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Abstract Nine avian influenza A viruses (AIVs), H1N2

(n = 2) and H1N3 (n = 7), were isolated from domestic

ducks in live poultry markets in Zhejiang Province, Eastern

China, in 2011. All viruses were characterized by whole

genome sequencing with subsequent phylogenetic analysis

and genetic comparison. Phylogenetic analysis of all eight

viral genes showed that the viruses clustered in the

Eurasian lineage of influenza A viruses. The hemagglutinin

cleavage site of all viruses displayed features of a mono-

basic cleavage site. Although there was no evidence of

re-assortment in subtype H1 AIVs among the avian species

and mammalian hosts in this study, continued surveillance

is needed considering the important role of the domestic

duck in the dissemination and re-assortment of AIVs.
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Introduction

Avian influenza A viruses (AIVs) are members of the

Orthomyxoviridae family and contain eight segments of

single-stranded RNA with negative polarity [1]. AIVs are

classified into subtypes based on their envelope proteins,

hemagglutinin (HA) and neuraminidase (NA). Currently,

all 16 the HA and the 9 NA subtypes were isolated from

aquatic birds, such as ducks and geese, which were con-

sidered the natural reservoir of AIVs [2]. Though aquatic

birds did not display the symptoms when they were

infected with AIVs, they provide an environment for the

re-assortment of low pathogenic avian influenza (LPAI)

viruses which can serve as progenitors of highly pathogenic

avian influenza (HPAI) viruses [3, 4].

Live poultry markets (LPMs) are where domestic

poultry are slaughtered and sold to households in China

and other countries [3, 5, 6]. LPMs are considered a major

source of AIV dissemination and sites for potential influ-

enza virus re-assortment as well as interspecies transfers

[4, 7, 8]. Previous studies have shown that LPMs in Hong

Kong were closely linked to the infection of humans with

H5N1 AIVs in 1997 and H9N2 AIVs in 1999 [9–11]. Since

LPMs play an important role in the dissemination of AIVs,
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active surveillance of HPAI and LPAI viruses in LPMs

should be used in an early warning system for avian

influenza outbreaks [12–14].

During the surveillance of poultry for AIVs in LPMs in

Zhejiang Province, Eastern China, in 2011, H1N2 (n = 2)

and H1N3 (n = 7) AIVs were isolated from apparently

healthy domestic ducks. Whole genome sequencing and

phylogenetic analyses of the viruses were performed. The

results suggest that these viruses have re-assortment

between HPAI and LPAI viruses in avian species, and

continued circulation of these viruses may bear threats for

both avian species and humans.

Materials and methods

Virus isolation

One hundred cloacal swabs were collected from appar-

ently healthy Shaoxing pockmark duck (Anas platyrhyn-

cha var. domestica, from commercial farms), in LPMs

(n = 2) in Hangzhou, Zhejiang Province, January to June,

in 2011. Each swab was eluted with 2.0 ml phosphate-

buffered saline containing 0.2% bovine serum albumin

(BSA), 4 9 106 U/l penicillin G, and 400 mg/l strepto-

mycin sulfate. The samples were sterilized using a

0.22-lm filter and inoculated into the allantoic cavities of

9-day-old specific-pathogen-free embryonated eggs. After

incubation at 37�C for 72 h, the allantoic fluid was har-

vested and tested by hemagglutination (HA) assay [15].

The subtypes of the virus isolates were determined by

conventional HA inhibition (HI) and NA inhibition (NI)

assays, according to the Office International des Epizo-

otics (OIE) manual [16]. Aliquots of virus allantoic fluid

stock were stored at -80�C before used. All the experi-

ments with the AIVs were performed in a Biosafety Level

3 laboratory.

RNA extraction and PCR amplification

RNA extraction from HA positive allantoic fluid, was

achieved using the Viral RNA mini kit (Qiagen, Germany),

according to the manufacturer’s instructions. Reverse

transcription was conducted using Uni12 primer: 50-AG

CAAAAGCAGG-30. Reverse transcription (RT)-PCR was

conducted using the One-Step RNA PCR Kit (AMV)

(TaKaRa, China). All the segments were amplified with

segment-specific primers as described elsewhere [17]

(Table S1). The PCR products were purified with the

Agarose Gel DNA Fragment Recovery Kit Ver.2.0

(TaKaRa, China), and the fragments were cloned into

pGEM T easy vector (Promega).

Sequencing and phylogenetic analysis

The fragments sequencing were carried out using the Big

Dye Terminator V.3.0 Cycle Sequencing Ready Reaction

kit (ABI, Foster City, CA). The sequencing reactions were

performed according to the manufacturer’s instructions.

Sequencing of three independent clones of each PCR

product was performed to eliminate errors resulting from

the RT-PCR or cloning steps. The nucleotide sequences

were deposited into GenBank under the accession numbers:

JN605372–JN605403 and JN716319–JN716358. The

sequences were analyzed by the BioEdit version 7.0.9.0

DNA analysis software [18]. Phylogenetic trees were

constructed by MEGA4: molecular evolutionary genetics

analysis (MEGA) software version 4.0, applying the

neighbor-joining method and Tamura–Nei model with

bootstrap analysis (1,000 replicates) [19]. The reference

sequences of strains used in this study were obtained from

the Influenza Sequences Database (http://www.ncbi.nlm.

nih.gov).

Results

Virus isolation and phylogenetic analysis

We have isolated 26 strains of AIVs, subtypes H1 (n = 9),

H3 (n = 1), H4 (n = 5), H5 (n = 7), and H7 (n = 4) in

markets in Zhejiang Province, China, in 2011. In this study,

all the eight gene segments of the subtype H1 isolates were

sequenced. The whole genomes of seven H1N3 AIVs,

A/duck/Zhejiang/0611-8/2011(H1N3) (0611-8), A/duck/

Zhejiang/0611-3/2011(H1N3) (0611-3), A/duck/Zhejiang/

0611-15/2011(H1N3) (0611-15), A/duck/Zhejiang/0611-

17/2011(H1N3) (0611-17), A/duck/Zhejiang/0611-19/2011

(H1N3) (0611-19), A/duck/Zhejiang/0611-21/2011(H1N3)

(0611-21), and A/duck/Zhejiang/0611-24/2011(H1N3)

(0611-24) were identical, and they were compared to the

nucleotide sequences available in the GenBank database,

and they had the same sequence homology. So, we chose

the isolate 0611-8 which represented the H1N3 AIVs. The

sequence comparisons of H1 AIVs of the isolate 0611-8

and the other two H1N2 AIVs (A/duck/Zhejiang/0224-6/

2011 and A/duck/Zhejiang/0607-13/2011) with their clos-

est genetic relatives are shown in Table 1. Nucleotide

sequences of H1N2 and H1N3 representing different geo-

graphic locations, host species, and different lineages were

included for phylogenetic analysis (Supplementary

material).

The results of phylogenetic analysis showed that all

genes, HA, NA (N3), PB1, PB2, PA, NP, NA, M, and NS,

of the H1 AIVs were clustered in the Eurasian lineage

(Figs. 1, S1). All seven H1N3 AIVs, such as 0611-3,
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0611-8, 0611-15, 0611-17, 0611-19, 0611-21, and 0611-24

strains, were identical, and they had a group in every gene

phylogeny. The HA phylogenetic tree suggests that two

different H1 genetic groups are co-circulating in Zhejiang

Province. One group is formed by 0607-13, 0611-3,

0611-8, 0611-15, 0611-17, 0611-19, 0611-21, and 0611-24

strains, while the virus 0224-8 belongs to a distinct group.

In the NA (N2) phylogenetic tree, the two H1N2 AIVs

(0224-8 and 0607-13 strains) belong to Y439-like and

Y280-like lineage, respectively.

The HA gene of the virus 0607-13 (H1N2) shows the

highest nucleotide similarity to A/wild duck/Korea/CW09/

2005 (H1N1) at 97%. The NA gene of this virus has the

highest nucleotide similarity to A/chicken/Jiande/01/2009

(H9N2) at 98% (Table 1). The HA, PB2, PB1, PA, NP, M,

and NS gene phylogenies indicate that 0607-13, 0611-3,

0611-8, 0611-15, 0611-17, 0611-19, 0611-21, and 0611-24

had similar ancestors for these genes (Figs. 1, S1). Accord-

ing to the above-described analysis of phylogenetic

relationships, the 0607-13 strain was a reassortant virus and

derived its genes from different subtype from aquatic birds

and poultry in Eastern Asia. This finding indicates that a

re-assortment event between H1 and H9N2 occurred in ducks.

Molecular characterization

Based on the deduced amino acid sequences of the HA

genes, the HA cleavage site pattern, IPSV(I)QSR/GL, of

H1N2 and H1N3 isolates displayed features of a monobasic

cleavage site. It is known that the addition of multiple

amino acids at the cleavage site such as arginine (R) and

lysine (K) may turn LPAI into HPAI in subtypes H5 and

H7 AVIs [20].

Amino acids at receptor-binding sites, HA 98, 153, 155,

183, 190, 194, and 195 (H3 numbering system), were also

analyzed (Table 2) [6, 21, 22]. In this study, the amino

acids of the nine H1 AIVs at positions 224–229 and

134–138 were ‘‘RGQAGR’’ and ‘‘GVTAA,’’ respectively.

Table 1 Sequence homology of whole genome of three H1 isolates compared to nucleotide sequences available in GenBank database

Gene Position Virus with the highest percentage

of nucleotide identity

Genbank accession

number

Homology

(%)

Isolate 1: A/duck/Zhejiang/0224-6/2011(H1N2) (abbreviation: 0224-6)

PB2 28-2307 A/swine/Fujian/F1/2001(H5N1) AY747624 96

PB1 10-2286 A/avian/Japan/8KI0129/2008(H3N8) CY079257 99

PA 1-2151 A/duck/Korea/A93/2008(H5N2) GU086282 99

HA 1-1701 A/mallard/Sweden/57/2003(H1N1) CY060329 96

NP 1-1490 A/chicken/Shantou/2535/2001(H5N1) CY029035 97

NA 1-1410 A/duck/Guangxi/141/2005(H6N2) HM144680 97

M 1-985 A/wild duck/Shantou/1411/2000(H11N3) EF597293 98

NS 27-890 A/duck/Hunan/8-19/2009(H4N2) HQ285890 98

Isolate 2: A/duck/Zhejiang/0607-13/2011(H1N2) (abbreviation: 0607-13)

PB2 28-2307 A/swine/Fujian/F1/2001(H5N1) AY747624 96

PB1 1-2277 A/mallard/Jiangxi/7376/2003(H6N2) HM145493 95

PA 1-2151 A/duck/Shanghai/35/2002(H5N1) AY585478 96

HA 20-1687 A/wild duck/Korea/CW09/2005(H1N1) HQ014776 97

NP 1-1490 A/chicken/Shantou/2535/2001(H5N1) CY029035 97

NA 20-1420 A/chicken/Jiande/01/2009(H9N2) HM036347 98

M 1-987 A/wild duck/Korea/SH13/2006(H1N1) HQ014787 98

NS 1-866 A/aquatic bird/India/NIV-17095/2007(H11N1) CY055179 98

Isolate 3: A/duck/Zhejiang/0611-8/2011(H1N3) (abbreviation: 0611-8)

PB2 28-2307 A/swine/Fujian/F1/2001(H5N1) AY747624 96

PB1 1-2277 A/mallard/Jiangxi/7376/2003(H6N2) HM145493 95

PA 13-2163 A/softbill/CA/33445-158/1992(H7N1) GU186599 96

HA 20-1687 A/wild duck/Korea/CW09/2005(H1N1) HQ014776 97

NP 1-1490 A/chicken/Shantou/2535/2001(H5N1) CY029035 97

NA 1-1407 A/mallard/Italy/208/2000(H5N3) EF597323 94

M 1-987 A/wild duck/Korea/SH13/2006(H1N1) HQ014787 98

NS 1-866 A/aquatic bird/India/NIV-17095/2007(H11N1) CY055179 98
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The receptor-binding sites of H1N2 and H1N3 AIVs, Q226

and G228 were similar to all H1N2 and H1N3 AVIs, in

both Eurasian and North American lineages suggesting that

these viruses would preferentially bind to alpha 2–3 linked

sialic acid receptors predominant in avian species [23, 24].

And there was no mutation of interest in the receptor-

binding sites, which could increase affinity toward alpha

2–6 linked sialic acid receptors. However, whether these

H1 AIVs possess low pathogenicity and have an ability to

infect mammalian hosts requires further study.

In HA, seven potential glycosylation sites, sites 27, 28,

40, 104, 304, 498, and 557, were detected in the nine H1

AIVs. The specific polypeptide for N-linked glycosylation

is defined as (Asn-X-Ser/Thr), where X can be any amino

acid, except proline or aspartic acid [25].

In the NA of the 0607-13 (H1N2) virus, there was a

deletion of three amino acids ‘‘TEI’’ (sites 63–65) at the

NA stalk region, as previously described [26, 27]. It was

revealed that the NA of 0607-13 (H1N2) virus shared a

higher sequence similarity with H9N2 AIVs than other N2

AIVs.

NA inhibitors (oseltamivir and zanamivir) are effective

antiviral drugs for the treatment and prophylaxis of influ-

enza infections. The His275Tyr mutation is the molecular

marker of oseltamivir resistance, and it was predicted

previously that mutant viruses would be less viable than

sensitive ones [28, 29]. The His275Tyr mutation was not

observed in the NA of these nine H1 isolates.

It is notable that Val27Ala and Ser31Asn mutations in

the M2 protein, which is associated with amantadine

resistance of influenza virus [30], were not observed in the

M2 of all the H1 AIV isolates.

Discussion

During 2000 to 2001, seven subtypes of LPAI, including

H1N1, H2N9, H3N2, H3N3, H3N6, H4N6, and H9N2,

from LPMs were identified in Central China [3]. The

results of previous surveillance and the published data in

GenBank revealed that H1 avian influenza viruses

appeared in avian species in China [31]. To date, there

were only three H1 AIV isolates, A/quail/Nanchang/

12-340/2000 (H1N1), A/WDK/JX/12416/2005 (H1N1),

and A/duck/Hebei/843/2005 (H1N2), isolated from avian

species in China; and the information concerning the

molecular characteristics of H1 AIVs was limited. This

study highlights the first LPAI subtypes H1N3 AIVs ever

reported in poultry from China. In this study, phylogenetic

analysis showed that all eight genes of all H1 AIVs from

Zhejiang Province belonged to the Eurasian lineage.

Genetic analysis has shown that the pandemic H1N1

2009 virus was originated from swine species through

avian–human–swine ‘‘triple’’ re-assortment events [32].

The phylogenetic tree based on the HA gene (Fig. 1)

showed the three lineages corresponding to avian, human,

and swine influenza A viruses. It was revealed that the H1

AIVs were not the closest common ancestor of swine,

human, and swine-origin human H1N1 viruses.

Table 1 suggests that PB2, NP, and NA genes of the

virus 0607-13 (H1N2) had the highest nucleotide similarity

to those of H5N1 avian-like swine influenza virus (A/swine/

Fujian/F1/2001), H5N1 AIV (A/chicken/Shantou/2535/

2001), and H9N2 AIV (A/chicken/Jiande/01/2009), respec-

tively. A previous study showed that H9N2 AIVs isolated

from poultry underwent extensive re-assortment to generate

multiple novel genotypes in ducks and chickens, in Eastern

China since 1998 [27]. It is possible that the 0607-13 virus

has resulted from re-assortment of the H1N1, H5N1, and

H9N2 viruses, or some LPAI viruses, including the 0607-13

virus, were the donors of the internal genes of avian H5N1

viruses in China.

Aquatic birds, including ducks, represent the major

natural LPAI virus reservoir and have a higher prevalence

of influenza A virus than other species [33–35]. Consid-

ering that the re-assorted H1N2 influenza viruses were

created in ducks in LPMs, it would be possible that these

ducks could play an important role in the re-assortment for

creating H5N1 influenza viruses. In southern and eastern

China, novel H9N2 influenza viruses that were double or

even triple re-assortment were isolated in avian species [27,

36]. Some of them contained internal genes that are closely

related to those in 1997 and 2001 H5N1 AIVs in Hong

Kong [26, 36]. In 2006, HPAI H5N1 infection was reported

in one patient who had visited LPMs in Southern China

[37]. LPMs are considered a major source of influenza A

virus dissemination (by direct or indirect contact) and

potential influenza A virus re-assortment. In this study,

although there was no evidence of re-assortment among the

human, swine, and avian hosts, continued surveillance is

needed considering the important role of the domestic duck

in the dissemination and re-assortment of AIVs.

In conclusion, AIVs subtypes H1N2 and H1N3 were

isolated from domestic ducks in LPMs in Zhejiang Prov-

ince, Eastern China, in 2011. Whole genome sequences of

the H1 AIVs were determined. Phylogenetic analysis of

all the eight viral genes showed that the viruses clustered in

the Eurasian lineage of influenza A viruses. The HA

cleavage site of all the viruses displayed features of a

monobasic cleavage site.

Fig. 1 Phylogenic analysis of HA and NA (N2 and N3) genes of the

H1 influenza viruses isolate. The tree was created by the neighbor-

joining method and bootstrapped with 1,000 replicates using the

MEGA4.0 package. The H1 influenza viruses characterized are

highlighted by a triangle. The scale bar represents the distance unit

between sequence pairs

c
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