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Abstract The H4 subtype of the influenza virus was first
isolated in 1999 from pigs with pneumonia in Canada. H4
avian influenza viruses (AIVs) are able to cross the species
barrier to infect humans. In order to better understand the
genetic relationships between H4 AIV strains circulating in
Eastern China and other AIV strains from Asia, a survey of
domestic ducks in live poultry markets was undertaken in
Zhejiang province from 2013 to 2014. In this study, 23
H4N2 (n = 14) and H4N6 (n = 9) strains were isolated
from domestic ducks, and all eight gene segments of these
strains were sequenced and compared to reference AIV
strains available in GenBank. The isolated strains clustered
primarily within the Eurasian lineage. No mutations asso-
ciated with adaption to mammalian hosts or drug resistance
was observed. The H4 reassortant strains were found to be
of low pathogenicity in mice and able to replicate in the
lung of the mice without prior adaptation. Continued
surveillance is required, given the important role of
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domestic ducks in reassortment events leading to new
AlVs.
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Introduction

Based on the antigenic properties of the hemagglutinin (HA)
and neuraminidase (NA) glycoproteins, influenza A viruses
are classified into 18 HA and 11 NA subtypes [I, 2].
Domestic ducks are known to harbor most of the avian
influenza viruses (AIVs) subtypes, and are considered a
natural reservoir for AIVs [3]. While AIV infection is usually
asymptomatic in domestic ducks, they provide an environ-
ment for the reassortment of low pathogenic avian influenza
(LPAI) viruses, which can serve as progenitors of highly
pathogenic avian influenza (HPAI) viruses [4, 5]. Since
1997, the HS, H7, and H9 AIV subtypes have caused disease
outbreaks in poultry worldwide and have infected humans in
many countries [6—11]. However, there is relatively little
information regarding the molecular characteristics of other
AIV subtypes in Eastern China, including the H4 subtype.
The AIV H4 subtype infects domestic ducks and is
known to circulate in live poultry markets (LPMs) in China
[4, 12]. H4 viruses were also isolated in 1999 from pigs
with pneumonia in Canada [13], and have been transmitted
to pig populations in southeastern China [14]. Furthermore,
H4 AIVs are able to cross the species barrier to infect
humans [15, 16]. LPMs are considered a major source of
AIV dissemination, and sites for potential AIV reassort-
ment and interspecies transfers [4, 5]. Given these factors,
active surveillance of the AIVs circulating in LPMs should
be used in an early warning system for AIV outbreaks.
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To better understand the genetic relationships between
the H4 strains from Eastern China and other H4 strains
from throughout Asia, a survey of the H4 AIV subtypes
circulating in Zhejiang province, Eastern China, from 2013
to 2014 was performed. The gene segments of the isolated
field strains were sequenced and compared with reference
sequences available in GenBank.

Materials and methods

Cloacal swabs were collected from apparently healthy
ducks in LPMs in Zhejiang province, Eastern China, from
March 2013 to December 2014. Viruses were isolated from
the duck cloacal swab material by inoculation into
embryonated chicken eggs as previously described [17].
After incubation at 37 °C for 72 h, the allantoic fluid was
harvested and tested by HA assay. Specific pathogen-free
1 % chicken red blood cells were prepared. HA titers were
then determined by adding 50 pL of the 1 % chicken red
blood cells in phosphate-buffered saline (PBS) to 50 uL of
a two-fold serial dilution of virus in 96 “V’-well microtiter
plates. The microtiter plates were incubated for 30 min at
25 °C. HA titers were defined as the reciprocal values of
the highest dilutions that caused complete hemagglutina-
tion. Viruses in the HA-positive samples were subtyped by
reverse transcription-PCR (RT-PCR) using specific primers
[17]. Aliquots of the allantoic fluid containing viruses were
stored as stocks at —80 °C for further analysis.

RNA was extracted from the HA-positive allantoic fluid
using a viral RNA mini kit (Qiagen, Germany) according to
the manufacturer’s instructions. Reverse transcription was
performed using the Unil2 primer: 5'-AGCAAAAGCA
GG-3'. RT-PCR was performed using a One-Step RNA
PCR Kit (TaKaRa, China). All of the viral gene segments
were amplified with segment-specific primers as described
previously [18]. The fragments were sequenced using a
BigDye Terminator V.3.0 Cycle Sequencing Ready Reac-
tion kit (Life Technologies, USA), according to the man-
ufacturer’s instructions. The nucleotide sequences were
deposited into GenBank under the accession numbers
KT589138-321. The sequences were analyzed using the
BioEdit version 7.0.9.0 DNA analysis software. Phyloge-
netic trees were constructed using the molecular evolu-
tionary genetics analysis (MEGA) software version 5.05,
applying the maximum likelihood method and Tamura-Nei
model with bootstrap analysis (1000 replicates) [19]. The
sequences of the reference strains used in this study were
obtained from the Influenza Sequences Database (http://
www.ncbi.nlm.nih.gov).

To evaluate the ability of each virus to replicate in vivo
and assess its pathogenicity in mice, 15 6-week-old female
BALB/c mice were intranasaly inoculated with 10%°
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EIDS0 of virus in a 0.05-mL volume of phosphate-buffered
saline. Three (3) mice were sacrificed at 3, 6, and 9 days
post-inoculation (dpi). The lung, brain, heart, kidney,
spleen, and liver were harvested from each mouse, and
homogenized in 1 mL of cold PBS. The samples were
centrifuged at 2500g for 5 min. Embryonated chicken eggs
were used to determine the EIDsos of the supernatants
using the method of Reed and Muench [20]. The remaining
six mice were observed to determine survival for 14 dpi as
described previously [21]. The animal studies were carried
out in accordance with the recommendations of the Office
International des Epizooties (OIE) [22] and approved by
the First Affiliated Hospital, School of Medicine, Zhejiang
University (2015-015).

Results

A total of 3210 cloacal swabs were collected from appar-
ently healthy ducks in LPMs during the course of the
survey. One hundred and nine strains were isolated, and 10
HA subtypes (H1, H2, H3, H4, HS, H6, H7, H9, H10, and
H11), eight NA subtypes (N1, N2, N3, N4, N6, N7, N8,
and NO), and 21 AIV subtypes were identified (Table S1).
Of these, 23 (0.72 %) were H4 AIV isolates. The H4 iso-
lates were either HAN2 (n = 14) or H4N6 (n = 9). The
phylogenetic analysis of the gene sequences for HA, NA,
PB2, PB1, PA, NP, M, and NS, indicated that the H4 AIVs
were clustered in the Eurasian lineage. The phylogenetic
trees for HA (Fig. 1), N6 (Fig. 2), and N2 (Fig. 3) are
shown, while the phylogenetic trees for the remaining
genes are presented in supplementary data (Fig. S1). The
HA phylogenetic tree suggested that three different H4
genetic groups were co-circulating in Zhejiang province.
The N6 phylogenetic tree suggested that the H4N6 AIVs
had a high degree of nucleotide similarity to H4N6 viruses
isolated in Eastern Asia from 2008 to 2012. The tree also
indicated that the H4NG6 viruses in this study and the novel
2014 H5N6 influenza virus, which infected humans, had
different ancestral N6 genes. The N2 phylogenetic tree
showed that the NA in the H4N2 viruses was derived from
the H3N2 viruses’ epidemic in Asian birds since 2009. The
remaining phylogenetic trees suggest that the internal
genes (PB2, PBI1, PA, NP, M, and NS) also belong to the
Eurasian lineage (Fig. S1). Furthermore, they had a high
degree of nucleotide similarity to different H4 AIV sub-
types from aquatic birds and poultry throughout Eastern
Asia, in particular domestic ducks from Eastern China.
Two representative isolates A/duck/Zhejiang/727145/
2014 (H4N2; ZJ-727145) and A/duck/Zhejiang/D15/2013
(H4N6; ZJ-D15) were chosen for more in-depth analysis.
The percent sequence similarity for each gene segment in
7J-727145 (HAN2) and ZJ-D15 (H4N6) compared with
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Fig. 1 Phylogenetic tree based
on the nucleotide sequence of
hemagglutinin (HA) (positions
1-1695) comparing the isolated
H4 avian influenza viruses
(AlIVs) isolated in this study to
reference AIV sequences
published in GenBank. The tree
was created by the maximum
likelihood method and
bootstrapped with 1000
replicates using the MEGAS
software version 5.05. The
H4N2 and H4NG6 viruses
characterized are highlighted by
a triangle. The scale bar
represents the distance unit
between sequence pairs
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their closest genetic relative is shown in Table 1. The HA internal genes (PB2, PB1, PA, NP, M, and NS) of ZJ-
genes of ZJ-727145 (H4AN2) and ZJ-D15 (H4N6) had the 727145 and ZJ-D15 shared the highest similarity with H1,
highest nucleotide similarity to A/duck/Mongolia/OIE-  H3, and H7 isolates, such as A/duck/Zhejiang/473/2013
7438/2011 (H4NG6). The NA genes of ZJ-727145 (H4N2)  (HIN4), A/duck/Huzhou/4227/2013 (H7N7), and A/duck/
and ZJ-D15 (H4AN6) showed the highest nucleotide simi- Shanghai/SH3/2013 (H3N2) (Table 1; Fig. 4). ZJ-727145
larity to A/environment/Hunan/S4304/2011 (H3N2) and  and ZJ-DI15 are both reassortment viruses derived from
A/duck/Zhejiang/D1-3/2013 (H3NG6), respectively. The  multiple AIV subtypes from aquatic birds and poultry in
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Fig. 2 Phylogenetic tree based
on the nucleotide sequence of
neuraminidase (NA) subtype 6
(N6; positions 1-1413) gene
sequence comparing the isolated
HA4NG6 avian influenza viruses
(AIVs) isolated in this study to
reference AIV sequences
published in GenBank. The tree
was created by the maximum
likelihood method and
bootstrapped with 1000
replicates using the MEGAS
software version 5.05. The
H4NG6 viruses characterized are
highlighted by a triangle, and
the novel 2014 H5N6 influenza
virus that caused human

infection is highlighted by a dot.

The scale bar represents the
distance unit between sequence
pairs
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Fig. 3 Phylogenetic tree based
on the nucleotide sequence of
neuraminidase (NA) subtype 2
(N2; positions 1-1410) gene
sequence comparing the isolated
HA4N?2 avian influenza viruses
(AIVs) isolated in this study to
reference AIV sequences
published in GenBank. The tree
was created by the maximum
likelihood method and
bootstrapped with 1000
replicates using the MEGAS
software version 5.05. The
H4N2 viruses characterized are
highlighted by a triangle. The
scale bar represents the distance
unit between sequence pairs
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Table 1 Sequence similarities of whole genomes of the H4N2 and H4N6 isolates compared to nucleotide sequences available in GenBank

database
Segment Position Virus with the highest percentage Genbank accession Homology
of nucleotide identity number (%)

Isolate 1: A/duck/Zhejiang/727145/2014(H4N2) (abbreviation: ZJ-727145)
PB2 1-2280 A/duck/Wenzhou/775/2013(H7N2) KF260937 98
PB1 1-2274 A/pigeon/Wenzhou/559/2013(H7N7) KF260695 99
PA 1-2151 A/duck/Huzhou/4227/2013(H7N7) KP413914 98
HA 1-1695 A/duck/Mongolia/OIE-7438/2011(H4N6) AB701294 99
NP 1-1490 A/duck/Zhejiang/473/2013(HIN4) KF357765 99
NA 1-1410 A/environment/Hunan/S4304/2011(H3N2) CY 146750 97
M 1-924 A/pigeon/Wenzhou/559/2013(H7N7) KF259444 99
NS 1-838 A/mallard/Republic of Georgia/3/ CY 185437 98

2010(H7N3)

Isolate 2: A/duck/Zhejiang/D15/2013(H4N6) (abbreviation: ZJ-D15)
PB2 1-2280 A/duck/Huzhou/4227/2013(H7N7) KP413912 98
PB1 1-2274 A/duck/Huzhou/4227/2013(H7N7) KP413913 99
PA 1-2151 A/duck/Vietnam/LBM48/2011(H3N2) LC028079 99
HA 1-1695 A/duck/Mongolia/OIE-7438/2011(H4N6) AB701294 99
NP 1-1490 A/duck/Zhejiang/2/2011(H7N3) JQ906577 99
NA 1-1413 A/duck/Zhejiang/D1-3/2013(H3N6) KJ439878 100
M 1-924 A/duck/Zhejiang/0607-13/201 1(HIN2) IN605377 98
NS 1-838 A/duck/Shanghai/SH3/2013(H3N2) KM?222576 99

RG3(H7N3) 473(H1N4) $4304(H3N2) 559(H7N7) 775(H7N2) 4227(H7N7) 7438(H4N6) LBM48(H3N2) ZJ2(H7N3) D1-3(H3N6)0607-13(H1N2) SH3(H3N2)
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Fig. 4 A schematic representation of the putative genomic compo-
sitions of two representative H4 avian influenza viruses isolated from
domestic ducks in Eastern China and their possible parent viruses.
The eight gene segments (from fop to bottom) in each virus are PB2,
PB1, PA, HA, NP, NA, M, and NS. Each color represents a separate
virus background. 775(H7N2), A/duck/Wenzhou/775/2013 (H7N2);
S559(H7N7), Al/pigeon/Wenzhou/559/2013 (H7N7); 4227(H7N7),
A/duck/Huzhou/4227/2013 (H7N7); 7438(H4N6), A/duck/Mongolia/
OIE-7438/2011 (H4NG6); 473(HIN4), A/duck/Zhejiang/473/2013
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ZJ-D15(H4NG)

(HIN4); S4304(H3N2), A/environment/Hunan/S4304/2011 (H3N2);
RG3(H7N3), A/mallard/Republic of Georgia/3/2010 (H7N3);
LBM48(H3N2), A/duck/Vietnam/LBM48/2011 (H3N2); ZJ2(H7N3),
A/duck/Zhejiang/2/2011 (H7N3); D1-3(H3N6), A/duck/Zhejiang/D1-
3/2013 (H3N6); 0607-13(HIN2), A/duck/Zhejiang/0607-13/2011
(HIN2); SH3(H3N2), A/duck/Shanghai/SH3/2013 (H3N2). The sim-
plified schematic illustration is based on nucleotide-distance compar-
ison and phylogenetic analysis (Color figure online)
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Eastern Asia. This finding indicated that a reassortment
event between H4 and H3 viruses occurred in these ducks,
and provided additional evidence for the active evolution
and segment reassortment H4 AIV subtypes in China.
Based on the deduced amino acid sequences of the HA
gene, the HA cleavage site pattern PEKASR/GL occurs in all
23 H4 AIVs. The cleavage site pattern was consistent with a
monobasic cleavage site and indicated that these strains were
LPAI viruses. Amino acids at receptor binding sites were
highly conserved (Fig. S2). The receptor binding sites in the
isolated H4 AIVs were Q226 and G228, which were similar
to the H4 AIVs in both the Eurasian and North American
lineages. Thus, suggesting that this strain would preferen-
tially bind to alpha 2-3-linked sialic acid receptors that are
predominant in avian species [15, 23]. The L226 mutation
that can increase affinity toward alpha 2—-6-linked sialic acid
receptors [15] was not observed in the isolated H4 AIVs.
HA glycosylation is associated with virulence and virus
affinity for the influenza virus receptor [24, 25]. The
specific polypeptide for N-linked glycosylation is Asn-X-
Ser/Thr, where X can be any amino acid, except proline or
aspartic acid [26]. Six (6) potential HA glycosylation sites
at positions 14, 18, 34, 178, 310, and 497 were detected in
the strains identified in this study. Interestingly, some of
the H4 strains characterized here lacked the potential

glycosylation sites at positions 14 and 18 (Fig. S2). This
was also the case with other H4 subtype AIVs. It is unclear
whether this alters viral affinity for the influenza receptor in
these strains.

No mutations associated with resistance to NA inhibi-
tors (oseltamivir and zanamivir, His274Tyr) or amantadi-
nes (Val27Ala and Ser31Asn) were observed in the NA and
M2 proteins, respectively. Previous reports have shown
that the mutation Glu627Lys in PB2 is associated with
pathogenicity of HSN1 AIVs in mice [27]. Additional
mutations such as Thr271Ala, Asp701Asn, and Ser714Arg
contribute to enhanced influenza polymerase activity in
mammalian host cells [28, 29]. However, neither of these
types of mutations were observed in PB2 from the isolated
H4 AIVs.

To test the in vivo pathogenicity of ZJ-727145 and ZJ-
D15 in a mammalian host, mice were infected intranasally
with 10°° EID50 of each virus (Table 2). ZJ-727145 and
ZJ-D15 were able to replicate without prior adaptation in
mice. At 6 dpi, higher titers of ZJ-727145 and ZJ-D15 were
detected in the lungs than at 3 dpi, but the viruses could not
replicate in the brain, heart, liver, kidney, or spleen of the
mice. The mice had survival rates of 100 % (6/6) up to 14
dpi. Taken together, these results indicate that these viruses
are of low pathogenicity in mice.

Table 2 Pathogenicity of the natural reassortant H4N2 and H4N6 avian influenza viruses isolated from domestic ducks in Eastern China

Virus No. of survivors/ HI titer (log2) Virus replication in experimentally infected mice
no. tested Virus titers in organs of mice (log;y EID5o/mL)

Tissue 3 days 6 days 9 days

Z7J-727145 (H4N2) 6/6 3.83 £ 0.75 Lung 1.50 £+ 0.71 2.50 + 0.71 ND
Brain ND ND ND
Heart ND ND ND
Liver ND ND ND
Kidney ND ND ND
Spleen ND ND ND

ZJ-D15 (H4NG6) 6/6 3.67 £ 0.81 Lung 1.00 £ 0 1.50 £ 0.71 ND
Brain ND ND ND
Heart ND ND ND
Liver ND ND ND
Kidney ND ND ND
Spleen ND ND ND

Fifteen mice were intranasal inoculated with 10%° EID50 of the H4N2 or H4N6 virus in a 0.05-mL volume of PBS. Six mice were observed for
survival within 14 days. The remaining nine mice from the experimental group were sacrificed on days 3, 6, and 9, and their lung, brain, heart,
kidney, spleen, and liver were collected for virus titration in embryonated chicken eggs. The organs were homogenized in 1 mL of cold PBS, and
centrifuged at 2500g for 5 min. The samples were centrifuged at 2500g for 5 min. Embryonated chicken eggs were used to determine the EID5s
of the supernatants using the method of Reed and Muench. Results for each time point are expressed as the mean + SD of the values obtained

from three infected mice

Sera were harvested at 21 days after infection from six mice which survived. Seroconversion was confirmed by the HI test

ND not detected
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Discussion

Several recent epidemiological studies of AIVs in China
have found that domestic ducks in Central and Southern
China are important to the genesis and evolution of AIV
[12, 30, 31]. However, there is limited data about the
molecular characteristics of H4 AIV in Eastern China.
Zhejiang province is located in Eastern China and is an
important location for migrating wild birds in East Asia.
The H4 AIV strains isolated from domestic ducks in this
study clustered with other Eurasian influenza viruses
based on all eight gene segments. Our results also suggest
that a reassortment event between H4 and H3 AIVs
occurred in domestic ducks. The deduced amino acid
sequences of the strains isolated here did not contain
molecular markers linked to increased virulence in
chickens and mammals, and no adaptations for drug
resistance were identified in the HA, NA, M, or PB2
proteins. While the addition of multiple amino acids to
the HA cleavage site, such as arginine (R) or lysine (K),
can convert an LPAI into a HPAI subtype (HS or H7)
[32], these mutations were not observed. Although these
strains were found to be of low pathogenicity in mice,
they were able to replicate in the lung of the mice without
prior adaptation. Our results were consistent with Zhang
et al., [33] who showed that a duck H4N2 virus did not
cause death in chickens or mice.

Since March 2013 a novel H7N9 virus associated with
human deaths has emerged in Eastern China. Some
investigators have suggested that the virus is a reassortant
of H7N9 and HON2 AIVs, and that the H7 and H9 viruses
have been co-circulating widely in birds (especially
domestic ducks) in Eastern China for several years [10,
34]. Our previous studies showed that reassortment events
between multiple AIV subtypes (H1, H2, H3, HS, H7, and
H10) have occurred in domestic ducks in LPMs in Zhe-
jiang province since 2011 [17, 35-38]. Given that reas-
sorted H4N2 and H4N6 viruses were identified in domestic
ducks in this study, it is likely that domestic ducks play an
important role in reassortment events leading to new AIVs.
LPMs are considered a major source of influenza virus
dissemination and potentially for influenza virus reassort-
ment. Continued surveillance of domestic ducks in LPMs
should be used as an early warning system for AIV out-
breaks in poultry and humans.
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