI H5NI1
viruses were replaced with those of other influenza subtypes. For
the two Heibei viruses, while the HA gene of both viruses was from
H5N1 viruses, CK/HB/1102/10 probably derived its internal
genes from endemic HIN2 viruses of A/Chicken/Shanghai/F/
98-like and A/Quail/Hong Kong/G1/97-like, and those of DK/
HB/0908/09 were from various subtypes (Table 2).

Molecular Characteristics of Viral Genes

The HA gene of both DK/HB/0908/09 and CK/HB/1102/
10 has an open reading frame (ORF) of 1,707 nucleotides (nt),
coding for 569 amino acids, while that of DK/EC/1111/11 and
GS/EC/1112/11 has an ORF of 1,704 nt, coding for 568 amino
acid residues, including a signal peptide of 16 amino acids long. All
of the H5IN2 1solates possessed amino acid sequence characteristic
of HPAI viruses (T'able 1) at the cleavage site between HA1 and
HA2 [13]. BLAST (http://blast.ncbi.nlm.nih.gov/) analysis re-
vealed that DK/EC/1111/11 and GS/EC/1112/11 shared the
highest HA nucleotide sequence similarity with H5N1 viruses
isolated in humans from 2005-2006 in China [14,15], although
the HA cleavage motif in these two viruses (PLREKRR-KR/G or
PLRGKRR-KR/G) was different from that found in human
strains (PLRERRRKR/GL). Analysis on the consensus amino
acid sequence of DK/EC/1111/11 and GS/EC/1112/11
revealed 4 potential N-linked glycosylation sites in HA1 (20 or
21, 33, 169 and 289) and two in HA2 (154 and 212) (H3
numbering), similar to clade 2.3.4 H5NI1 viruses isolated from

Table 1. Characteristics of the four H5N2 influenza viruses in this study.

Connecting-peptide

Virus Abbreviation (HA) EIDso (Ig/mL) MDT (h) IVPI (chicken) IVPI (duck) MLDso
A/duck/Hebei/0908/2009(H5N2) DK/HB/0908/09 PQIEGRRRKR/G 7.32 91.2 0 0 >107°
A/chicken/Hebei/1102/2010(H5N2) CK/HB/1102/10 PQIEGRRRKR/G 7.43 64.8 2.12 0.26 >107°
A/duck/Eastern China/1111/2011(H5N2) DK/EC/1111/11 PLREKRR-KR/G 7.32 36 2.72 2.82 10°°
A/goose/Eastern China/1112/2011(H5N2)  GS/EC/1112/11 PLRGKRR-KR/G 8.50 42 2.74 2.40 10°2

corresponding to 1 LDsg.
doi:10.1371/journal.pone.0046183.t001
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*EIDso, 50% egg infectious dose; MDT, mean death time; IVPI, intravenous pathogenicity index; MLD50, 50% mouse lethal dose, expressing as the number of EIDs,
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Figure 2. Phylogenetic trees based on the open reading frame sequences of neuraminidase (A), matrix protein (B) and
nucleocapsid protein (C) genes of H5N2 viruses in this study and those of reference strains from GenBank. Viruses highlighted with a
closed triangle were those characterised in this study. The trees were constructed using the neighbour-joining method of MEGA 4.0 with 1,000

bootstrap trials performed to assign confidence to the grouping.
doi:10.1371/journal.pone.0046183.g002

humans between 2005 and 2006. The consensus amino acid
sequence of DK/HB/0908/09 and CK/HB/1102/10 has 6
potential N-linked glycosylation sites in HA1 (20 or 21, 33, 81,
158, 167 and 289) and two in HA2 (154 and 212), similar to clade
7 viruses. In addition, CK/HB/1102/10 has 2 potential N-linked
glycosylation sites in HAI (276 and 240). The conservative
residues within the receptor binding pocket of the HA, including
E190, R220, G225, Q226 and G228, were all present in these
viruses, implying that they retain a typical avian virus-like receptor
specificity [16]. Previous studies have shown that there are possibly
5 antigenic epitopes in HA1 associated with amino acid residues at
positions 46, 62, 122, 126, 129-134, 140-145, 155-157, 160, 166,
186 and 187 [16,17,18,19]. An examination on these positions
revealed R62K, A132T, S134L and T160A substitutions in HA1
of DK/EC/1111/11 and GS/EC/1112/11, and E131D, A132T
and G143D in HA1 of CK/HB/1102/10.

PLOS ONE | www.plosone.org

Compared with DK/HB/0908/09, DK/EC/1111/11 and
GS/EC/1112/11, the NA of CK/HB/1102/10 had a deletion
of 9 residues in the stalk region, resulting in the loss of a potential
glycosylation site. None of the 4 H5N2 viruses carries the Q274Y
mutation in the NA, which is associated with oseltamivir resistance
[20]. However, the matrix protein (M) of these viruses, except that
of DK/HB/0908/09, has the S3IN substitution, which is
associated with amantadine resistance [20]. In the polymerase
basic protein 2 (PB2), these viruses possess E and D at 627 and
701, two positions that are related to the pathogenicity of influenza
viruses in the mammalian model [21,22].

Pathogenicity Experiments

The World Organisation for Animal Health (OIE) recom-
mended that H5 HPAI virus has an IVPI greater than 1.2 or
possesses characteristic multibasic amino acid sequences of HPAI
virus at the cleavage site of HA (http://www.ole.int/en/
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Figure 3. Phylogenetic trees based on the open reading frame sequences of polymerase acidic protein (A), polybasic protein 1 (B),
polybasic protein 2 (C) and nonstructural protein (D) genes of H5N2 viruses in this study and those of reference strains from
GenBank. Viruses highlighted with a closed triangle were those characterised in this study. The trees were constructed using the neighbour-joining
method of MEGA 4.0 with 1,000 bootstrap trials performed to assign confidence to the grouping.

doi:10.1371/journal.pone.0046183.g003

international-standard-setting/ terrestrial-manual/access-online/).

Besides, based on the 50% mouse lethal dose (MLD5), a couple of

previous publications established that influenza viruses can be
classified as low (MLD5,>6.5 log;oEIDs5g), medium (3 lo-
g10EID50< MLD50=6.5 log|oEIDs0), or high (MLD;y=3 lo-
g10EIDs() pathogenic to mice [23]. To examine the pathogenicity
of these H5N2 viruses in poultry and mammalian models, we
measured the intravenous pathogenicity index (IVPI) in chickens
and ducks, and the MLDj5o in BALB/c¢ mice for each virus. DK/
EC/1111/11 and GS/EC/1112/11 were highly pathogenic for
chickens and ducks by the IVPI criteria and moderately
pathogenic for mice by the MLDs, criteria [23,24], CK/HB/
1102/10 was only highly pathogenic for chickens, whereas DK/
HB/0908/09 was low pathogenic for all three species (Table 1).

Replication and Transmission in Ducks
Since ducks are usually in contact with chickens and wild

migratory birds, we examined the replication and transmission of

these HON2 viruses in domestic ducks. Ducks infected with DK/
EC/1111/11 and GS/EC/1112/11 showed clinical symptoms
such as coughing, ocular and nasal discharge and conjunctivitis

between 3 and 7 day-post-inoculation (dpi). Gross lesions typical of

HPAI virus infection, including haemorrhage and necrosis in

PLOS ONE | www.plosone.org

multiple organs, were observed in ducks euthanatized on 3 and
5 dpi. Virus was detected in all tested visceral organs (heart, liver,
spleen, lung, kidney and brain) and skeletal muscle from these
cuthanatized birds (Table 3), and in tracheal and cloacal swabs
from inoculated birds (Table 4). Virus was also detected in tracheal
and cloacal swabs collected from contact birds between 2 and
7 dpi (Table 4). These data indicated systemic infection by DK/
EC/1111/11 and GS/EC/1112/11 and the transmissibility of
these two viruses among domestic ducks. In contrast, ducks
inoculated with DK/HB/0908/09 and CK/HB/1102/10 did not
show noticeable clinical symptoms. Nevertheless, the noculated

birds shed virus for 3-5 days and both viruses were transmitted to

the naive cage mates via direct contact. Histologic lesions were
observed in ducks inoculated each of the 4 HAN2 viruses, however

lesions were more severe in ducks inoculated with either DK/EC/

1111/11 or GS/EC/1112/11. The lesions included multifocal
necrosis in various visceral organs, and myocarditis, hepatitis,
splenitis, interstitial pneumonia, nephritis and hyalinization to
necrosis of skeletal myofibers. Moderate lesions, characterized by

perivascular lymphoplasmacytic cuffs around a few localized

cerebral vessels and associated small foci of gliosis (Fig. 4A and
4B), were also observed in the brain of infected ducks. In contrast,
ducks inoculated with DK/HB/0908/09 or CK/HB/1102/10

September 2012 | Volume 7 | Issue 9 | e46183
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Table 2. Influenza viruses with the highest nucleotide identity to each gene of A/duck/Eastern China/1111/2011, A/chicken/Hebei/

SG:gn,:ent A/duck/Eastern China/1111/2011 Al/chicken/Hebei/1102/2010 A/duck/Hebei/0908/2009
Nucleotide Nucleotide Nucleotide
Closest viruses identity Closest viruses identity Closest viruses identity

PB2 DK/EC/909/09 (H5NT) 98% CK/SH/Y1/08 (HON2) 98% DK/MG/867/02 (H7N1) 98%
PB1 DK/EC/909/09 (H5N1) 98% CK/China/AH-10-01/10 (H9N2) 97% JP/8KI0135/08 (H6N5) 99%
PA DK/EC/108/08 (H5N1) 98% CK/SD/1231/08 (HON2) 97% DK/Korea/A93/08 (H5N2) 99%
HA DK/EC/108/08 (H5N1) 97% CK/VN/NCVD-swab15/08 (H5N1) 97% CK/HD/4/08 (H5N1) 99%
NP DK/EC/108/08 (H5N1) 97% CK/SD/12/08 (H9N2) 97% AB/Korea/w164/07 (H5N2)  97%
NA DK/EC/142/06 (H3N2) 95% CK/China/AH-10-01/10 (H9N2) 98% DK/EC/142/06 (H3N2) 97%
M DK/EC/909/09 (H5N1) 98% CK/China/AH-10-01/10 (H9N2) 98% DK/YZ/013/08 (H6N5) 99%
NS DK/NC/1904/92 (H7N1) 96% CK/SD/ZB/07 (HON2) 98% Korea/SH11-10/09 (H3N8) 98%

2011 and were not shown in this table.
doi:10.1371/journal.pone.0046183.t002

virus showed less evident hispathological changes, including mild
multifocal hepatitis, splenitis, interstitial pneumonia and nephritis.

Replication in Mice

To investigate the replication of these H5N2 viruses in the
mouse model, BALB/c mice (6-week-old, female) were inoculated
intranasally with each virus, and the viral load in various organs
was titrated. All of the 4 H5N2 isolates were recovered only in the
lung, with mean titres (log;o EID5g) of 3.5+0.5, 3.8+0.4, 3.1+0.4,
2.5%+0.2 on three dpi, and 3.4%0.4, 3.5%£0.2, 2.3%+0.2, 2.3%£0.4
on 5dpi, for DK/EC/1111/11, GS/EC/1112/11, CK/HB/
1102/10 and DK/HB/0908/09 respectively. Histologic lesions
observed in mice inoculated with either DK/EC/1111/11 or GS/
EC/1112/11 was more evident. Tracheitis, severe acute necro-
tizing bronchitis and moderate alveolitis were present (Fig. 4C and
4D). By contrast, only mild pneumonorrhagia was observed in
mice inoculated with either DK/HB/0908/09 or CK/HB/1102/
10 (Fig. 4E and 4F). Taken together, these results demonstrated
that although DK/HB/0908/09 and CK/HB/1102/10 replicat-
ed efficiently in respiratory tissues without any adaptation, both
viruses were less pathogenic to BALB/c mice than DK/EC/
1111/11 and GS/EC/1112/11.

Discussion

The Asian HPAI H5N1 viruses that emerged over a decade ago
in China have evolved into over 10 distinct phylogenetic clades
[1], however, all Asian HPAI viruses containing H5 matched only
with the NI subtype. Since 2000, H5N1 viruses have been
involved in various reassortment events, contributing genetic
components to influenza viruses of other subtypes, or resulting in
novel H5 viruses with an NA other than the N1 subtype, such as
H5N5 [2,4,25,26]. In this study, two HPAI H5N2 viruses, DK/
EC/1111/11, and GS/EC/1112/11, whose HA gene fell into
clade 2.3.4 in the H5 phylogenetic tree, were isolated from ducks
and geese from the same geographical location as where the H5N5
viruses were detected. There might be multiple reasons why HPAI

PLOS ONE | www.plosone.org 6

*Abbreviations: PB, polybasic protein; PA, polymerase acidic protein; HA, haemagglutinin; NP, nucleocapsid protein; NA, neuraminidase; M, matrix protein; NS,
nonstructural protein; DK/EC/909/09, A/duck/Eastern China/909/2009; DK/EC/108/08, A/duck/Eastern China/108/2008; DK/EC/142/06, A/duck/Eastern China/142/2006;
DK/NC/1904/92, A/duck/Nanchang/1904/1992; CK/SH/Y1/08, A/chicken/Shanghai/Y1/2008; CK/China/AH-10-01/10, A/chicken/China/AH-10-01/2010; CK/SD/1231/08, A/
chicken/Shandong/1231/2008; CK/VN/NCVD-swab15/08, A/chicken/Vietnam/NCVD-swab15/2008; CK/SD/12/08, A/chicken/Shandong/12/2008; CK/SD/ZB/07, A/chicken/
Shandong/ZB/2007; DK/MG/867/02, A/duck/Mongolia/867/2002; JP/8KI0135/08, A/avian/Japan/8KI0135/2008; DK/Korea/A93/08, A/duck/Korea/A93/2008; CK/HD/4/08,
A/chicken/Huadong/4/2008; AB/Korea/w164/07, A/aquatic bird/Korea/w164/2007; DK/EC/142/06, A/duck/Eastern China/142/2006; DK/YZ/013/08, A/duck/Yangzhou/
013/2008; Korea/SH11-10/09, A/environment/Korea/SH11-10/2009. Data for A/goose/Eastern China/1112/2011 were idential to those for A/duck/Eastern China/1111/

H5N5 and H5N2 viruses were isolated from the same place. One
of these is the long term endemicity of H5N1 HPAI viruses in
poultry and the common practice of intermingling raising of
chickens and domestic ducks and geese, which potentially provides
an ideal environment for the generation of reassortant H5> HPAI
viruses with NA subtypes other than NI1. Considering the
endemicity of clade 2.3.4 subtype H5N1 viruses in China since
2005 [1], it is plausible that H5N1 viruses have provided the
backbone for generating these two novel H5N2 viruses rather than
gene flow in the opposite direction. It is important to recognise
that mass vaccination is the main strategy for the control of H5N1
HPAI in poultry in China [27]; however vaccination alone can
never eliminate influenza virus in poultry flocks, especially in
domestic waterfowl. The emergence of these novel reassortant
viruses in apparently healthy domestic poultry in China indicates
that the HPAI H5 virus probably cannot be stopped without more
comprehensive control measures.

Our phylogenetic analysis suggested that CK/HB/1102/10, a
chicken H5N2 virus isolated from Hebei Province, China, bears
HA gene from clade 7 H5N1 virus. The remaining 7 genes of this
virus, however, are likely from A/Chicken/Shanghai/F/98-like
and A/Quail/Hong Kong/G1/97-like HIN2 viruses (Fig. 2 and
3). HON2 viruses are present worldwide in poultry and derive from
two major influenza virus gene pools, the Eurasian and the North
American [28,29]. In China, HIN2 influenza viruses have been
circulating since 1994, and major genotypes were divided into five
series [30]. The A/Quail/Hong Kong/G1/97-like viruses have
been postulated to provide internal genes to H3N1 viruses isolated
from Hong Kong in 1997 [31]. Our findings further validate that
HO9N2 and H5NI1 subtype viruses have a two-way exchange of
gene segments to generate current genotypes of both subtypes that
have pandemic potential [32].

Our studies indicated that 3 of the 4 H5N2 isolates inherited
highly pathogenic phenotype from the reassortment involved
HPAI H5N1 viruses. This is different from HPAI H5N2 viruses
reported in America, which acquired high pathogenicity through
accumulation of mutations in viral components, particularly the

September 2012 | Volume 7 | Issue 9 | e46183
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Figure 4. Representative photomicrographs of hematoxylin-andeosin-stained tissues from ducks and mice inoculated with H5N2
viruses. (A) Perivascular lymphoplasmacytic cuffs around a few cerebral vessels in the cerebrum of a mallard duck infected with DK/EC/1111/11 and
euthanatized on 5 dpi. (B) Small foci of gliosis in the cerebrum of a mallard duck infected with GS/EC/1112/11 and euthanatized on 5 dpi. (C and D)
Mild pneumonorrhagia in the lung of BALB/c mice infected with DK/HB/0908/09 (C) and CK/HB/1102/10 (D), on 5 dpi. (E and F) Mild to severe
pneumonorrhagia with lymphobhistiocytic alveolitis in the lung of BALB/c mice infected with DK/EC/1111/11 (E) and GS/EC/1112/11 (F), on 5 dpi.

doi:10.1371/journal.pone.0046183.9004

HA, after adaptation in poultry [8]. HPAI H5N2 viruses have
been detected in wild waterfowl in Africa [33]. These African
H5N2 viruses were unrelated to any strains of HPAI H5NI1
viruses. Instead, have close relationships with H5 viruses of low
pathogenicity circulating in Eurasian wild and domestic ducks.
The emergence of HPAI H5N2 viruses through reassortment in
Asia further highlighted the special etiology of influenza in this

PLOS ONE | www.plosone.org

area and the active interaction of H5N1 strains with viruses of
other subtypes.

It is worthy of noting that one H5N2 isolate in this study, DK/
HB/0908/09, was low pathogenic to chickens, ducks and mice,
albeit the presence of cleavage motif characteristic of HPAI virus.
The low pathogenic phenotype of H5 viruses with genetic coding for
highly pathogenic viruses has been recorded previously [34]. The

September 2012 | Volume 7 | Issue 9 | e46183
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mechanisms that prevent the highly pathogenic potential have been
attributed to an additional glycosylation site in HA, or amino acid
mutation at position 149 of NS1 protein. A close check of DK/HB/
0908709 virus suggested that neither of these mechanisms applies to
its low pathogenicity. This fact adds to the concept that the amino
acid sequence at the HA cleavage site is not the only genetic
determinant for the high pathogenicity of H5N2 influenza viruses.
More work remains to be done to elucidate the lack of highly
pathogenicity of HSN2 viruses such as DK/HB/0908/09.

In contrast to those low pathogenic H5N2 viruses previously
reported in Asia, some of which even failed to replicate in
experimental chickens [35], H5N2 viruses characterized in the
present study readily replicated in mice without prior adaptation.
More experiments should be performed, particularly, in mamma-
lian models, to evaluate the potential public threat posed by these
novel reassortant H5N2 viruses.

In conclusion, all H5N?2 isolates characterized in this study
grouped in the HA tree with the Asian HPAI H5NI viruses and
none of these isolates grouped with those low pathogenic H5N2
viruses previously reported in Asia [9,10,11,12]. In view of the
endemicity that the Asian HPAI H5NI viruses have gained in

Table 3. Virus titers in various tissues of mallard ducks infected with H5N2 viruses.
Day post- ) 5 1 )
Strain inoculation  Virus titres (log.oEIDso g™ tissue) in
skeletal
Heart Liver Spleen Lung Kidney Brain muscle
DK/HB/0908/09 3 0/2 0/2 0/2 2/2(1.3+0.1) 0/2 0/2 0/2
5 0/2 0/2 0/2 0/2 0/2 0/2 0/2
CK/HB/1102/10 3 0/2 0/2 0/2 2/2 (2.1£0.2) 0/2 0/2 0/2
5 0/2 0/2 0/2 0/2 0/2 0/2 0/2
DK/EC/1111/11 3 2/2 (3.8+0.7) 2/2 (3.0+0.5) 2/2 (3.2+0.5) 2/2 (45+0.2) 2/2 (4.0+0.5) 2/2 (2.8+0.5) 2/2 (3.5%0.2)
5 2/2 (5.2%0.7) 2/2 (24%0.1)  2/2 (<1) 2/2 (46+0.3) 2/2 (3.1+0.5) 2/2 (54%0.3) 2/2 (3.0£0.6)
GS/EC/1112/11 3 2/2 (5.0+0.3) 2/2 26+03) 2/2(3.1£04) 2/2 (4.0*0.7) 2/2 (43*0.1) 2/2 (2.1+0.2) 2/2 (3.2+0.2)
5 2/2 (5.4+0.3) 2/2 (23%0.2) 1/2 (<1) 2/2 (44%0.1) 2/2 (3.3%0.2) 2/2 (1.5%0.2) 2/2 (3.1£0.1)
Virus positive birds/tested birds.
bAverage virus titer of infected samples (log;o EIDso*+SD).
doi:10.1371/journal.pone.0046183.t003

China since 1996 and widespread use of avian influenza vaccines,
the presence of reassortant HSN2 avian influenza viruses in
apparently healthy domestic ducks, geese and chickens highlights
that domestic poultry could serve as reassortant vessels for creating
new different genetic backgrounds of the HPAI. Despite all the
H5N2 isolates in this study possessed the characteristic sequence of
HPAI virus at the cleavage site between the HAl and HA2
proteins, animal experiments indicated that they have different
pathogenicities to chickens, domestic ducks and mice. It is clear
that the HPAI H5 virus originated from outbreaks in poultry, and
its geographical spread and significant viral reassortment events is
unlikely to be stopped without the implementation of more
comprehensive control measures in the global poultry industry as
well as wild birds.

Materials and Methods

Ethics Statement
All animal research was approved by the Jiangsu Administrative

Committee for Laboratory Animals (Permission number: SYXK-
SU-2007-0005), and complied with the guidelines of Jiangsu

Table 4. Virus titers in oropharyngeal and cloacal swabs of experimentally infected mallards.
Infection
Strain sample 2 dpi 3 dpi 5 dpi 7 dpi 9 dpi
T C T C T C T C T C
DK/HB/0908/09 Inoculated 4/42 ('I.E‘;iO.Z)b 4/4 (1.2£0.1) 4/4 (1.6£0.2) 4/4 (23%*0.1) 4/4 (1.2+0.2) 4/4(1.3+0.2) 3/4(<1) 2/4(<1) 0/4 0/4
Contacted 0/2 0/2 2/2 (1.5%£0.2) 2/2 (24%0.1) 2/2 (1.3%0.1) 2/2 (1.1x0.1) 1/2 (<1) 2/2(<1) 0/2 0/2
CK/HB/1102/10 Inoculated 4/4 (1.3£0.2) 4/4 (1.4£0.1) 4/4 (2.3£04) 4/4 (23%*0.2) 4/4 (1.9+04) 4/4 (1.6=04) 3/4(<1) 1/4(<1) 0/4 0/4
Contacted 0/2 0/2 2/2 (24£0.1) 2/2 (2.6*0.1) 2/2 (1.6%£0.3) 2/2 (1.3£0.2) 2/2 (<1) 1/2(<1) 0/2 0/2
DK/EC/1111/11 Inoculated 4/4 (25*0.7) 4/4 (1.820.4) 4/4 (3.4%0.9) 4/4 (1.920.4) 4/4 (24*0.7) 4/4 (1.5:04) 3/4 (<1) 2/4(<1) 0/4 0/4
Contacted 2/2 (14£03) 2/2 (1.7£0.2) 2/2 (40£0.2) 2/2 (1.4£0.1) 2/2 (2.0£0.5) 2/2 (1.3£0.2) 2/2 (<1) 2/2(<1) 0/2 0/2
GS/EC/1112/11 Inoculated 4/4 (3.920.9) 4/4 (1.9%+0.5) 4/4 (4.2*0.3) 4/4 (3.5%£0.1) 4/4 (1.2%0.2) 4/4 (1.3*0.7) 3/4(<1) 4/4(<1) 0/4 0/4
Contacted 2/2 (2.2£0.5) 2/2 (1.8%0.1) 2/2 (24£0.2) 2/2 (1.8+0.5) 2/2 (2.0*0.2) 2/2 (1.3%0.2) 2/2 (<1) 2/2(<1) 0/2 0/2
Abbreviations: dpi, day post-inoculation; T, oropharyngeal swab; C, cloacal swab.
Virus positive birds/tested birds.
PAverage virus titer of infected samples (log;o EIDso*SD).
doi:10.1371/journal.pone.0046183.t004
PLOS ONE | www.plosone.org 8 September 2012 | Volume 7 | Issue 9 | e46183



laboratory animal welfare and ethical of Jiangsu Administrative
Committee of Laboratory Animals.

Virus Isolation and Identification

As part of routine surveillance on avian influenza viruses, we
performed a monthly sampling in a LBM in Yangzhou, Jiangsu
Province, China, from July 2002 to May 2011. This LBM is the
largest one in Eastern China, and has a total daily transaction of
10,000 geese and 50,000 chickens, 5,000 ducks. Cloacal swabs
were collected from 5 chickens, 15 ducks and 15 geese randomly
selected from each consignment shipped to the LBM from local
farms or introduced from neighbouring provinces, such as
Shandong, Anhui, Zhejiang and Hebei. Swab samples were
maintained in transport medium containing antibiotics and kept at
4°C until transported to the laboratory. Samples were processed
and inoculated into embryonated specific pathogen-free (SPF)
chicken eggs. The presence of virus in allantoic fluid was
confirmed with hemagglutination assay. Viruses were plaque
purified three times in Madin-Darby canine kidney (MDCK) cells
and propagated in eggs. The HA and NA subtypes were identified
with reverse transcription-polymerase chain reaction (RT-PCR)
and sequencing as previously described [36,37]. All experiments
with infectious virus were conducted in biosafety level 3 laboratory
facilities.

Viral Sequencing

Viral RNA was extracted from allantoic fluid with Trizol LS
reagent (Invitrogen, Carlshbad, CA). Viral RNA was reverse
transcribed with the 12 bp primer 5'-AGCAAAAGCAGG-3'.
PCR was performed using specific primers as described by
Hoffmann et al. [38]. PCR products were purified with the
TaKaRa Agarose Gel DNA Purification Kit Ver. 2.0 (TaKaRa,
Dalian, China) and sequenced by the Nanjing GenScript Biotech
Co., Ltd.

Phylogenetic Analyses

Influenza virus sequences used in the phylogenetic comparison
in this study were obtained from the NCBI Influenza Virus
Resource (http://www.ncbi.nlm.nih.gov/genomes/FLU/). The
representative sequences were selected by randomly choosing
one that had been isolated from China and that was similar to
other sequences (genetic distance <2.0%). Some representative
sequences from other countries were also included in the analysis.
Editing, analysis and alignhment of sequence data were performed
with BioEdit 7.0 and Clustal X, respectively. Phylogenetic trees
based on coding sequences of individual genes were constructed
using the Kimura two-parameter model and neighbour-joining
algorithm in the program MEGA (version 4.0) with 1,000
bootstraps. All branches supported by a >70% bootstrap value
were considered as the same group in the phylogenetic trees. The
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sequence data obtained in this study are available in GenBank
under accession numbers JQ041387~]J0Q041418.

Animal Experiments

In the IVPI test, 4 groups of ten 6-week-old SPF chickens
(Beyjing Experimental Animal Centre, Beijing) and 4 groups of ten
4-week-old mallard ducks (anas platyhynchos) were intravenously
inoculated with 0.2 ml of 1:10 dilution of the infectious allantoic
fluid of each H5N2 isolate. Oropharyngeal and cloacal swabs, and
sera from each duck were collected for viral isolation and antibody
detection to exclude pre-existing influenza A virus infection. The
EIDs, was determined by serial titration of virus in SPF eggs and
was calculated with the method described by Reed and Muench
[39]. Groups of 6-week-old female BALB/c mice (Beijing
Experimental Animal Centre, Beijing) were lightly anesthetized
and inoculated intranasally with 10° to 107 EIDs, of each virus in
diluted in 50 pl PBS to evaluate the MLDsq [39,40].

To examine the replication and transmission of these H5N2
viruses in ducks, 4 groups of 4-week-old mallard ducks (eight
birds/group) were intranasally inoculated with 10°° EID3 of each
virus in a volume of 0.1 ml. On 1 dpi, another eight 4-week-old
mallard ducks (2 for each group) were placed into the same isolator
to serve as contacts. Ducks were observed daily for clinical signs of
disease. On 2, 3,5, 7,9, 11 and 14 dpi, oropharyngeal and cloacal
swabs were collected from 4 inoculated ducks and 2 contact birds
to estimate the virus shedding. In addition, on 3 and 5 dpi, 4
moculated ducks were euthanatized and tissues (heart, liver,
spleen, lung, kidney, brain and skeletal muscle) were collected
from each duck for virus titration, observation of gross lesions and
histopathology [41].

To investigate the replication of each virus in mice, 4 groups of
nine 6-week-old female BALB/c mice were inoculated intranasally
with 10> EIDg, of each virus in 50 ul PBS under slight
anaesthesia. Control mice were mock-infected with PBS. Three
mice per group were euthanatized on 3 and 5 dpi, and organs
(heart, liver, spleen, lung, kidney and brain) were harvested for
virus isolation. Briefly, tissues were homogenised in 1.0 ml PBS.
After clarification, the supernatant was titrated in embryonated
SPF eggs for infectivity. In addition, 3 mice per group were
euthanatized at 5 dpi, and organs (heart, liver, spleen, lung, kidney
and brain) were collected for histopathology [41].

All animal experiments were performed in animal biosafety
level 3 facilities at Yangzhou University.
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