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Many novel reassortant influenza viruses of the HIN2 genotype have emerged in aquatic birds in southern
China since their initial isolation in this region in 1994. However, the genesis and evolution of HIN2 viruses
in poultry in eastern China have not been investigated systematically. In the current study, HIN2 influenza
viruses isolated from poultry in eastern China during the past 10 years were characterized genetically and
antigenically. Phylogenetic analysis revealed that these HIN2 viruses have undergone extensive reassortment
to generate multiple novel genotypes, including four genotypes (J, F, K, and L) that have never been recognized
before. The major HIN2 influenza viruses represented by A/Chicken/Beijing/1/1994 (Ck/BJ/1/94)-like viruses
circulating in poultry in eastern China before 1998 have been gradually replaced by A/Chicken/Shanghai/F/
1998 (Ck/SH/F/98)-like viruses, which have a genotype different from that of viruses isolated in southern China.
The similarity of the internal genes of these HIN2 viruses to those of the HSN1 influenza viruses isolated from
2001 onwards suggests that the Ck/SH/F/98-like virus may have been the donor of internal genes of human and
poultry H5N1 influenza viruses circulating in Eurasia. Experimental studies showed that some of these HIN2
viruses could be efficiently transmitted by the respiratory tract in chicken flocks. Our study provides new
insight into the genesis and evolution of HIN2 influenza viruses and supports the notion that some of these

viruses may have been the donors of internal genes found in H5N1 viruses.

Wild birds, including wild waterfowls, gulls, and shorebirds,
are the natural reservoirs for influenza A viruses, in which they
are thought to be in evolutionary stasis (2, 33). However, when
avian influenza viruses are transmitted to new hosts such as
terrestrial poultry or mammals, they evolve rapidly and may
cause occasional severe systemic infection with high morbidity
(20, 29). Despite the fact that avian influenza virus infection
occurs commonly in chickens, it is unable to persist for a long
period of time due to control efforts and/or a failure of the
virus to adapt to new hosts (29). In the past 20 years, greater
numbers of outbreaks in poultry have occurred, suggesting that
the avian influenza virus can infect and spread in aberrant
hosts for an extended period of time (5, 14-16, 18, 32).

During the past 10 years, HIN2 influenza viruses have be-
come panzootic in Eurasia and have been isolated from out-
breaks in poultry worldwide (3, 5, 11, 14-16, 18, 24). A great
deal of previous studies demonstrated that HIN2 influenza
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viruses have become established in terrestrial poultry in differ-
ent Asian countries (5, 11, 13, 14, 18, 21, 24, 35). In 1994, HON2
viruses were isolated from diseased chickens in Guangdong
province, China, for the first time (4), and later in domestic
poultry in other provinces in China (11, 16, 18, 35). Two dis-
tinct HON2 virus lineages represented by A/Chicken/Beijing/
1/94 (H9N2) and A/Quail/Hong Kong/G1/98 (HON2), respec-
tively, have been circulating in terrestrial poultry of southern
China (9). Occasionally these viruses expand their host range
to other mammals, including pigs and humans (6, 17, 22, 34).
Increasing epidemiological and laboratory findings suggest
that chickens may play an important role in expanding the host
range for avian influenza virus. Our systematic surveillance of
influenza viruses in chickens in China showed that HON2 sub-
type influenza viruses continued to be prevalent in chickens in
mainland China from 1994 to 2008 (18, 19, 36).

Eastern China contains one metropolitan city (Shanghai)
and five provinces (Jiangsu, Zhejiang, Anhui, Shandong, and
Jiangxi), where domestic poultry account for approximately
50% of the total poultry population in China. Since 1996,
H9N2 influenza viruses have been isolated regularly from both
chickens and other minor poultry species in our surveillance
program in the eastern China region, but their genetic diversity
and the interrelationships between HON2 influenza viruses and
different types of poultry have not been determined. There-
fore, it is imperative to explore the evolution and properties of
these viruses. The current report provides insight into the
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TABLE 1. HI titers of antigenic analysis of HIN2 viruses with MAbs to Ck/SH/F/98 and Ck/SH/14/01 viruses
Virus HI titer determined with indicated MADb to strain:
Virus Genotype Ck/SH/F/98 Ck/SH/14/01

2A1 5D3 2H1 2B12 3C10 4A2 4E7 4G8 5B1 5C2 8E6 8E2
Ck/AH/1/98 A <4 < 5,120 5,120 640 < 10,240 40 < < 2,560 <
Ck/JS/1/98 A 640 80 >10,240 < < < < < < < 2,560 160
Ck/SD/1/99 A < < 5,120 5,120 320 < 10,240 >10,240 < < 2,560 40
Ck/JS/1/99 J < < >10,240 5,120 10,240 5,120 10,240 10,240 10,240 < 5,120 160
Ck/SD/1/00 A 320 < >10,240 10,240 2,560 < >10,240 160 < < 5,120 40
Ck/JS/2/01 H < 1,280 640 2,560 5,120 2,560 5,120 >10,240 10,240 < 5,120 160
Ck/JS/1/02 H < 5,120 >10,240 >10,240 >10,240 10,240 >10,240 >10,240 >10,240 >10,240 10,240 1,280
Dk/ZJ/3/02 H 10,240 10,240 10,240 >10,240 >10,240 >10,240 >10,240 >10,240 >10,240 >10,240 >10,240 640
Ck/AH/2/02 H < < >10,240 < < < < < < 2,560 1,280 40
Dk/JS/1/02 H < < < 10,240 >10,240 >10,240 >10,240 >10,240 >10,240 >10,240 >10,240 640
Ck/SD/1/03 K >10,240 < >10,240 5,120 10,240 5,120 10,240 10,240 640 10,240 10,240 5,120
Ck/HN/2/04 H 1,280 1,280 >10,240 >10,240 >10,240 >10,240 >10,240 >10,240 >10,240 < >10,240 >10,240
Dk/JS/3/05 L < < >10,240 >10,240 >10,240 >10,240 >10,240 >10,240 10,240 < >10,240 640

@ <, titer of <10.

genesis and evolution of HIN2 influenza viruses in eastern
China and presents new evidence for the potential crossover
between HIN2 and H5N1 influenza viruses in this region.

MATERIALS AND METHODS

Virus isolation and identification. Tracheal swabs and fecal samples were
collected and put into 1.0 ml freezing medium (50% glycerol in phosphate saline
buffer) containing antibiotics, as described previously (28, 36). Supernatants
from processed samples were inoculated into the allantoic and the amniotic
cavities of 9- to 10-day-old embryonated chicken eggs and incubated for 48 to
72 h at 35°C (28, 36). Allantoic fluids were harvested and tested for hemagglu-
tinin (HA) activity and then frozen in aliquots at —70°C for viral RNA extraction
and animal experiment. The HA of the viral isolates was subtyped by the hem-
agglutination inhibition (HI) test using the chickens’ positive antiserum for avian
influenza virus Ck/SH/F/98 (H9N2). The neuraminidase (NA) subtypes of the
viruses were determined by conducting a BLAST search on viral nucleotide
sequences available in GenBank from the National Center for Biotechnology
Information, Bethesda, MD (http://www.ncbi.nlm.nih.gov/BLASTY/). The viruses
used in this study are listed in Table 1 (see also Table S1 in the supplemental
material).

Phylogenetic and molecular analyses. One or two isolates for each year from
different provinces were selected for detailed characterization. Viral RNA ex-
traction, reverse transcription-PCR, and gene sequencing were carried out as
previously described (36). All eight gene segments from these viruses were
partially sequenced and were phylogenetically analyzed with available virus se-
quence data from GenBank. The nucleotide sequences were analyzed with the
Seqman module, and the nucleotide and deduced amino acid sequences were
aligned and analyzed using the MegAlign module of the Lasergene sequence
analysis package (DNAStar, Madison, WI) and MEGA version 4.0 (30). Evolu-
tionary tree analyses were conducted using the neighbor-joining method (MEGA
version 4.0) on the basis of the following gene sequences: nucleotides 88 to 1048
(960 bp) of HAT, 88 to 1369 or 1378 (1,282 or 1,291 bp, respectively) of NA, 589
to 1785 (1,197 bp) of PB2, 736 to 1888 (1,153 bp) of PB1, 784 to 2016 (1,233 bp)
of PA, 76 to 1,483 (1,408 bp) of NP, 53 to 984 (932 bp) of M, and 66 to 838 (773
bp) of NS. Estimates of the phylogenies were calculated by performing 1,000
neighbor-joining bootstrap replicate assays.

Genotype definition. Virus genotypes were defined by gene phylogeny, as
previously described (35). Ck/BJ/94-like and Ck/SH/F/98-like viruses were des-
ignated genotypes A and H, respectively, as previously described (15).

Antigenic analysis. Antigenic analysis was performed using a panel of mono-
clonal antibodies (MAbs). Two of them, 2H1 and 5D3, were kindly provided by
X. A. Jiao and H. Y. Wang, without knowing detailed epitope specificity. Based
on HI assay results against HON2 isolates, these two MAbs have different binding
epitopes. By using competitive binding enzyme-linked immunosorbent assay and
Western blot analysis, a panel of MAbs was divided into four groups: group A
(2B12, 3C10, 4E7, 4G8, 8E2, 8E6, and 2A1), group B (5B1), group C (4A11), and
group D (5C7). Among these MAbs, 2A1 and 5C7 mainly recognize conforma-
tional epitopes while the other MADs bind to the linear antigenic epitopes. Three

MADs (2A1, 5D3, and 2H1) are specific for A/Chicken/Shanghai/F/1998 (Ck/SH/
F/1998), and nine MAbs (2B12, 3C10, 4A2, 4E7, 4G8, 5B1, 5C2, 8E6, and 8E2)
are specific for A/Chicken/Shanghai/14/2001 (Ck/SH/14/01), as previously de-
scribed (36).

Replication and transmission experiments in chickens. Replication and trans-
mission experiments were designed as previously described (36). Briefly, 10 or 11
5-week-old, specific-pathogen-free White Leghorn chickens were divided into (i)
the direct inoculation group (three chickens), (ii) the physical contact group
(three or four chickens), and (iii) the aerosol contact group (four chickens) for
each of the viruses included. The physical contact group was raised in the same
cage as chickens from the inoculated group at 30 min after the inoculation of the
inoculated group. The aerosol contact group was placed in a cage directly
adjacent to the infected group with a distance of 100 cm between cages. The
direct inoculation group was inoculated intranasally or intratracheally with 107
50% egg infective doses (EIDs,)/ml of virus (equivalent to approximately 100
chicken infectious doses) (26, 36). One milliliter of virus inoculum was distrib-
uted to chickens as follows: 0.2 ml for intranasal inoculation and 0.8 ml for
tracheal inoculations. Tracheal and cloacal swabs were collected 3, 5, and 7 days
postinoculation, and viruses were titrated for infectivity in embryonated chicken
eggs. Meanwhile, birds were observed daily for signs of disease during the 21-day
study period.

Hemagglutination assays. Erythrocytes from various animal species that differ
in oligosaccharide composition were used. Agglutination of erythrocytes from
cows, horses, and pigs requires NeuAca2,3Gal or NeuGcea2,3Gal recognition,
while agglutination of those from chickens, ducks, guinea pigs, and humans (type
0) requires NeuAca2,3Gal and NeuAca2,6Gal recognition (7, 10, 12). To ex-
plore the receptor specificity of HIN2 viruses, hemagglutination assays were
conducted with 50 ul 0.5% host red blood cells from each of the following:
chicken, duck, goose, pigeon, quail, buffalo, donkey, goat, pig, dog, guinea pig,
and human (type O) in phosphate buffer solution (pH 7.4) at 4°C for 45 min, as
described previously (12).

Nucleotide sequence accession numbers. The nucleotide sequences obtained
in this study are available from GenBank under accession numbers EJ793281 to
EJ793448.

RESULTS

Background. Since 1996, HON2 viruses continue to be the
most abundant influenza viruses isolated in eastern China. In
late 1998, an HIN2 avian influenza outbreak occurred in chick-
ens throughout eastern China. In order to explore the origin of
HON2 viruses that caused this outbreak, HIN2 influenza virus
surveillance in poultry was first initiated in Shanghai in Octo-
ber 1998. Since 1999, this program has gradually expanded to
include five other provinces in this region, including Jiangsu,
Shandong, Zhejiang, Anhui, and Henan (Fig. 1). More than



8430 ZHANG ET AL.

J. VIROL.

FIG. 1. Geographical locations where HIN2 avian influenza viruses were isolated in eastern China.

100 HIN2 variants have been isolated from domestic poultry in
eastern China during the past 10 years.

Antigenic analysis. To investigate the antigenic properties of
the HIN2 viruses isolated from this region, we performed HI
assays with a panel of MADbs raised against Ck/SH/F/98 and
Ck/SH/14/01 viruses (Table 1; see also Table S1 in the supple-
mental material). It was very clear that a diverse set of reaction
patterns existed among these HIN2 viruses. Patterns of reac-
tions of MAbs 2B12, 3C10, 4E7, 4G8, 8E6, and 8E2 to these
HON2 viruses were very similar, suggesting that they could
recognize the same antigenic epitopes. Both MAbs 4A2 and
5B1 reacted to these HON2 isolates, but they could also bind
another new antigenic epitope. The patterns of reactions of
MADbs 5C2, 2A1, 5D3, and 2H1 with these HIN2 isolates were
different, suggesting that they recognize four other antigenic
epitopes. Based on the HI cross-reaction maps, the HIN2
viruses included in this study contained at least five antigenic
epitopes with mutations. In addition, it is very interesting that
three isolates, Ck/JS/1/98, Ck/AH/2/02, and Ck/HN/1/02, dem-
onstrated a unique pattern by reacting only to five or six out of
12 MADs included in this panel. Sequencing the HA genes of
these three isolates revealed the presence of a potential N-
linked carbohydrate site following a mutation from Ser to Asn
at amino acid residue 145 of HA. Based on the presence or
absence of this mutation, we determined that all of the viruses
isolated from eastern China during the past 10 years could be
separated into two groups, correlating well with the pattern of
reactivity observed between the MAbs to Ck/SH/14/01. Ping et
al. recently demonstrated that a single amino acid mutation
from Ser to Asn at position 145 in the HA molecule could alter
the recognition of the HIN2 influenza virus to a MADb by
reverse genetics, suggesting that the new mutation of the gly-

cosylation site at position 145 could play an important role in
antigenic variation (25).

Phylogenetic analysis of surface genes. To better understand
the evolution and ecology of HIN2 viruses isolated in eastern
China, 27 representative viruses isolated in this region were
genetically characterized. Phylogenetic analysis of the HO HA
genes showed that all of the HIN2 viruses isolated in poultry in
eastern China during 1996 to 2008 belonged to the Ck/BJ/1/
94-like lineage (Fig. 2a), which caused an outbreak of disease
in chickens in southern China in 1994. Phylogenetic analysis
further showed that these HON2 viruses isolated from eastern
China could be divided into three clusters: Ck/SD/1/96-like,
Ck/JS/1/98-like, and Dk/HK/Y280/97-like. No Ck/Kor/323/96-
like and Qa/HK/G1/97-like HA genes were found.

Phylogenetic analysis of the NA gene showed an evolution-
ary pattern similar to that observed for the HA genes, wherein
all viruses clustered within the Ck/BJ/1/94-like lineages, except
for three viruses (Ck/JS/1/00, Ck/Zibo/B1/08, and Sw/JX/1/04),
which clustered in the G9-like lineage (Fig. 2b). Taken to-
gether, our findings show that Ck/BJ/1/94-like viruses have
been predominant in poultry in eastern China during the past
10 years.

Phylogenetic analysis of internal genes. Phylogenetic anal-
ysis of the six internal genes revealed that HON2 viruses from
poultry in eastern China have undergone extensive reassort-
ment during the past 10 years. The ribonucleoprotein (RNP)
complex genes (PB2, PB1, PA, and NP genes) of all but one
viral isolate prevailing in poultry in eastern China during the
past 10 years clustered into two lineages, namely, the Ck/BJ/
1/94-like lineage and the Ck/SH/F/98-like lineage (Fig. 3). One
virus, Ck/Shandong/1/2003 (Ck/SD/1/03), is closely related to
Gs/GD/1/96-like H5N1 viruses (Fig. 3c). It is notable that the
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FIG. 2. Phylogenetic trees for the HA (a) and NA (b) genes of representative influenza A viruses of the HON2 subtype isolated in eastern China
during the past 10 years. Trees were generated by the neighbor-joining method in the MEGA 4.0 program. Numbers above or below branches
indicate neighbor-joining bootstrap values. Analysis was based on nucleotides 163 to 1048 of the HA gene and 88 to 1369 or 1378 of the NA gene.
The HA and NA trees were rooted to A/Duck/Alberta/60/76 (H12N5) and A/Equine/Prague/1/56 (H7N7), respectively. The lengths of the
horizontal lines are proportional to the minimum number of nucleotide differences required to join nodes. Vertical lines are for spacing and
labeling. The viruses isolated in eastern China are highlighted in green. Viruses characterized in this study are underlined, and the names of the
viruses and abbreviations can be found in Table 1 (see also Table S1 in the supplemental material). Genotypes characterized in this study are
defined in Fig. 4. Abbreviations: Qa, quail; Gs, geese; G1, A/Quail/HongKong/G1/97; Ck, chicken; Dk, duck; Ty, Turkey; CA, California; WI,
Wisconsin; HK, Hong Kong; Kor, Korea; BJ, Beijing; SD, Shandong; GD, Guangdong; SH, Shanghai; NC, Nanchang; YN, Yunnan; HB, Hubei;

HN, Hunan; FJ, Fujian; ZJ, Zhengjiang.

RNP complex genes of the Ck/BJ/1/94-like lineage are com-
pletely distinct from those of the Ck/SH/F/98-like lineage,
which are closely related to those of reassortant HSN1 variants
isolated from domestic ducks since 2001, including the domi-
nant H5N1 genotype Z prevailing in southeastern Asia. We
noted that the RNP complex genes of a few HS5NI viruses
derived from domestic ducks in this region also clustered into

the Ck/SH/F/98-like (HON2) lineage, indicating that reassort-
ment events had occurred between these two virus subtypes.
For example, the PB2 gene of H5N1 viruses Dk/FJ/19/00 and
Dk/SH/35/02 (Fig. 3a); the PB1 gene of H5N1 virus Dk/SH/
35/02 (Fig. 3b); the PA gene of H5N1 viruses WDk/HN/211/05,
Dk/SH/38/01, and Dk/SH/35/02 (Fig. 3c); and the NP gene of
eight H5N1 viruses including WDk/HN/211/05 and Dk/SH/
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35/02 (Fig. 3d) all clustered into the corresponding Ck/SH/F/
98-like lineage. It is noteworthy that many human and poultry
HS5N1 viruses circulating in Eurasia since 2001 contain an NP
gene segment with high homology to that of Ck/SH/F/98, in-
cluding A/Beijing/01/03, A/Indonesia/5/05, A/HK/212/03,
A/Thailand/2(SP-33)/04, and A/Vietnam/3062/04, suggesting
that the Ck/SH/F/98-like virus may have been the donor of
internal genes of the human and poultry HSN1 influenza vi-
ruses. Furthermore, the four RNP genes of some HIN2 viruses
isolated from domestic ducks in eastern China since 2002, such
as Dk/ZJ/3/02, Dk/JS/1/02 and Dk/JS/9/04, share very high
homology with those of Ck/SH/F/98-like variants and clustered
into the same lineage, indicating that interspecies transmission
between different of types of poultry occurred in this region.
Taken together, these findings suggest that the direction of
interspecies transmission of Ck/SH/F/98-like viruses may be
from chickens to domestic ducks and Ck/SH/F/98-like viruses
may have become a possible provider of internal genes to
HS5NI1 viruses identified since 2001.

Similar to the HA and NA genes, the matrix (M) and non-
structural (NS) genes showed much less diversity than the
other internal genes and belonged to the Ck/BJ/1/94-like lin-
eage (Fig. 3e and f), except for two viruses, Ck/JS/1/99 and
Dk/JS/1/05, whose NS genes clustered with those of viruses
similar to Dk/HK/d73/76 (H6N1) and Ck/Kor/323/96 (Fig. 3f).
However, phylogenetic analysis of the M and NS genes showed
that some of the H5N1 isolates from ducks were closely related
to these HIN2 variants, suggesting that a reassortment event
had occurred in this region. Our findings further support the
view that interspecies transmission between different types of
poultry exists in southern China.

Molecular characterization. The deduced amino acid se-
quences of these viruses were aligned and compared with those
of other representative HIN2 viruses in this region. As shown
in Table 2, except for seven viruses isolated since 2001, the
HAs of all viruses characterized had an avian-like motif 226-
Gln (H3 numbering), while those of the other seven viruses
had a human-like motif 226-Leu at the receptor binding site
(Table 2). In addition, all of these Ck/BJ/1/94-like viruses had
a receptor-binding-site-related Ala-to-Val/Thr mutation at po-
sition 190 (H3 numbering). Interestingly, in two Ck/Bj/1/94-
like viruses, a never-before-documented amino acid change
from His to Ser at position 183 (H3 numbering) was observed.
Most of the HIN2 viruses tested in this study had the same
R-S-S-R amino acid motif at the connecting peptide, but a few
of the viruses had an S—L and R—K mutation at positions —3
and —4, respectively, of the HA1 protein, giving an R-L-S-R
and K-S-S-R motif at the connecting peptide (Table 2). Seven
potential glycosylation sites, five in HA1 (29, 141, 200, 282, and
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305) and two in HA2 (154 and 213), were highly conserved.
However, a few of the viruses, for example, Ck/JS/1/98, Ck/
AH/2/02, and Ck/HN/1/02, which exhibited unique antigenic
patterns in the above antigenic analysis, have an additional
potential glycosylation site at residue 145 due to the change of
Ser to Asn. All of the Ck/BJ/1/94-like HON2 viruses analyzed
had the same “marking” deletion of three amino acids (posi-
tions 62 to 64) at the NA stalk region, as previously described
(9, 11, 15). It is notable that Val27Ala and Ser31Asn muta-
tions in the M2 protein, which is associated with amantadine
resistance of influenza virus (1), had also been observed in
a few of the HIN2 viruses isolated in this region (Table 2).
Three viruses isolated from chickens since 2003 (Ck/HN/1/
03, Ck/HN/1/04, and Ck/HN/2/04) contained a Ser31Ile mu-
tation which had not been previously observed. All of the
viruses had a G1-like NS1 motif, 92-Glu, which is reportedly
associated with increased pathogenicity of HSN1 influenza
virus in pigs (27).

Genotyping. Here we assigned HIN2 virus genotypes, as
previously described (15). A total of six HIN2 influenza virus
genotypes (A, H, J, F, K, and L) were identified from different
types of poultry under our surveillance, including four novel
genotypes that have not been recognized in previous studies
and were designated genotypes J, F, K, and L (Fig. 4). These
novel genotypes all had undergone reassortment two or three
times, with gene segments from Ck/BJ/1/94-like, G9-like, Ck/
SH/F/98-like, Ck/Kor/323/96-like, and Dk/HK/d73/76(H6N1)-
like viruses. HON2 genotype A viruses were initially detected in
quails and chickens in eastern China in 1996 and appeared in
domestic ducks in 1997, suggesting that the interspecies trans-
mission of this genotype occurred in eastern China. Although
HOYN?2 genotype A viruses were a dominant genotype in poultry
from 1996 onwards, the number of isolates detected from
chickens decreased gradually and the isolates failed to be de-
tected in poultry in 2000, which might correlate with the HON2
homologous vaccine being widely used in chickens. Since 1998,
an HIN2 genotype H virus emerged and became predomi-
nant in chickens from 2001 onwards, suggesting that this
virus subtype established itself in chickens. However, it is
notable that genotype H viruses have been detected in do-
mestic ducks from 2002 onwards, indicating that the inter-
species transmission from chickens to domestic ducks oc-
curred in this region. Although the remaining and novel
genotypes J, K, F, and L were only occasionally and tran-
siently detected in chickens or domestic ducks, the number
of genotypes being detected from chickens has increased
since 1999, suggesting that HON2 influenza viruses have
become more and more diversified in this region. Two of the
four novel genotypes, K and L, were novel reassortants

FIG. 3. Phylogenetic trees for the PB2 (a), PB1 (b), PA (c), NP (d), M (e), and NS (f) genes of representative influenza A viruses isolated in
eastern China during the past 10 years. Trees were generated by the neighbor-joining method in the MEGA 4.0 program. Numbers above or below
branches indicate neighbor-joining bootstrap values. Analysis was based on the following nucleotides: PB2, 589 to 1785; PB1, 736 to 1888; PA, 784
to 2016; NP, 76 to 1483; M, 78 to 947; and NS, 57 to 680. The phylogenetic trees of PB2, NP, M, and NS are rooted to A/Equine/Prague/1/56
(H7N7). The phylogenetic trees of PB1 and PA are rooted to A/Equine/London/1416/73 (H7N7). The lengths of the horizontal lines are
proportional to the minimum number of nucleotide differences required to join nodes. Vertical lines are for spacing and labeling. The viruses
isolated in eastern China are highlighted in green. Viruses characterized in this study are underlined, and the names of the viruses and
abbreviations can be found in Table 1 (see also Table S1 in the supplemental material). Other virus names and abbreviations can be found in the

legend to Fig. 2.
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TABLE 2. Comparison of amino acid sequences of HA, NA, and M2 genes of representative viruses from eastern China

M2 residue at

amantadine
Residue at RBS? position: : resistan
Virus Genotype esiduc at RBST positio NA (i't?letlon Connecting peptide® ;;:;tioc:
(aa) position

183 190 226 228 27 31

Qa/HK/G1/97 H E L G 38-39 R-S-S-R \'% S
Dk/HK/Y439/97 H E Q G A-S-N-R \% S
Ck/Kor/323/96 H E Q G A-S-Y-R \'% S
Ck/HK/G9/97 N A L G R-S-S-R \'% S
Ck/BJ/1/94 A N \'% Q G R-S-S-R \'% S
Ck/SD/1/98 A N T Q G 62-64 R-S-S-R \% S
Ck/AH/1/98 A N \'% Q G 62-64 R-S-S-R \'% S
Ck/JS/1/98 A N \% Q G 62-64 R-S-S-R \'% S
Ck/SH/F/98 H N A Q G 62-64 R-S-S-R \'% N
Ck/SD/1/99 A N \% Q G 62-64 R-S-S-R \'% S
Ck/JS/1/99 J N T Q G 62-64 K-S-S-R \'% S
Ck/SH/2/99 H N A Q G 62-64 R-S-S-R \% S
Ck/SD/1/00 A N \'% Q G 62-64 R-S-S-R \'% N
Ck/SH/3/00 H N T Q G 62-64 R-S-S-R \% S
Ck/SH/1/01 H N T L G 62-64 R-S-S-R \'% S
Ck/JS/2/01 H N T Q G 62-64 K-S-S-R \'% S
Ck/AH/2/02 H N \'% Q G 62-64 R-S-S-R \'% N
Ck/JS/1/02 H N A Q G 62-64 R-S-S-R \'% S
Dk/Z2J/1/02 H N A L G 62-64 R-S-S-R \' S
DK/JS/1/02 H N A Q G 62-64 R-S-S-R \'% S
Ck/HN/1/02 H N \'% Q G 62-64 R-L-S-R \'% S
Ck/SH/1/02 H N A L G 62-64 R-S-S-R \'% S
Ck/SD/1/03 K N \% L G 62-64 R-S-S-R \' S
Ck/HN/1/03 H S \'% Q G 62-64 R-S-S-R \% I
Ck/JS/1/04 H N A Q G 62-64 K-S-S-R \'% N
Ck/SD/1/04 H N T Q G 62-64 R-S-S-R A S
Dk/JS/9/04 H N A Q G 62-64 R-S-S-R \'% N
Ck/HN/1/04 H N A L G 62-64 R-L-S-R \% I
Ck/HN/2/04 H S \% L G 62-64 R-L-S-R \'% I
Dk/JS/3/05 L N \% Q G 62-64 R-S-S-R \'% S
Ck/HN/1/05 H N A L G 62-64 R-L-S-R A S

“ RBS, receptor binding site.

> Connecting peptide from positions —4 to —1 of HA1. Boldface indicates the mutation amino acid motif at the cleavage site.

containing gene segments similar to Ck/Kor/323/96-like vi-
ruses or Dk/HK/Y439/97-like viruses, showing that reassort-
ment events occurred in this region.

Replication and transmission of HIN2 influenza virus iso-
lates in chickens. Because these HIN2 viruses had caused
severe morbidity and mortality in chickens in the field during
the past 10 years, we examined their replication and transmis-
sion in chickens. Most of these HIN2 viruses replicated in the
inoculated chickens and were transmitted to contact birds, but
none of the HIN2 viruses caused death during the 3-week
observation period (Fig. 5; see also Table S2 in the supple-
mental material). Most of the HON2 viruses were shed mainly
from the respiratory tract with titers in the range of 4.0 to 7.0
log,, EIDs,/0.1 ml in tracheal swabs on day 5 postinfection
(p-i.). The maximal virus shedding was observed between the
3rd and 5th day postinoculation. Viruses were detected in
tracheal swabs of the contact birds from day 3 postcontact.
Virus was mostly detected in the cloacal swabs of directly
inoculated birds on day 3 p.i. Lower virus titers were detected
in the cloacal swabs than in the tracheal swabs from both
inoculated and contact birds. It is notable that biological dif-
ferences in HIN2 viruses of different genotypes were obvious.
For example, most genotype A viruses replicated mainly in

inoculated chickens but failed to be transmitted efficiently to
the aerosol contact group. In contrast, most genotype H and
genotype K viruses from 2001 onwards not only replicated
efficiently in infected chickens but also were transmitted effi-
ciently among aerosol contact chickens (Fig. 5; see also Table
S2 in the supplemental material).

Hemagglutination activity with erythrocytes from different
animals. Erythrocytes from different animal species differ in
their oligosaccharide composition. For example, agglutination
of erythrocytes from cows, horses, and pigs requires NeuAca2,
3Gal or NeuGcea2,3Gal recognition, while agglutination of
those from chickens, ducks, guinea pigs, and humans (type O)
requires NeuAca2,3Gal and NeuAca2,6Gal recognition (7, 10,
12). Therefore, receptor specificity of influenza A viruses cor-
relates with the agglutination of erythrocytes from different
animal species (7, 10, 12). In order to explore the receptor
specificity of the HON2 viruses, the agglutination patterns of
these HON2 variants were systematically analyzed with eryth-
rocytes from different animal species (Table 3). All of these
HON?2 variants agglutinate erythrocytes from chickens, ducks,
geese, pigeons, quails, guinea pigs, dogs, and humans (type O),
whereas most did not agglutinate donkey erythrocytes. Based
on differences of patterns of hemagglutination to buffalo
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Qa/ SH896

CK/SH/F/98 Ck/SH/2/99 Ck/SH/3/00 Ck/SH/10/01
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CkJS/M/99  CkJS/1/00

97 Ck AH«" 93 Ck/SD/1/99 Ck/SD/1/00
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2001 2002 2003 2004 2005
CliSH/1/02 04 CKHN/A/05
CK/SHA/01 1
CKJS12/01
DK/XZ/05/01
DKJS/1/02
DKAJS/nf02 . @
CK/SD/1/03 DKJS/3/05

8800

Ck/BJ/1/94

Ck/SH/F/98

Ck/HK/G9/97 Ck/Kor/323/96 DK/HK/d73/76

FIG. 4. Genotypes of HIN2 influenza viruses isolated from poultry in eastern China. The order of the eight gene segments from the top
(horizontal bars) is PB2, PB1, PA, HA, NP, NA, M, and NS. Each color represents a virus lineage. Genotype definitions are described in Materials

and Methods.

and goat erythrocytes, most of these HIN2 variants can be
further differentiated into two groups. In addition, a number
of HIN2 viruses also could agglutinate pig erythrocytes.
These results clearly show that the difference lies in the
receptor binding site of these HIN2 variants. Therefore,
direct analysis of receptor specificity of these HIN2 variants,

No. of chickens shedding/total no. of
chickens on day post inoculation

direct inoculation (3)

Physical contact(3)

Trachea

Aerosol contact (4) |direct inoculation (3)

using defined glycoconjugates, is needed in order to under-
stand the differences in agglutination patterns of these
HO9N2 variants. However, whether these HIN2 variants pos-
sess a human-like motif at the receptor site and have an
ability to infect humans and other mammals requires further
study.

B CK/JS/1/98 (A) ® Ck/JS/1/99 (J) §CK/SD/1/03 (K) @ C/SH/1/02 (H)

Physical contact(3) Aerosol contact (4)

Cloaca

Days post inoculation

FIG. 5. Respiratory transmission of different genotypic HIN2 viruses. Directly inoculated chickens were inoculated with 107 EIDs, (equivalent
to approximately 100 chicken infectious doses) of different genotypic HON2 viruses. Physical contact chickens and aerosol contact chickens were
introduced at 30 min p.i. Tracheal and cloacal swabs were collected 3, 5, and 7 days postinoculation, and viruses were titrated for infectivity in

embryonated chicken eggs.
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TABLE 3. Hemagglutination of HON2 avian influenza virus with erythrocytes from different animal species
Hemagglutination with erythrocytes from“:

Virus . . . . Guinea Human

Chicken Duck Goose Pigeon Quail Buffalo Donkey Goat Pig Dog pig (type O)
Ck/SD/1/98 + + + + + + - + - + + +
Ck/AH/1/98 + + + + + + - + + + + +
Ck/JS/1/98 + + + + + + - + + + + +
Ck/SH/F/98” + + + + + - - - - + + +
Ck/SD/1/99 + + + + + + - + - + + +
CKk/JS/1/99 + + + + + + - + + + + +
Ck/SH/1/99° + + + + + + - + - + + +
Ck/SD/1/00 + + + + + + - + + + + +
Ck/SH/1/00° + + + + + - - - - + + +
Ck/SH/1/01° + + + + + - - - - + + +
Ck/JS/2/01 + + + + + + + + + + + +
Ck/AH/2/02 + + + + + + - + - + + +
Ck/JS/1/02 + + + + + - - - - + + +
Dk/ZJ/3/02 + + + + + + - + - + + +
DK/JS/1/02 + + + + + - - - - + + +
Ck/HN/1/02 + + + + + + - + - + + +
Ck/SH/1/02° + + + + + - - - - + + +
Ck/SD/1/03 + + + + + + - + - + + +
Ck/HN/1/03 + + + + + + - + + + + +
Ck/JS/1/04 + + + + + + - + - + + +
Ck/SD/1/04 + + + + + - - - - + + +
Dk/JS/9/04 + + + + + - - - - + + +
Ck/HN/1/04 + + + + + - - - - + + +
Ck/HN/2/04 + + + + + + - + - + + +
Dk/JS/3/05 + + + + + + - + - + + +
Ck/HN/1/05 + + + + + - - - - + + +

“ +, agglutination with virus-containing allantoic fluid; —, no agglutination with viruses containing >128 hemagglutination units/ml, as determined with red blood

cells from different hosts in a microtiter assay.
" Data from reference 36.

DISCUSSION

The first HIN2 avian influenza outbreak caused by Ck/BJ/
1/94-like viruses was reported in eastern China in 1994. In late
1998, most chicken farms throughout eastern China suffered
serious economic losses due to HIN2 avian influenza viruses.
In the present study, our findings reveal that HON2 influenza A
viruses isolated during 1996 to 2008 in eastern China have
evolved continuously and have undergone wide reassortment
with aquatic avian influenza A viruses, generating six geno-
types in eastern China during the past 10 years. Furthermore,
it is noteworthy that all six virus genotypes identified in this
study have different phenotypic characteristics. Most of the
HON2 viruses isolated before 2000 can replicate mainly in
inoculated chickens but have failed to be transmitted efficiently
to aerosol contact groups. In contrast, most of the viruses
isolated from 2001 onwards not only replicated efficiently in
the infected chickens but also were transmitted efficiently
among aerosol contact chickens. Therefore, the HON2 viruses
circulating in eastern China appear to have undergone pheno-
typic changes.

Chickens are generally considered aberrant hosts of influ-
enza viruses because the mutation rates of many chicken vi-
ruses are higher than those for viruses isolated from aquatic
birds (29). However, previous studies have shown that HON2
influenza viruses have circulated widely among chicken flocks
for more than 10 years since they were first detected in main-
land China in 1994 (4). Furthermore, it is worth noting that
chickens not only are able to harbor genotype A (Ck/BJ/1/94-

like) viruses but may have also carried genotype H (Ck/SH/F/
98-like) viruses over the past 10 years. Zhang et al. (36) re-
cently demonstrated that Ck/SH/F/98-like H9N2 influenza
viruses have been circulating in chicken flocks from the same
integrated chicken operation for at least 5 years. Ito et al. (12)
also demonstrated that chickens have molecular characteriza-
tions classifying them as potential intermediate hosts for trans-
mission of avian influenza viruses to humans. Furthermore, the
recent transmission of avian HSN1 and HON2 influenza viruses
from chickens and/or quails to humans indicates that avian
influenza viruses can directly infect humans without an inter-
mediate host (17, 22). All available evidence suggests that
HON2 influenza viruses have adapted to chickens. Further-
more, chickens have played an important role in the evolution
of influenza viruses by acting as mixing vessels or disseminators
of avian/mammalian reassortant influenza A viruses.
Although many novel genotypes have been generated in
eastern China during the past 10 years, only two genotypes
(genotypes A and H) have been well adapted to chickens and
have been circulating in chickens for some time. Genetic and
antigenic studies demonstrated that genotype A was the pre-
dominant genotype circulating in poultry before 2000. How-
ever, from 2000 onward, the genotype A viruses were replaced
by a novel genotype, genotype H (Ck/SH/F/98-like), which has
become the predominant genotype in poultry in eastern China.
Furthermore, the genotype H viruses appear to be better
adapted to poultry and more easily reassorted with other sub-
type avian influenza A viruses. The other HON2 virus geno-
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types were very short-lived reassortants, none of which had
become established in poultry, suggesting that those viruses
were not well adapted to chickens. This finding provides po-
tentially useful information regarding key molecular determi-
nants for such selection.

Because pigs contain both Neu5Aca2-3Gal and NeuSAca2-
6Gal linkages to support replication of both avian and human
influenza viruses, pigs have been recognized as “mixing ves-
sels” for avian and human viruses (12). During the past 5 years,
HON2 influenza viruses have been isolated repeatedly from
pigs in eastern China (6, 34). However, phylogenetic analysis of
the internal genes of those swine HON2 viruses showed that
almost all swine HIN2 viruses recently isolated from eastern
China also possess Ck/SH/F/98-like lineage RNP genes (6, 34).
Furthermore, the mutation Glu (Q)—Leu (L) at position 226
found in human H2 and H3 isolates occurred in those of
genotype H HIN2 viruses. A key amino acid mutation from
His to Ser at position 183 (H3 numbering) in the HA receptor
binding site has never before been documented. These phe-
nomena increased the chances of generating new influenza
viruses with pandemic potential in this region. Therefore, sur-
veillance of HIN2 viruses in this region for the next possible
influenza pandemic should be given a high priority.

Donors of internal genes present in HSN1 variants circulat-
ing throughout the world have not been well established. How-
ever, based on the phylogenetic relationships of NP genes, the
present study demonstrated that Ck/SH/F/-98-like HON2 vi-
ruses may be a possible donor of H5N1/01-like internal genes
to currently circulating viruses. Furthermore, based on the
sequence of reassortment events, Ck/SH/F/98-like internal
genes were first incorporated into HSN1/01-like viruses in 2001
or before. In addition, it was noted that Ck/BJ/1/94-like viruses
and Ck/SH/F/98-like viruses first isolated in chickens have also
been recognized in domestic ducks in this region. This raises
the possibility of bidirectional transmission between chickens
and domestic ducks. However, the possibility of gene flow from
chickens to ducks could not be excluded in Ck/BJ/1/94-like and
Ck/SH/F/98-like HIN2 viruses. Domestic ducks may serve as
mixing vessels to facilitate reassortment events for HON2 and
HS5N1 viruses and the emergence of novel genotypes in this
region.

The receptor specificity of influenza viruses is one factor that
allows avian influenza viruses to cross the species barrier.
Some HI9N?2 viruses isolated since 2001 contained G1-like re-
ceptor HA signatures described by Gambarian et al. (8). Wan
and Perez (31) also demonstrated that the Glu-to-Leu muta-
tion at amino acid position 226 in HA allows HON2 viruses to
replicate more efficiently in human airway epithelial cells cul-
tured in vitro. Substitution of Gln for Leu at residue 226 and
the change of Ala to Thr at position 190 that occurred in the
receptor binding site of these HON2 variants have been previ-
ously reported to be involved in binding specificity to receptors
in the host cell (23, 32). In this study, we found that HON2
viruses isolated during the past 10 years differed from each
other in their ability to agglutinate erythrocytes from goat and
buffalo, suggesting differences in receptor specificities in HON2
influenza viruses. Ito et al. (12) demonstrated that the «2,3
linkage and NeuGec, but not NeuAc, recognition appear essen-
tial for agglutination of bovine and equine erythrocytes. There-
fore, additional studies are needed to understand the role of
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mutations in the receptor binding site in restricting the host
range of these HON2 variants.

The current study demonstrates the continued circulation of
HON2 influenza viruses from poultry in eastern China and
shows that the genotypes of HIN2 viruses circulating in eastern
China are different from those isolated in southern China. The
Ck/SH/F/98-like lineage has replaced the Ck/BJ/1/94-like lin-
eage and has become a predominant genotype circulating in
poultry in eastern China. Furthermore, reassortment between
HON2 and H5N1 subtype viruses has contributed to the gen-
eration of novel genotypes of both subtypes. It is clear that
Ck/SH/F/98-like viruses could provide internal genes for HSN1
viruses currently circulating throughout the world. Therefore,
it is imperative that particular attention be paid to HIN2
viruses of avian origin to avert any future pandemic in humans
in this region.
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