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ABSTRACT

H4 avian influenza virus (AIV) is one of the most prevalent influenza virus subtypes in the world. However, whether H4 AIVs
pose a threat to public health remains largely unclear. Here, we analyzed the phylogenetic relationships, receptor binding prop-
erties, replication, and transmissibility in mammals of H4 AIVs isolated from live poultry markets in China between 2009 and
2012. Genomic sequence analysis of 36 representative H4 viruses revealed 32 different genotypes, indicating that these viruses
are undergoing complex and frequent reassortment events. All 32 viruses tested could replicate in the respiratory organs of in-
fected mice without prior adaptation. Receptor binding analysis demonstrated that the H4 AIVs bound to �-2,6-linked glycans,
although they retained the binding preference for �-2,3-linked glycans. When we tested the direct-contact transmission of 10 H4
viruses in guinea pigs, we found that three viruses did not transmit to any of the contact animals, one virus transmitted to one of
three contact animals, and six viruses transmitted to all three contact animals. When we further tested the respiratory droplet
transmissibility of four of the viruses that transmitted efficiently via direct contact, we found that three of them could transmit
to one or two of the five exposed animals. Our study demonstrates that the current circulating H4 AIVs can infect, replicate in,
and transmit to mammalian hosts, thereby posing a potential threat to human health. These findings emphasize the continual
need for enhanced surveillance of H4 AIVs.

IMPORTANCE

Numerous surveillance studies have documented the wide distribution of H4 AIVs throughout the world, yet the biological
properties of H4 viruses have not been well studied. In this study, we found that multiple genotypes of H4 viruses are cocirculat-
ing in the live poultry markets of China and that H4 viruses can replicate in mice, possess human-type receptor binding specific-
ity, and transmit between guinea pigs via direct contact. Strikingly, some H4 strains also can transmit via respiratory droplet,
albeit with limited efficiency. These results clearly show the potential threat posed by H4 viruses to public health.

The influenza A virus genome comprises eight segments: basic
polymerase 2 (PB2), basic polymerase 1 (PB1), acidic poly-

merase (PA), hemagglutinin (HA), nucleoprotein (NP), neur-
aminidase (NA), matrix (M), and nonstructural (NS) gene. On
the basis of differences in the antigenicity of the two surface gly-
coproteins, HA and NA, influenza A viruses are categorized into
different subtypes. Currently, 18 HA subtypes and 11 NA subtypes
have been identified (1, 2). All of these subtypes were identified
initially from avian species with the exception of H17N10 and
H18N11, which were recently found in bats (1, 2).

Influenza pandemics occur when viruses bearing a novel HA
protein are introduced into the human population and transmit
efficiently among humans. Pandemic viruses emerge either by di-
rect adaptation of an avian virus in a mammalian host, as occurred
with the 1918 H1N1 pandemic (3), or by reassortment between
human-, avian-, and even swine-origin viruses, as was the case
with the emergence of the 1957 H2N2, 1968 H3N2, and 2009
swine-origin H1N1 pandemic viruses (4–7). Although these four
human influenza pandemics all were caused by viruses of the H1,
H2, or H3 subtypes, it would not be surprising for an influenza
pandemic to be caused by a virus with a different HA subtype,
because influenza viruses possess the ability to continuously
evolve through mutation and reassortment in nature. Thus, the
multiple subtypes of AIVs circulating in nature are a threat to

public health and may have the potential to cause the next human
influenza pandemic. The H5N1 highly pathogenic influenza vi-
ruses have spread to poultry and wild birds in over 60 countries
(8–10) and sporadically infect humans, resulting in 449 deaths
among 844 laboratory-confirmed human cases (http://www.who
.int/). Several studies have demonstrated the transmission of
H5N1 viruses among guinea pigs and ferrets via respiratory drop-
let after the acquisition of specific mutations or reassortment with
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human influenza viruses (11–14). In February 2013, a new H7N9
avian influenza virus emerged in China (15), and as of 15 October
2015, this virus has claimed the lives of 275 people among 679
confirmed cases of infection (http://www.who.int/). Transmis-
sion studies have shown that some human H7N9 strains have
acquired partial or complete respiratory droplet transmissibility
among ferrets (16–20). Since its first isolation in Wisconsin in
1966 (21), the H9N2 virus has been circulating widely in the world
(22) and has sporadically caused human infections (23). In 2009,
Sorrell et al. demonstrated that an experimentally generated avi-
an-human reassortant H9N2 virus, possessing the HA and NA
genes of an early H9N2 isolate and the six internal genes of a
human H3N2 virus, transmitted among ferrets via respiratory
droplet after acquiring adaptive mutations upon 10 serial passages
in ferrets (24). We recently studied the contemporary avian H9N2
viruses and found that some of the natural H9N2 strains have
acquired respiratory droplet transmissibility in ferrets (25). In ad-
dition to the threats posed by the H5, H7, and H9 AIVs, other
subtypes of AIVs, including H6N1 and H10N8 viruses, also can
cause human infections and even deaths (26, 27). The H6 AIVs
can infect mice and ferrets without prior adaptation, and some
can transmit efficiently by direct contact among guinea pigs (28,
29). The H10 viruses have partially acquired human-type receptor
binding ability and can cause up to 22.5% body weight loss in mice
(30, 31). Taken together, these findings indicate that AIVs of var-
ious HA subtypes represent a huge potential threat to public
health.

The H4 AIV is also widely circulating in the world. It has been
detected frequently from wild and domestic avian species in sur-
veillance studies conducted in Asian, European, and North Amer-
ican countries since it was first isolated from a duck in Czechoslo-
vakia in 1956 (32–48). It can infect mice directly without prior
adaptation (32, 49). In a recent study, Bui et al. showed that H4N8
AIVs isolated from shorebirds in eastern Hokkaido can cause se-
vere respiratory disease and even death in some mice (35). Cur-
rently, three swine infection cases of H4 AIVs under natural con-
ditions have been reported in Canada and China (43, 50, 51). In
addition, increasing seroepidemiologic evidence demonstrated
that H4 AIVs can infect pigs in China (52, 53) and even poultry
farmers and workers in the United States and Lebanon (54, 55).

So far, more than 1,800 H4 HA sequences have been deposited
in the NCBI’s Influenza Virus Sequence Database. These viruses
were derived mostly from wild bird samples, but some are from
samples collected from live poultry markets. Although surveil-
lance studies have shown that the various subtypes of H4 AIVs are
widely circulating throughout the world, the biological properties
of the H4 viruses have not been well studied. Here, we fully ana-
lyzed the phylogenetic relationship, receptor binding specificity,
replicative ability, and transmissibility in mammals of a series of
H4 viruses that were isolated from samples collected in the live
poultry markets of China between 2009 and 2012. Our results
clearly reveal the public health concern represented by the H4
viruses.

MATERIALS AND METHODS
Ethics statements and facility. The present study was carried out in strict
accordance with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the Ministry of Science and Technology of the
People’s Republic of China. The protocol was approved by the Committee
on the Ethics of Animal Experiments of the Harbin Veterinary Research

Institute (HVRI) of the Chinese Academy of Agricultural Sciences
(CAAS) (approval numbers BRDW-XBS-09S for mice and BRDW-TS-
09S for guinea pigs).

Virus isolation and identification. The H4 subtype AIVs used in this
study were isolated during routine surveillance between 2009 and 2012
from samples collected from chickens, ducks, or geese housed in live poul-
try markets in China. Cloacal and tracheal swabs from the same bird were
put into one collection tube with 1 ml of phosphate-buffered saline (PBS;
containing 1,000 U/ml penicillin and 2,000 �g/ml streptomycin) and
were counted as one sample. All samples were individually inoculated into
10-day-old embryonated chicken eggs for 48 h at 37°C. The allantoic fluid
was collected and tested for hemagglutination activity with 0.5% chicken
red blood cells (cRBCs). HA subtypes were identified by using the hem-
agglutination inhibition (HI) test and by sequencing. NA subtypes were
determined by means of direct sequencing. Virus stocks were propagated
in Madin-Darby canine kidney (MDCK) cells in Dulbecco’s modified
Eagle’s medium (DMEM; Corning, New York). All virus isolation proce-
dures were conducted in a biosafety level 3 (BSL3) facility approved for
such use by the Ministry of Agriculture, China.

Sequence analyses. A total of 36 H4 isolates were used for genetic and
phylogenetic analyses in this study. RNA extraction was performed by
using a QIAamp viral RNA (vRNA) minikit (Qiagen, Valencia, CA) ac-
cording to the manufacturer’s instructions. cDNA was synthesized from
vRNA by reverse transcription with the Uni12 primer (56) and amplified
by PCR with primers complementary to the conserved promoter and
noncoding region of each gene segment (primer sequences are available
upon request). Sequencing was performed using the BigDye Terminator
cycle sequencing kit (Applied Biosystems, Foster City, CA) and run on an
ABI 3500xL genetic analyzer (Applied Biosystems). The nucleotide se-
quences were edited by using the SeqMan module of the DNAStar pack-
age. Phylogenetic analysis was performed by using the MEGA5.0 software
package, implementing the neighbor-joining method. The tree topology
was evaluated by 1,000 bootstrap analyses.

To investigate whether the viruses recovered from guinea pigs had
acquired mutations, viral RNA was extracted from nasal washes and re-
verse transcribed into cDNA as described above. All eight gene segments
were amplified by PCR and inserted into the pEASY-Blunt Zero cloning
vector (Transgen, Beijing, China). The sequences of 15 positive clones of
each construct were examined for potential mutations in the viral ge-
nome.

Antigenic analyses. Antigenic analyses were performed by means of
HI tests with chicken antisera generated against the viruses indicated in
Table 2. To generate the antisera, 6-week-old specific-pathogen-free
(SPF) chickens were inoculated with 106.0 50% egg infective doses (EID50)
of test virus, and sera were collected at 3 weeks postinoculation (p.i.). The
antisera were titrated for the presence of HI antibody with 0.5% cRBCs.
The antigens used were the stocks of the wild-type viruses. Titers were
recorded as the inverse of the highest antibody dilution that inhibited 8
agglutinating units of virus.

Receptor binding analysis using a solid-phase binding assay. Recep-
tor binding specificity was analyzed by use of a solid-phase binding assay
as described previously (12, 31, 57), using two different glycopolymers:
�-2,3-siaylglycopolymer [Neu5Ac�2-3Gal�1-4GlcNAc�1-pAP (para-
aminophenyl)-alpha-polyglutamic acid (�-PGA)] and �-2,6-sialylglyco-
polymer [Neu5Ac�2-6Gal�1-4GlcNAc�1-pAP (para-aminophenyl)-al-
pha-polyglutamic acid (�-PGA)]. For the 10 wild-type H4 viruses selected
in this study and the HA mutants of A/duck/Jiangxi/S21055/12 (DK/
Jiangxi/S21055/12, H4N2) virus described below, chicken antiserum
against DK/Jiangxi/S21055/12 (H4N2) virus was used as the primary an-
tibody; for the A/duck/Czechoslovakia/1956 (DK/Czechoslovakia/56,
H4N6) virus, chicken antiserum against the same virus was used as the
primary antibody. A horseradish peroxidase (HRP)-conjugated goat-an-
ti-chicken antibody (Sigma-Aldrich, St. Louis, MO) was used as the sec-
ondary antibody. Absorbance was determined at a wavelength of 490 nm.
Two viruses, A/chicken/Hebei/3/13 (CK/Hebei/3/13, H5N2) and A/Sich-
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uan/1/09 (Sichuan/1/09, H1N1), that bind exclusively to �-2,3- and
�-2,6-linked sialic acid (SA) receptors (31), respectively, were used as
controls.

Generation of mutant DK/Jiangxi/S21055/12 (H4N2) viruses. The
eight gene segments of DK/Jiangxi/S21055/12 (H4N2) were inserted
into the bidirectional transcription vector pBD as described previously
(58). Mutations were introduced into the HA gene of DK/Jiangxi/
S21055/12 (H4N2) virus by site-directed mutagenesis with the
QuikChange mutagenesis kit (Stratagene, La Jolla, CA) according to
the manufacturer’s protocol. The primer sequences are available upon
request. All of the constructs were completely sequenced to ensure the
absence of unwanted mutations. The HA mutant viruses were gener-
ated by using reverse genetics as described previously (58). The iden-
tity of the mutant viruses was confirmed by completely sequencing the
viral genome.

Studies of mice. Groups of eight 6-week-old female BALB/c mice (Vi-
tal River Laboratories, Beijing, China) were lightly anesthetized with CO2

and inoculated intranasally (i.n.) with 106.0 EID50 of different H4 influ-
enza viruses in a volume of 50 �l. Control mice were inoculated with 50 �l
of PBS. On day 3 p.i., three of the eight inoculated mice in each group were
euthanized, and their organs, including lungs, nasal turbinates, kidneys,
spleen, and brain, were collected for virus titration in eggs. The virus titers
were calculated by the method of Reed and Muench. The remaining five
mice in each group were monitored daily for weight loss and survival for
14 days.

Studies in guinea pigs. Hartley strain female guinea pigs weighing 300
to 350 g (Vital River Laboratories, Beijing, China) that were serologically
negative for influenza viruses were used in this study. Ketamine (20 mg/kg
of body weight) and xylazine (1 mg/kg) were used to anesthetize the ani-
mals by intramuscular injection. To determine the replication ability of
the influenza viruses, groups of two guinea pigs were anesthetized and
inoculated i.n. with 106.0 EID50 of test virus in a 300-�l volume (150 �l per
nostril). The animals were euthanized on day 3 p.i. to collect nasal washes,
trachea, and lungs for virus titration in eggs.

For the direct-contact transmission experiments, groups of three
guinea pigs housed in a cage placed inside an isolator were inoculated i.n.
with 106.0 EID50 of test virus. Twenty-four hours later, three naive animals
were introduced into the same cage. Nasal washes were collected at 2-day
intervals, beginning on day 2 p.i. (1 day after contact). Viruses in the nasal
washes were titrated in eggs.

For the respiratory droplet transmission experiment, groups of five
guinea pigs housed in a cage placed inside an isolator were inoculated i.n.
with 106.0 EID50 of test virus. Twenty-four hours later, five naive guinea
pigs were placed in an adjacent cage (4 cm away), separated by a double-
layered net divider. The ambient conditions for these studies were set at 20
to 22°C and 30 to 40% relative humidity. The airflow in the isolator was
horizontal with a speed of 0.1 m/s, and the airflow direction was from the
inoculated animals to the exposed animals. Nasal washes were collected at
2-day intervals, beginning on day 2 p.i. (1 day postexposure [p.e.]) and
titrated in eggs. Sera were collected from all animals on day 21 p.i. for HI
antibody detection. To prevent inadvertent physical transmission of virus
by the investigators, the exposed guinea pigs were always handled first,
and gloves, implements, and napkins on the work surface were changed
between animals.

HI antibody detection in guinea pig sera. Guinea pig sera were
treated with a receptor-destroying enzyme from Vibrio cholerae (Denka
Seiken Co., Ltd., Tokyo, Japan) at 37°C for 24 h before being tested for
the presence of HI antibody with 0.5% cRBCs. The antigens used were the
stocks of wild-type viruses. Titers were recorded as the inverse of the
highest antibody dilution that inhibited 8 agglutinating units of virus.

Nucleotide sequence accession numbers. The nucleotide sequences
of the 36 H4 viruses determined in this study have been deposited in
GenBank under accession numbers KU160800 to KU161087.

RESULTS
Molecular characterization of H4 AIVs. During our routine sur-
veillance of AIVs between January 2009 and December 2012, we
collected samples from live poultry markets and isolated viruses
from 10-day-old embryonated chicken eggs. To better understand
the genetic relationships among H4 AIVs, we sequenced the com-
plete genomes of 36 H4 viruses, representing H4 isolates from
different hosts (chickens, ducks, or geese), different subtypes (12
H4N2, one H4N3, 19 H4N6, and four H4N8 viruses), and differ-
ent provinces in China (Anhui, Chongqing, Fujian, Guangdong,
Guangxi, Guizhou, Henan, Hubei, Hunan, Jiangsu, Jiangxi, Shan-
dong, Sichuan, and Zhejiang) (Table 1). All of these H4 viruses
possessed a single basic amino acid (arginine) in the HA cleavage
site, the signature of low-pathogenicity AIVs (59). The receptor
binding site of influenza virus HA is formed by the 190-helix,
130-loop, and 220-loop at its globular head (60). The HA receptor
binding site of all 36 viruses in this study was highly conserved,
containing 98Y, 134G, 135K, 136S, 137G, 138A, 153W, 155V,
183H, 190E, 194L, 195Y, 224R, 225G, 226Q, 227S, 228G, and
229R (H3 numbering, which is used throughout this work). None
of these residues have been reported to be involved in the recog-
nition of human-type receptors. All of these H4 AIVs had five
conserved potential glycosylation sites in HA at positions 6 to 8, 22
to 24, 165 to 167, 296 to 298, and 483 to 485, respectively. The NA
gene of A/duck/Hubei/S2227/12 (DK/Hubei/S2227/12, H4N2)
had a 9-nucleotide deletion at positions 186 to 194 that resulted in
the loss of three amino acids at positions 63 to 65. There were no
other deletions in the NA genes of any of the other viruses.

Several residues in PB2, especially 627K, 701N, and 271A, are
known to play an important role in the virulence and transmission
of influenza viruses in mammals (58, 59, 61–64). None of these
known mutations were observed in the H4 AIVs in this study. In
the M2 protein, mutations involved in resistance to the anti-influ-
enza drugs amantadine and rimantadine were detected in several
strains: V27I in three viruses (A/duck/Guangdong/S1469/10 [DK/
Guangdong/S1469/10, H4N2], A/duck/Hubei/S2213/12 [DK/
Hubei/S2213/12, H4N2], and DK/Hubei/S2227/12 [H4N2]),
S31N in A/duck/Anhui/S2193/12 (DK/Anhui/S2193/12, H4N6),
and the double mutation of L26F and V27I in A/chicken/Guang-
dong/S1010/10 (CK/Guangdong/S1010/10, H4N8). There were
no deletions in the NS1 protein of any of the H4 AIVs sequenced,
with the exception of DK/Hubei/S2227/12 (H4N2), which had a
13-amino-acid deletion at positions 218 to 230. All of these H4
viruses had a full-length PB1-F2 protein of 90 amino acids, and
none of them had the N66S mutation, which has been shown to
increase the virulence of AIVs in mammalian hosts (65).

Phylogenetic analysis. The phylogenetic tree of the H4 HA
genes was separated into the North American lineage and the Eur-
asian lineage. All 36 H4 HA genes in this study clustered into the
Eurasian lineage, with nucleotide identities of between 84.8% and
100%, and could be divided into 3 groups (Fig. 1A). The intra-
group homology was over 95%, whereas the intergroup homology
was less than 92.2%. Group 1 contained 27 viruses, including 7
H4N2, 18 H4N6, and 2 H4N8 viruses, which were isolated from
different poultry species across 13 provinces. All five HA genes of
the H4 viruses isolated from Guangdong province clustered in
group 2, and the HA genes of two viruses isolated from Hunan
province and one from Jiangxi province also clustered in this
group. Group 3 had only one virus, A/duck/Fujian/S1487/09 (DK/
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Fujian/S1487/09, H4N3). Its HA gene was most closely related to
that of A/duck/Poyang Lake/FB13/2007 (H4N6) in GenBank,
with 96% nucleotide sequence identity.

Of the 36 H4 viruses sequenced in this study, 12 possessed an
NA gene of the N2 subtype. These viruses were phylogenetically
diverse and formed three groups (Fig. 1B). The nine N2 NA genes
in group 1 were closely related to the NA genes of H3N2 AIVs
isolated in southern China. Group 2 included two N2 NA genes,
A/duck/Sichuan/S4202/11 (DK/Sichuan/S4202/11, H4N2) and
A/chicken/Shandong/S2510/12 (CK/Shandong/S2510/12, H4N2).
The NA gene of DK/Hubei/S2227/12 (H4N2) in group 3 formed a
cluster with the NA genes of the H9N2 viruses. The only N3 NA
gene, from DK/Fujian/S1487/09 (H4N3) virus, belonged to the
Eurasian lineage and was most closely related to the NA genes of
H1N3 and H7N3 AIVs isolated in Zhejiang and Fujian provinces

(Fig. 1C). The 19 N6 NA genes formed 2 groups, with 6 in group 1
and 13 in group 2 (Fig. 1D). The phylogenetic tree of the N8 NA
genes was separated into the North American and Eurasian lin-
eages (Fig. 1E). The N8 NA gene of the North American lineage
was first introduced into China in 1992, as evidenced by the iden-
tification of A/duck/Nanchang/1681/92 (DK/Nanchang/1681/92,
H3N8) from GenBank. In the present study, the N8 NA gene of
CK/Guangdong/S1010/10 (H4N8) belonged to group 1 in the North
American lineage, whereas the N8 NA gene of A/duck/Hubei/
S2114/12 (DK/Hubei/S2114/12, H4N8) was a descendant of DK/
Nanchang/1681/92 (H3N8) and belonged to group 2 in the North
American lineage. In contrast, the other two N8 NA genes of A/goose/
Hunan/S2466/11 (GS/Hunan/S2466/11, H4N8) and A/duck/
Chongqing/S2086/12 (DK/Chongqing/S2086/12, H4N8) be-
longed to two different groups in the Eurasian lineage. Toward the

TABLE 1 Genotypes and replication of H4 avian influenza viruses in mice

Virus

Group of each gene segment in the phylogenetic tree

Genotypea

Replication of H4 AIVs in
miceb (log10 EID50/ml)

Maximum
body wt
lossc (%)HA NA PB2 PB1 PA NP M NS Nasal turbinate Lung

DK/Jiangxi/S3261/09 (H4N2) 2 1 3 6 6 6 1 4 A1 4.2 � 0.3 3.6 � 0.2 �1.9
DK/Guangdong/S1469/10 (H4N2) 2 1 3 6 6 6 3 3 A2 3.2 � 0.5 2.8 � 0.4 �3.0
DK/Guangdong/S4040/11 (H4N2) 2 1 3 6 7 7 2 3 A3 3.7 � 0.1 5.5 � 0.2 0.0
DK/Hunan/S2046/11 (H4N2) 1 1 5 2 2 10 4 4 A4 2.3 � 0.2 4.0 � 0.5 �4.8
DK/Sichuan/S4202/11 (H4N2) 1 2 5 1 5 10 1 1 A5 1.2 � 0.3 3.5 � 0.2 �4.0
DK/Guangdong/S1123/12 (H4N2) 2 1 3 6 6 6 5 3 A6 ND ND ND
GS/Guangdong/S1780/12 (H4N2) 2 1 3 6 6 6 5 3 A6 4.4 � 0.7 4.0 � 0.5 �7.3
DK/Hubei/S2213/12 (H4N2) 1 1 2 1 7 3 3 4 A7 5.0 � 0.3 5.6 � 0.1 �6.4
CK/Hubei/S2227/12 (H4N2) 1 3 4 7 3 11 3 2 A8 3.5 � 0.5 5.0 � 0.4 �4.5
DK/Jiangxi/S21046/12 (H4N2) 1 1 6 6 2 7 2 4 A9 3.2 � 0.3 3.8 � 0.5 �4.0
DK/Jiangxi/S21055/12 (H4N2) 1 1 2 1 2 7 2 4 A10 4.0 � 0.5 5.2 � 0.6 �4.5
CK/Shandong/S2510/12 (H4N2) 1 2 5 1 5 4 1 4 A11 4.8 � 0.5 4.8 � 0.5 �6.0
DK/Fujian/S1487/09 (H4N3) 3 1 1 6 1 8 1 4 B1 2.3 � 0.4 4.5 � 0.3 0.0
DK/Anhui/S4155/09 (H4N6) 1 2 5 1 5 1 1 4 C1 � 2.1 � 0.4 �1.2
DK/Hunan/S1012/09 (H4N6) 2 1 5 1 7 4 4 4 C2 3.6 � 0.5 4.0 � 0.7 �1.5
DK/Henan/S4179/09 (H4N6) 1 2 1 1 6 8 1 4 C3 2.1 � 0.4 4.0 � 0.3 0.0
CK/Hunan/S1248/10 (H4N6) 1 1 2 1 5 1 1 4 C4 2.3 � 0.2 4.3 � 0.4 �6.0
CK/Hunan/S1267/10 (H4N6) 1 1 2 1 5 1 1 4 C4 ND ND ND
DK/Guangxi/S1211/10 (H4N6) 1 2 5 1 7 1 1 1 C5 4.0 � 0.5 4.8 � 0.7 �3.0
DK/Guangxi/S1107/10 (H4N6) 1 2 5 1 7 1 1 1 C5 ND ND ND
DK/Guizhou/S1167/10 (H4N6) 1 2 5 1 7 8 1 1 C6 1.3 � 0.4 3.5 � 0.5 0.0
DK/Henan/S1091/10 (H4N6) 1 1 5 1 7 4 1 4 C7 1.5 � 0.2 4.8 � 0.5 �4.0
DK/Hunan/S1166/10 (H4N6) 1 2 1 3 7 4 5 1 C8 2.0 � 0.5 4.2 � 0.2 �13
GS/Jiangsu/S2433/11 (H4N6) 1 2 2 1 7 4 1 4 C9 1.7 � 0.5 5.3 � 0.2 �6.4
DK/Jiangsu/S2447/11 (H4N6) 1 2 2 1 7 4 1 4 C9 ND ND ND
DK/Zhejiang/S2088/11 (H4N6) 1 2 6 4 2 7 2 4 C10 4.5 � 0.3 6.0 � 0.3 �7.7
DK/Guangxi/S4312/11 (H4N6) 1 2 2 1 7 1 1 1 C11 2.8 � 0.5 4.0 � 0.3 �8.5
DK/Anhui/S2193/12 (H4N6) 1 2 5 4 5 1 3 4 C12 3.6 � 0.6 4.0 � 0.5 0.0
DK/Fujian/S2169/12 (H4N6) 1 2 6 5 2 7 2 4 C13 3.5 � 0.6 4.0 � 0.3 �1.0
DK/Guangxi/S2090/12 (H4N6) 1 2 5 1 4 8 1 4 C14 3.0 � 0.7 3.5 � 0.3 0.0
DK/Jiangxi/S2443/12 (H4N6) 1 1 1 1 5 2 4 4 C15 2.3 � 0.3 4.6 � 0.2 0.0
DK/Zhejiang/S2235/12 (H4N6) 1 1 6 5 2 7 2 4 C16 3.5 � 0.5 3.8 � 0.7 0.0
CK/Guangdong/S1010/10 (H4N8) 2 1 3 6 6 5 3 4 D1 3.0 � 0.5 4.0 � 0.5 �6.7
GS/Hunan/S2466/11 (H4N8) 2 3 1 3 5 9 1 4 D2 2.5 � 0.2 5.0 � 0.5 �2.0
DK/Chongqing/S2086/12 (H4N8) 1 4 5 1 5 1 1 4 D3 4.2 � 0.3 6.0 � 0.5 �4.0
DK/Hubei/S2114/12 (H4N8) 1 2 2 6 7 4 4 4 D4 � 4.8 � 0.3 0.0
a Genotypes were defined on the basis of the gene phylogenies of the eight viral genes shown in Fig. 1 and 2 (also see Fig. S1 in the supplemental material).
b Six-week-old BALB/c mice were inoculated i.n. with 106.0 EID50 of each virus in a 50-�l volume. Three mice from each group were euthanized on day 3 p.i., and virus titers were
determined in samples of brain, spleen, kidney, nasal turbinate, and lung in eggs. Because virus was not detected in the brain, spleen, or kidneys of any infected mice, only the virus
titers in the nasal turbinates and lungs are shown. ND, not done; �, virus was not detected from the undiluted sample.
c The maximum body weight loss was calculated by comparing the lowest body weight during the 14-day observation period to the initial body weight of the infected mice. A value
of 0.0 indicates that the infected mice did not show body weight loss during the observation period. ND, not done.
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end of 2014, a novel highly pathogenic H5N8 avian influenza virus
spread and caused outbreaks in Canada and the United States
(10). It was notable that this H5N8 virus possessed an NA gene
derived from the Eurasian lineage and was phylogenetically dis-
tinct from the N8 NA genes of the North American lineage in this
study.

Phylogenetic analysis of the 36 PB2 genes revealed that they
formed six distinct groups (Fig. 2A; also see Fig. S1A in the sup-
plemental material). The PB2 genes shared nucleotide sequence
identities of less than 94.1% among the different groups. The PB1
genes of the 36 H4 AIVs formed seven groups in the phylogenetic
tree (Fig. 2B; also see Fig. S1B). The nucleotide identities of the
PB1 genes were less than 95.0% between the different groups. The
PB1 gene in group 2, A/duck/Hunan/S2046/11 (DK/Hunan/
S2046/11, H4N2), shared only 96.0% identity with the closest PB1
gene, A/goose/Eastern China/17/2010 (H6N6), in GenBank. The
PB1 gene in group 7, DK/Hubei/S2227/12 (H4N2), shared less
than 91.0% identity with the PB1 genes in the other groups. The
PA genes of the 36 H4 AIVs clustered into seven groups in the

phylogenetic tree and shared identities of less than 95.5% among
the different groups (Fig. 2C; also see Fig. S1C). The NP genes of
the 36 H4 AIVs were the most diverse, forming 11 distinct groups
in the phylogenetic tree and sharing less than 95.2% identity
among the different groups (Fig. 2D; also see Fig. S1D).

The M genes of the 36 viruses clustered into five groups with
nucleotide sequence identities of less than 96.5% among the dif-
ferent groups (Fig. 2E; also see Fig. S1E in the supplemental ma-
terial). Among these five groups, group 1 contained half of the
36 M genes. The NS genes of influenza A viruses were separated
into two alleles, A and B (66). Six viruses (one H4N2 and five
H4N6) in this study possessed NS genes of allele B (Fig. 2F; also
see Fig. S1F). The other 30 viruses possessed NS genes of allele
A and clustered into three groups. Among the three groups of
allele A, the NS gene of DK/Hubei/S2227/12 (H4N2) belonged
to group 2 and was a descendant of the A/chicken/Beijing/1/94
(CK/Beijing/1/94, H9N2)-like viruses. The four NS genes of
H4N2 viruses isolated from Guangdong province clustered into
group 3. The other 25 NS genes in group 4 contained multiple

FIG 1 Phylogenetic analyses of the HA and NA genes of H4 avian influenza viruses isolated from live poultry markets in China between 2009 and 2012.
Phylogenetic trees were generated by using the neighbor-joining method and the MEGA5.0 software package. Neighbor-joining bootstrap values of �80 are
shown at the major nodes of the phylogenetic trees. The regions of nucleotide sequences used for the phylogenetic analyses were the following: H4 HA, 20 to 1714;
N2 NA, 20 to 1357; N3 NA, 19 to 1425; N6 NA, 40 to 1421; and N8 NA, 21 to 1433. The phylogenetic tree of the H4 HA genes was rooted to A/swine/Ontario/
01911-1/99 (H4N6) (A), the N2 NA tree was rooted to A/blue-winged teal/Ohio/908/2002 (H3N2) (B), the N3 NA tree was rooted to A/black headed
gull/Mongolia/1756/2006 (H16N3) (C), the N6 NA tree was rooted to A/duck/Wisconsin/480/1979 (H12N6) (D), and the N8 NA tree was rooted to A/mallard/
Ohio/123/1989 (H6N8) (E). The viruses sequenced in this study are colored in the phylogenetic tree based on the phylogenetic classification of their HA genes:
blue, magenta, and green for groups 1, 2, and 3, respectively. Abbreviations: AV, avian; BR, budgerigar; BWT, blue-winged teal; CK, chicken; DK, duck; EN,
environment; EW, Eurasian wigeon; GF, gyrfalcon; GS, goose; GT, gray teal; MD, migratory duck; ML, mallard; NP, northern pintail; PD, pintail duck; RSD,
ruddy shelduck; SN, swan; SW, swine; TK, turkey; WB, wild bird; WD, wild duck; WG, wild goose.
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virus subtypes; this was the dominant group among the NS gene
groups in this study.

On the basis of the phylogenetic diversity, the 36 H4 AIVs in
this study were divided into 32 genotypes, including 11 genotypes
for the 12 H4N2 viruses, one genotype for the only H4N3 virus, 16
genotypes for the 19 H4N6 viruses, and four genotypes for the
four H4N8 viruses. Among these 32 genotypes, four genotypes
(A6, C4, C5, and C9) included two viruses, while all of the other 28
genotypes each contained only one virus. These results indicate
that complicated reassortments of H4 AIVs have occurred in the
live poultry markets of China.

Antigenic analysis. Chicken antisera were generated against
six H4 viruses, including three viruses of group 1, two viruses of
group 2, and one virus of group 3 in the HA phylogenetic tree. To
determine the antigenic variation of the H4 AIVs in this study, we
performed an HI assay with 0.5% cRBCs. As shown in Table 2,
there was less than an 8-fold difference between the HI titers of the
six antisera against the homologous and heterologous viruses. It
was notable that the antigenicity of the only virus in group 3,
DK/Fujian/S1487/09 (H4N3), was different from the viruses in
groups 1 and 2. These data suggest that the antigenic drift of H4
viruses circulating in China has occurred to some extent.

Replication of H4 AIVs in mice. Of the 36 H4 viruses in this
study, we selected one virus from each of the 32 genotypes to
evaluate replicative ability and virulence in BALB/c mice. Groups
of eight 6-week-old BALB/c mice were inoculated i.n. with 106.0

EID50 of virus. Three mice in each group were euthanized on day
3 p.i., and their organs, including nasal turbinates, lungs, spleen,
kidneys, and brain, were collected for virus titration in embryo-
nated eggs; the remaining five mice were observed for 2 weeks for
changes in body weight or disease signs. As shown in Table 1, all 32
viruses tested were detected in the lungs of mice, with mean titers
ranging from 2.1 to 6.0 log10 EID50/ml; most of the viruses also
were detected in the nasal turbinates of mice, with mean titers
ranging from 1.2 to 5.0 log10 EID50/ml with the exception of
A/duck/Anhui/S4155/09 (DK/Anhui/S4155/09, H4N6) and DK/
Hubei/S2114/12 (H4N8), which were not detected in the nasal
turbinates of any of the three inoculated mice. None of the viruses
were detected in the other mouse organs, including spleen, kid-
neys, and brain. Body weight loss was observed in mice infected
with some of the viruses tested within a range of not more than
13%. These results indicate that the H4 AIVs isolated in live poul-
try markets of China can replicate in the respiratory organs of
mice, implying that H4 AIVs have the potential to directly infect
mammalian hosts without prior adaptation.

Receptor binding specificity of H4 AIVs. The receptor bind-
ing preference of HA has important implications for influenza

FIG 2 Phylogenetic analyses of the six internal genes of H4 avian influenza
viruses isolated from live poultry markets in China between 2009 and 2012.
Phylogenetic trees were generated by using the neighbor-joining method and
the MEGA5.0 software package. The regions of nucleotide sequence used for
the phylogenetic analyses were the following: PB2, 37 to 2289; PB1, 25 to 2233;
PA, 25 to 2167; NP, 46 to 1526; M, 26 to 1007; and NS, 27 to 859. The phylo-
genetic trees of PB2 (A), PB1 (B), PA (C), NP (D), M (E), and NS (F) all were
rooted to A/equine/Prague/1/1956 (H7N7). The phylogenetic branches of vi-
ruses sequenced in this study are colored in the phylogenetic tree based on the
colors of their HA genes: blue, magenta, and green for groups 1, 2, and 3,
respectively. Larger versions of these phylogenetic trees are provided in Fig.
S1A to F in the supplemental material.
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virus replication and transmission. Binding to �-2,6-linked sialic
acids (SAs) is a prerequisite for an influenza virus to transmit
efficiently among humans (64). The receptor binding site of all of
the 36 H4 AIVs in this study was highly conserved. Therefore, we
selected 10 viruses with different H4 subtypes that could replicate
efficiently in mouse respiratory organs to investigate their recep-
tor binding properties by using a solid-phase binding assay as
described previously (12, 31, 57). We found that all 10 viruses
tested could bind to the �-2,6-linked glycans, although their af-
finity for �-2,3-linked glycans was higher (Fig. 3). These results
prompted us to investigate the receptor binding specificity of the
earliest avian H4 isolate, DK/Czechoslovakia/56 (H4N6). We
found that this prototype H4 virus also can bind to �-2,6-linked
glycans. These data indicate that H4 AIVs intrinsically possess the
ability to recognize human-type receptors.

Asparagine at position 193 of HA is critical for the binding of
H4 viruses to �-2,6-linked glycans. All of the H4 AIVs in this
study possessed identical amino acids at their receptor binding
sites and could partially bind to human-type receptors. Therefore,
we next sought to identify the key amino acids in H4 HA respon-
sible for the human-type receptor binding ability. Because the
receptor binding specificity of H4 AIVs has rarely been studied, we
looked for potential HA amino acid sites that could confer partial
human-type receptor binding affinity to H4 AIV by comparing
H4 AIVs with H5N1 AIVs whose receptor binding preference has
been intensively studied. Several amino acid mutations at or around
the receptor binding sites in H5 HA have been shown to confer partial
human-type receptor binding ability (e.g., I155T, S159N, T160A,
N186K, D187G, K193R, and Q196H/Q196R) (14, 57, 67–69). Of
note, the residues at these sites were different between the H4 viruses
in this study and the H5N1 viruses that were used to study the role of
these amino acid positions on receptor binding preference. We mu-
tagenized these amino acid positions in the HA of DK/Jiangxi/
S21055/12 (H4N2) to resemble the avian-type residues in H5 HA
(i.e., V155I, N159S, A160T, S186N, T187D, N193K, and K196Q). By
using plasmid-based reverse genetics, we generated mutant DK/Ji-
angxi/S21055/12 (H4N2) viruses harboring the individual mutations
at these seven positions and named them according to the HA muta-
tion they contained (e.g., DK/Jiangxi/S21055/12-HA V155I). Recep-
tor binding analysis showed that all of these mutant viruses main-
tained strong binding to the �-2,3-linked glycans. In contrast, their
binding affinity to the �-2,6-linked glycans was reduced compared to
that of the wild-type DK/Jiangxi/S21055/12 (H4N2) virus (Fig. 3).
Strikingly, the DK/Jiangxi/S21055/12-HA N193K variant dis-
played little to no binding to the �-2,6-linked glycans. These re-

sults indicate that the partial human-type receptor binding ability
of the H4 AIV is determined by multiple residues at or around the
HA receptor binding sites and that the asparagine residue at posi-
tion 193 is essential for the binding of H4 viruses to the human-
type receptor.

Transmission of H4 AIVs in guinea pigs. The H4 AIVs in the
present study can replicate in mice and have acquired the ability to
bind to �-2,6-linked SAs. Therefore, we asked whether these H4
AIVs could transmit among mammals. First, we tested the 10 H4
viruses that bound to �-2,6-linked SAs in the solid-phase binding
assay for their replicative ability in guinea pigs. Two animals were
inoculated i.n. with 106.0 EID50 of virus and euthanized 3 days p.i.
The nasal wash and lung then were collected from each animal for
virus titration in eggs. We found that viruses were detected in the
nasal washes and lungs of guinea pigs inoculated with all 10 of
these different H4 viruses. The virus titers were 0.8 to 4.0 log10

EID50/ml in nasal washes and 1.5 to 4.3 log10 EID50/ml in lungs
(Table 3). Our data demonstrate that the H4 viruses can replicate
as well in guinea pigs as in mice. We next investigated whether
these viruses could transmit among guinea pigs by direct contact.
Three guinea pigs were inoculated i.n. with 106.0 EID50 of the test
virus and housed in a cage within an isolator. Twenty-four hours
later, three naive guinea pigs were placed in the same cage. Evi-
dence of transmission was based on the detection of virus in the
nasal wash and on seroconversion at the end of the 3-week obser-
vation period. As shown in Fig. 4, in the A/duck/Jiangxi/S3261/09
(DK/Jiangxi/S3261/09, H4N2)-, A/duck/Guangxi/S1211/10 (DK/
Guangxi/S1211/10, H4N6)-, and A/duck/Guangdong/S4040/11
(DK/Guangdong/S4040/11, H4N6)-inoculated groups, virus was
detected in the nasal washes of all three inoculated guinea pigs but
not in any of the contact guinea pigs (Fig. 4B to D). In the A/duck/
Hunan/S1012/09 (DK/Hunan/S1012/09, H4N6)-inoculated group,
virus was detected in the nasal washes of all three inoculated
guinea pigs and also was detected in the nasal wash of one of the
three contact animals (Fig. 4A). In the A/duck/Fujian/S2169/12
(DK/Fujian/S2169/12, H4N6)-inoculated group, virus was de-
tected in all three inoculated animals and two of the three contact
animals (Fig. 4G). In the A/duck/Zhejiang/S2088/11 (DK/
Zhejiang/S2088/11, H4N6)-, DK/Chongqing/S2086/12 (H4N8)-,
A/goose/Guangdong/S1780/12 (GS/Guangdong/S1780/12, H4N2)-,
DK/Jiangxi/S21055/12 (H4N2)-, and CK/Shandong/S2510/12
(H4N2)-inoculated groups, virus was detected in the nasal washes
of all three inoculated guinea pigs and in all three contact guinea
pigs (Fig. 4E, F, and H to J). Seroconversion was detected in all
inoculated animals and in the contact animals that were virus

TABLE 2 Antigenic analysis of H4 avian influenza viruses isolated from live poultry markets in China

Virus (HA group)

HI antibody titer of antiserum against virusa (HA group)

DK/Guizhou/
S1167/10
(H4N6) (1)

DK/Jiangxi/
S21046/12
(H4N2) (1)

GS/Jiangsu/
S2433/11
(H4N6) (1)

DK/Guangdong/
S1780/12
(H4N2) (2)

DK/Jiangxi/
S3261/09
(H4N2) (2)

DK/Fujian/
S1487/09
(H4N3) (3)

DK/Guizhou/S1167/2010 (H4N6) (1) 512 128 64 64 64 32
DK/Jiangxi/S21046/2012 (H4N2) (1) 512 256 128 128 128 64
GS/Jiangsu/S2433/2011 (H4N6) (1) 128 64 128 32 32 16
DK/Guangdong/S1780/2012 (H4N2) (2) 128 128 256 128 64 32
DK/Jiangxi/S3261/2009 (H4N2) (2) 512 128 64 128 128 64
DK/Fujian/S1487/2009 (H4N3) (3) 64 64 32 64 32 128
a Antiserum was generated by intranasally inoculating 6-week-old SPF chickens with 106.0 EID50 of the indicated virus. The HA group indicates the phylogenetic classification of the
virus HA gene in the phylogenetic tree. Homologous titers are shown in boldface.
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positive in the nasal washes. One contact guinea pig in the DK/
Fujian/S2169/12 (H4N6) group that was negative for virus detec-
tion also seroconverted (Table 3). These results indicate that the
H4 viruses transmit among guinea pigs with various abilities, and
some strains can transmit efficiently by direct contact in this
mammalian host. Therefore, we selected 4 viruses, CK/Shandong/
S2510/12 (H4N2), DK/Jiangxi/S21055/12 (H4N2), DK/Zhejiang/
S2088/11 (H4N6), and DK/Chongqing/S2086/12 (H4N8), that
transmitted to 100% of the direct-contact guinea pigs to evaluate
their respiratory droplet transmission in this model. Five guinea
pigs were inoculated i.n. with 106.0 EID50 of the test virus and then
housed individually in solid stainless steel cages within an isolator.
Twenty-four hours later, five naive guinea pigs were each placed in

a cage adjacent to the cage of an inoculated animal. Each pair of
animals (one inoculated and one exposed) was separated by a
double-layered net divider (4 cm apart) as described previously
(13). Nasal washes were collected every 2 days from all of the
animals beginning 2 days p.i. (1 day p.e.) for the detection of virus
shedding. Sera were collected from all animals on day 21 p.i. for HI
antibody detection. Respiratory droplet transmission was con-
firmed when virus was detected in the nasal washes and by sero-
conversion of the exposed animals at the end of the 3-week obser-
vation period. As shown in Fig. 5, virus was detected in all of the
directly infected guinea pigs (Fig. 5A to D). In the DK/Jiangxi/
S21055/12 (H4N2)-inoculated group, virus was not detected in
any of the exposed guinea pigs (Fig. 5D). In the DK/Zhejiang/

FIG 3 Characterization of the receptor binding properties of H4 avian influenza viruses. The H4 viruses and the HA mutants were compared on the basis of their
ability to bind to sialylglycopolymers containing either �-2,3-linked (blue) or �-2,6-linked (red) glycans. Two viruses, CK/Hebei/3/13 (H5N2) and Sichuan/1/09
(H1N1), that bind exclusively to �-2,3- and �-2,6-linked sialic acid receptors, respectively, were used as controls. The data shown are the means from three
replicates; the error bars indicate standard deviations.
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S2088/11 (H4N6)- and DK/Chongqing/S2086/12 (H4N8)-inocu-
lated groups, each virus was detected in one of the five exposed
guinea pigs (Fig. 5A and C). In the CK/Shandong/S2510/12
(H4N2)-inoculated group, virus was detected in two of the five
exposed guinea pigs (Fig. 5B). Seroconversion was detected in the
inoculated animals and in all exposed animals that were virus
positive in nasal washes (Table 3). These results indicate that three
of the four H4 AIVs tested can transmit between guinea pigs by
respiratory droplet, albeit with limited efficiency. To investigate
whether the respiratory droplet transmissibility of the H4 AIVs in
this study was conferred by mutations acquired during virus rep-
lication in guinea pigs, we amplified the eight viral gene segments
from nasal wash samples that were recovered from guinea pigs
exposed to DK/Zhejiang/S2088/11 (H4N6), CK/Shandong/
S2510/12 (H4N2), or DK/Chongqing/S2086/12 (H4N8) on day 7
p.e. and that were positive for virus isolation (a total of 4 samples).
The amplified PCR products were inserted into the pEASY-Blunt
Zero cloning vector. We sequenced 15 positive clones of each con-
struct to examine the potential mutations in the viral genome.
Sequencing analysis revealed no mutations in any of the viruses.
These results suggest that the transmissibility observed in this
study is an intrinsic property of H4 AIVs.

DISCUSSION

Due to the zoonotic nature of AIVs, global attention has been paid
to their prevention and control. The outbreak of H7N9 human
infection in 2013 in China taught us that low-pathogenicity AIVs
can lead to severe infection and even death in humans. Therefore,
attention also must be paid to the potential threat to humans
posed by low-pathogenicity AIVs. In this study, we systematically
characterized H4 AIVs isolated from live poultry markets in 14
provinces of China between 2009 and 2012. Our phylogenetic
analysis revealed that the H4 AIVs circulating in nature have var-
ious genetic constellations, with at least 32 genotypes, indicating
that complex and extensive reassortment events have occurred
among the H4 AIVs circulating in live poultry markets. We used
BALB/c mice as a model to evaluate the replication and virulence
of H4 AIVs and found that these viruses could replicate in mice
without prior adaptation. Our analysis of receptor binding speci-
ficity revealed that H4 AIVs can bind to human-type receptors.
Our transmission studies demonstrated that some of the H4 vi-
ruses can transmit between guinea pigs with 100% efficiency by
direct contact, and that three out of four viruses tested transmitted
via respiratory droplet, albeit with limited efficiency.

Influenza virus initiates infection by binding to the sialic acid
receptors on the surface of polarized host cells. In 1983, Rogers
and Paulson first demonstrated that H3 avian viruses preferen-
tially bound to erythrocytes containing SAs with the �-2,3 linkage,
whereas human isolates preferentially bind to erythrocytes with
�-2,6-linked SAs (70). Later studies with viruses of the H1 and H2
subtypes suggested that this receptor binding pattern is a general
property of influenza viruses (71, 72). However, this binding pat-
tern does not appear to be absolute, given that many recent avian
virus isolates of different subtypes have binding affinity for �-2,6-
linked SAs (20, 25, 29, 31, 57, 73). In the present study, all of the
H4 viruses tested could at least partially bind to �-2,6-linked SAs.
We also demonstrated that the earliest H4 isolate, DK/Czechoslo-
vakia/56, showed this receptor binding preference. These results
indicate that the H4 virus is distinct in its receptor binding prop-
erty, showing intrinsic binding to the human-type receptors. It is
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well accepted that the transition from avian-type to human-type
receptor binding preference is a crucial step for influenza viruses
to replicate efficiently and transmit in humans (74). However, the
specific amino acids that determine receptor binding specificity
vary among the different HA subtypes. For H1 viruses, the substi-
tutions of E190D and G225D are critical for the shift from �-2,3-
to �-2,6-linked receptor recognition (75, 76). For H2 and H3
viruses, the substitutions Q226L and G228S in HA can confer a

complete switch from �-2,3- to �-2,6-linked receptor binding
specificity (71, 77, 78). Extensive studies have revealed that a num-
ber of mutations can allow the H5N1 viruses to bind partially to
human-type receptors; these mutations include S125N, L133V/
A138V, 133 deletion/I155T, G143R, S159N, T160A, N186K,
D187G, K193R, Q196H, Q196R, N197K, V214I, Q226L, S227N,
G228S, and S239P (14, 57, 61, 67–69, 79, 80). However, viruses
with these mutations retain their affinity for avian-type receptors.

FIG 4 Direct-contact transmission of H4 avian influenza viruses in guinea pigs. Groups of three guinea pigs were inoculated i.n. with 106.0 EID50 of test virus.
Twenty-four hours later, three naive guinea pigs were introduced into the same cage. Nasal washes were collected at 2-day intervals. Each color bar represents the
virus titer from an individual animal. The horizontal dashed red lines indicate the lower limit of detection.
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Recently, several studies with viruses generated by use of reverse
genetics have shown that specific combinations of mutations in
HA, such as Q196R/Q226L/G228S, N224K/Q226L, or Q226L/
G228S, result in the switch from �-2,3- to �-2,6-linked receptor
binding preference (11, 12, 14). The recently emerged H7N9 virus
exhibits substantial binding affinity for �-2,6-linked glycans,
which is conferred by the Q226L, I243V, and G186V mutations in
its HA (20, 81, 82). The H9N2 AIVs have been widely circulating
around the world, and the Q226L mutation has been increasingly
found in recent H9N2 isolates (25, 83). This mutation is reported
to contribute to the human-type receptor binding specificity of
H9N2 virus (84). Our recent study demonstrated that the majority
of contemporary H9N2 viruses from poultry have acquired the
ability to preferentially bind to human-type receptors, similar to
human influenza viruses, a property shown to be conferred by the
Q226L and I155T mutations in HA (25). It should be noted that
the change in receptor binding specificity that occurs during ad-
aptation from avian to human hosts is thought to include not only
the acquisition of binding to the �-2,6-linked SAs but also the loss
of binding to the �-2,3-linked SAs. The 36 H4 viruses in this study,
as well as the prototype avian H4 virus DK/Czechoslovakia/56,
have identical receptor binding sites. We found that all of the H4
AIVs tested retained high affinity for �-2,3-linked glycans even
though they could bind to �-2,6-linked glycans. Mutagenesis

studies indicated that multiple amino acids at or around the HA
receptor binding sites were important to the human-type receptor
binding specificity of these H4 viruses and that the role played by
the asparagine residue at position 193 was essential. Bateman et al.
previously reported that the first swine H4N6 isolate from Canada
in 1999, which possessed 226L and 228S in its HA, had higher
affinity for �-2,6-linked SAs and higher infectivity in primary
swine and human respiratory epithelial cells than the mutant virus
containing 226Q and 228G in its HA (85). Their findings suggest
that the H4 viruses are predisposed to acquire the Q226L/G228S
mutations during their circulation. Therefore, more attention
should be paid to such mutant viruses during the H4 AIV surveil-
lance, especially in mammalian hosts, such as pigs.

Influenza viruses evolve over time by two mechanisms: muta-
tion and reassortment. Compared with mutation, the reassort-
ment process can result in significant phenotype changes, because
a set of eight segments from viruses of different origins can be
gathered to create the reassortant viruses. Although the gene seg-
ments of different viruses are not freely exchanged during the
reassortment process because of incompatibility at the nucleotide
or protein level (86, 87), reassortment is an effective means of
generating human pandemic viruses, as exemplified by three of
the four human pandemics since the beginning of the last century
being caused by reassortant viruses (4, 5, 7). In the present study,

FIG 5 Respiratory droplet transmission of the H4 avian influenza viruses in guinea pigs. Groups of five guinea pigs were inoculated i.n. with 106.0 EID50 of test
virus. Twenty-four hours later, five naive guinea pigs were placed individually in an adjacent cage. Nasal washes were collected every 2 days from all animals
beginning 2 days p.i. (1 day p.e.) for the detection of virus shedding. Each color bar represents the virus titer from an individual animal. The horizontal dashed
red lines indicate the lower limit of detection.
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we demonstrated that the H4 AIVs in live poultry markets are
undergoing complex and frequent reassortment events. The ex-
tensive reassortment of H4 AIVs is worrisome because it may pro-
duce hybrid viruses that can jump to humans and cause major
public health issues, as occurred with the newly emerged H7N9
influenza virus, which is a triple reassortant, acquiring its HA, NA,
and six internal genes from different ancestors (15, 88). The in-
trinsic difficulty of surveillance of low-pathogenicity AIVs is that
they do not cause symptoms in infected poultry, allowing the vi-
ruses to spread silently. To address this difficulty, intensive sur-
veillance must be conducted if newly emerged reassortant viruses
are to be detected early. Other control measures also should be
strengthened; for example, the closure of live poultry markets
should be seriously considered to prevent humans from being
infected by the viruses in poultry.

The concern caused by low-pathogenicity AIVs has increased
in recent years. During their replication in mammals, including
humans, the low-pathogenicity AIVs may acquire new mutations
and become more virulent or more transmissible. Song et al. pre-
viously serially passaged an avirulent wild bird H5N2 virus in the
lungs of mice and identified a PA T97I mutation that enhanced
virus virulence in mice (89). For the recently emerged H7N9 vi-
ruses, all virus isolates from poultry possessed 627E and 701D in
their PB2 protein, whereas most of the human isolates acquired
627K or 701N (20, 90, 91), the two well-documented virulence
signatures of AIVs in mammalian hosts. During the passage of
H9N2 viruses in mice, several residues were reported to increase
the pathogenicity of the mutant viruses, including PB2 M147L,
F404L, and E627K (92–94). In our recent study, we found that the
E627K or D701N mutation easily emerged in both inoculated and
exposed ferrets, and it significantly increased the virulence and
enhanced the transmissibility of H9N2 viruses in ferrets (25). It
has been shown that H4 AIVs can replicate well in mammals,
including mice and pigs (32, 35, 95). Serological studies demon-
strated that poultry farmers and workers have been infected with
various subtypes of AIVs, including H4, in the United States and
Lebanon (54, 55). In the present study, all 32 H4 viruses tested
could replicate in mice; the 10 viruses examined also could repli-
cate in guinea pigs. Our results clearly demonstrate the potential
threat posed by the H4 AIVs to public health. Therefore, the pos-
sible infection of humans or other mammalian hosts by H4 AIVs
in the field, and the appearance of virulence markers in the virus
genome, such as PB2 E627K or D701N, must be closely moni-
tored.

The acquisition of efficient respiratory droplet transmissibility
among humans is a prerequisite for the emergence of an influenza
pandemic. In the past decade, great efforts have been made to
investigate the pandemic potential of various subtypes of AIVs.
Ferrets and guinea pigs are widely used in influenza virus trans-
mission research, because these two animal models are readily
susceptible to infection with human influenza viruses, demon-
strating robust viral replication and efficient virus transmission to
exposed animals. These studies have demonstrated that experi-
mentally generated H5N1 and H9N2 viruses can acquire the abil-
ity to transmit between ferrets or guinea pigs via respiratory drop-
let after gaining specific mutations or by reassorting with human
influenza viruses (11–14, 24, 96). We and others also have shown
that certain natural strains of H7N9 and H9N2 viruses can trans-
mit among ferrets by respiratory droplet (16–20, 25). In addition,
Karlsson et al. recently reported that an avian H3N8 virus isolated

from harbor seals can transmit among ferrets by respiratory drop-
let (97). Here, we demonstrated that 7 of 10 H4 viruses tested
could be transmitted to animals via direct contact, and, more
strikingly, three of four of these viruses could be transmitted to
exposed animals via respiratory droplet. Influenza virus transmis-
sion mediated by respiratory droplet can be further divided into
droplet spay transmission, in which the respiratory droplet re-
leased by the infected human or animal directly impacts the respi-
ratory mucosa of susceptible recipients, and aerosol transmission,
which is caused by a small, light aerosol (also called droplet nuclei)
that can suspend in the air for minutes or hours (98). We demon-
strated that three of four H4 viruses acquired inefficient respira-
tory droplet transmissibility. However, it remains unknown whether
these H4 viruses are capable of inefficient aerosol transmission by
small-nucleus droplet. Given that the H4 viruses have acquired
the ability to replicate in mammalian hosts, it is possible that they
will eventually evolve into viruses with efficient respiratory drop-
let transmissibility through the accumulation of mutations or re-
assortment, necessitating frequent risk analysis.

ACKNOWLEDGMENTS

We thank Susan Watson for editing the manuscript, Yamasa Corporation
Co. Ltd. for synthesizing the sialylglycopolymer, and the Office Interna-
tional Des Epizooties Reference Laboratory (Veterinary Laboratory
Agency, Surrey, United Kingdom) for providing the DK/Czechoslova-
kia/56 (H4N6) virus.

FUNDING INFORMATION
National Science and Technology Major Project provided funding to
Hualan Chenc under grant number 2012ZX10004214. The disease con-
trol program of the Ministry of Agriculture, China provided funding to
Hualan Chen. National Natural Science Foundation of China (NSFC)
provided funding to Hualan Chen under grant number 31521005. Na-
tional Natural Science Foundation of China (NSFC) provided funding to
Chengjun Li under grant number 31422054. China Agriculture Research
System provided funding to Guobin Tian under grant number CARS-42-
G08.

U.S. National Institutes of Heath provided funding to Hualan Chen under
Center for Excellence in Influenza Research and Surveillance (CEIRS)
contract number HHSN272201400004C.

REFERENCES
1. Tong S, Li Y, Rivailler P, Conrardy C, Castillo DA, Chen LM, Recuenco

S, Ellison JA, Davis CT, York IA, Turmelle AS, Moran D, Rogers S, Shi
M, Tao Y, Weil MR, Tang K, Rowe LA, Sammons S, Xu X, Frace M,
Lindblade KA, Cox NJ, Anderson LJ, Rupprecht CE, Donis RO. 2012.
A distinct lineage of influenza A virus from bats. Proc Natl Acad Sci U S A
109:4269 – 4274. http://dx.doi.org/10.1073/pnas.1116200109.

2. Tong S, Zhu X, Li Y, Shi M, Zhang J, Bourgeois M, Yang H, Chen X,
Recuenco S, Gomez J, Chen LM, Johnson A, Tao Y, Dreyfus C, Yu W,
McBride R, Carney PJ, Gilbert AT, Chang J, Guo Z, Davis CT, Paulson
JC, Stevens J, Rupprecht CE, Holmes EC, Wilson IA, Donis RO. 2013.
New world bats harbor diverse influenza A viruses. PLoS Pathog
9:e1003657. http://dx.doi.org/10.1371/journal.ppat.1003657.

3. Taubenberger JK, Reid AH, Krafft AE, Bijwaard KE, Fanning TG. 1997.
Initial genetic characterization of the 1918 “Spanish” influenza virus. Sci-
ence 275:1793–1796. http://dx.doi.org/10.1126/science.275.5307.1793.

4. Kawaoka Y, Krauss S, Webster RG. 1989. Avian-to-human transmission
of the PB1 gene of influenza A viruses in the 1957 and 1968 pandemics. J
Virol 63:4603– 4608.

5. Lindstrom SE, Cox NJ, Klimov A. 2004. Genetic analysis of human
H2N2 and early H3N2 influenza viruses, 1957-1972: evidence for genetic
divergence and multiple reassortment events. Virology 328:101–119. http:
//dx.doi.org/10.1016/j.virol.2004.06.009.

6. Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, Balish A,

Liang et al.

1466 jvi.asm.org February 2016 Volume 90 Number 3Journal of Virology

http://dx.doi.org/10.1073/pnas.1116200109
http://dx.doi.org/10.1371/journal.ppat.1003657
http://dx.doi.org/10.1126/science.275.5307.1793
http://dx.doi.org/10.1016/j.virol.2004.06.009
http://dx.doi.org/10.1016/j.virol.2004.06.009
http://jvi.asm.org


Sessions WM, Xu X, Skepner E, Deyde V, Okomo-Adhiambo M,
Gubareva L, Barnes J, Smith CB, Emery SL, Hillman MJ, Rivailler P,
Smagala J, de Graaf M, Burke DF, Fouchier RA, Pappas C, Alpuche-
Aranda CM, Lopez-Gatell H, Olivera H, Lopez I, Myers CA, Faix D,
Blair PJ, Yu C, Keene KM, Dotson PD, Jr, Boxrud D, Sambol AR, Abid
SH, St George K, Bannerman T, Moore AL, Stringer DJ, Blevins P,
Demmler-Harrison GJ, Ginsberg M, Kriner P, Waterman S, Smole S,
Guevara HF, Belongia EA, Clark PA, Beatrice ST, Donis R, Katz J,
Finelli L, Bridges CB, Shaw M, Jernigan DB, Uyeki TM, Smith DJ,
Klimov AI, Cox NJ. 2009. Antigenic and genetic characteristics of swine-
origin 2009 A(H1N1) influenza viruses circulating in humans. Science
325:197–201. http://dx.doi.org/10.1126/science.1176225.

7. Neumann G, Noda T, Kawaoka Y. 2009. Emergence and pandemic
potential of swine-origin H1N1 influenza virus. Nature 459:931–939.
http://dx.doi.org/10.1038/nature08157.

8. Li C, Bu Z, Chen H. 2014. Avian influenza vaccines against H5N1 “bird
flu.” Trends Biotechnol 32:147–156.

9. Swayne DE. 2012. Impact of vaccines and vaccination on global control of
avian influenza. Avian Dis 56:818 – 828. http://dx.doi.org/10.1637/10183
-041012-Review.1.

10. Jhung MA, Nelson DI. 2015. Outbreaks of avian influenza A (H5N2),
(H5N8), and (H5N1) among birds–United States, December 2014-
January 2015. MMWR Morb Mortal Wkly Rep 64:111.

11. Herfst S, Schrauwen EJ, Linster M, Chutinimitkul S, de Wit E, Munster
VJ, Sorrell EM, Bestebroer TM, Burke DF, Smith DJ, Rimmelzwaan GF,
Osterhaus AD, Fouchier RA. 2012. Airborne transmission of influenza
A/H5N1 virus between ferrets. Science 336:1534 –1541. http://dx.doi.org
/10.1126/science.1213362.

12. Imai M, Watanabe T, Hatta M, Das SC, Ozawa M, Shinya K, Zhong G,
Hanson A, Katsura H, Watanabe S, Li C, Kawakami E, Yamada S, Kiso
M, Suzuki Y, Maher EA, Neumann G, Kawaoka Y. 2012. Experimental
adaptation of an influenza H5 HA confers respiratory droplet transmis-
sion to a reassortant H5 HA/H1N1 virus in ferrets. Nature 486:420 – 428.

13. Zhang Y, Zhang Q, Kong H, Jiang Y, Gao Y, Deng G, Shi J, Tian G, Liu
L, Liu J, Guan Y, Bu Z, Chen H. 2013. H5N1 hybrid viruses bearing
2009/H1N1 virus genes transmit in guinea pigs by respiratory droplet.
Science 340:1459 –1463. http://dx.doi.org/10.1126/science.1229455.

14. Chen LM, Blixt O, Stevens J, Lipatov AS, Davis CT, Collins BE, Cox NJ,
Paulson JC, Donis RO. 2012. In vitro evolution of H5N1 avian influenza
virus toward human-type receptor specificity. Virology 422:105–113.
http://dx.doi.org/10.1016/j.virol.2011.10.006.

15. Gao R, Cao B, Hu Y, Feng Z, Wang D, Hu W, Chen J, Jie Z, Qiu H, Xu
K, Xu X, Lu H, Zhu W, Gao Z, Xiang N, Shen Y, He Z, Gu Y, Zhang
Z, Yang Y, Zhao X, Zhou L, Li X, Zou S, Zhang Y, Yang L, Guo J, Dong
J, Li Q, Dong L, Zhu Y, Bai T, Wang S, Hao P, Yang W, Han J, Yu H,
Li D, Gao GF, Wu G, Wang Y, Yuan Z, Shu Y. 2013. Human infection
with a novel avian-origin influenza A (H7N9) virus. N Engl J Med 368:
1888 –1897. http://dx.doi.org/10.1056/NEJMoa1304459.

16. Belser JA, Gustin KM, Pearce MB, Maines TR, Zeng H, Pappas C,
Sun X, Carney PJ, Villanueva JM, Stevens J, Katz JM, Tumpey TM.
2013. Pathogenesis and transmission of avian influenza A (H7N9) vi-
rus in ferrets and mice. Nature 501:556 –559. http://dx.doi.org/10.1038
/nature12391.

17. Richard M, Schrauwen EJ, de Graaf M, Bestebroer TM, Spronken MI,
van Boheemen S, de Meulder D, Lexmond P, Linster M, Herfst S, Smith
DJ, van den Brand JM, Burke DF, Kuiken T, Rimmelzwaan GF, Oster-
haus AD, Fouchier RA. 2013. Limited airborne transmission of H7N9
influenza A virus between ferrets. Nature 501:560 –563. http://dx.doi.org
/10.1038/nature12476.

18. Watanabe T, Kiso M, Fukuyama S, Nakajima N, Imai M, Yamada S,
Murakami S, Yamayoshi S, Iwatsuki-Horimoto K, Sakoda Y,
Takashita E, McBride R, Noda T, Hatta M, Imai H, Zhao D, Kishida
N, Shirakura M, de Vries RP, Shichinohe S, Okamatsu M, Tamura T,
Tomita Y, Fujimoto N, Goto K, Katsura H, Kawakami E, Ishikawa I,
Watanabe S, Ito M, Sakai-Tagawa Y, Sugita Y, Uraki R, Yamaji R,
Eisfeld AJ, Zhong G, Fan S, Ping J, Maher EA, Hanson A, Uchida Y,
Saito T, Ozawa M, Neumann G, Kida H, Odagiri T, Paulson JC,
Hasegawa H, Tashiro M, Kawaoka Y. 2013. Characterization of H7N9
influenza A viruses isolated from humans. Nature 501:551–555. http:
//dx.doi.org/10.1038/nature12392.

19. Zhu H, Wang D, Kelvin DJ, Li L, Zheng Z, Yoon SW, Wong SS,
Farooqui A, Wang J, Banner D, Chen R, Zheng R, Zhou J, Zhang Y,
Hong W, Dong W, Cai Q, Roehrl MH, Huang SS, Kelvin AA, Yao T,

Zhou B, Chen X, Leung GM, Poon LL, Webster RG, Webby RJ, Peiris
JS, Guan Y, Shu Y. 2013. Infectivity, transmission, and pathology of
human-isolated H7N9 influenza virus in ferrets and pigs. Science 341:
183–186. http://dx.doi.org/10.1126/science.1239844.

20. Zhang Q, Shi J, Deng G, Guo J, Zeng X, He X, Kong H, Gu C, Li X, Liu
J, Wang G, Chen Y, Liu L, Liang L, Li Y, Fan J, Wang J, Li W, Guan L,
Li Q, Yang H, Chen P, Jiang L, Guan Y, Xin X, Jiang Y, Tian G, Wang
X, Qiao C, Li C, Bu Z, Chen H. 2013. H7N9 influenza viruses are
transmissible in ferrets by respiratory droplet. Science 341:410 – 414. http:
//dx.doi.org/10.1126/science.1240532.

21. Homme PJ, Easterday BC. 1970. Avian influenza virus infections. I.
Characteristics of influenza A-turkey-Wisconsin-1966 virus. Avian Dis
14:66 –74.

22. Alexander DJ. 2007. An overview of the epidemiology of avian influenza.
Vaccine 25:5637–5644. http://dx.doi.org/10.1016/j.vaccine.2006.10.051.

23. Khan SU, Anderson BD, Heil GL, Liang S, Gray GC. 2015. A systematic
review and meta-analysis of the seroprevalence of influenza A(H9N2)
infection among humans. J Infect Dis 212:562–569. http://dx.doi.org/10
.1093/infdis/jiv109.

24. Sorrell EM, Wan H, Araya Y, Song H, Perez DR. 2009. Minimal
molecular constraints for respiratory droplet transmission of an avian-
human H9N2 influenza A virus. Proc Natl Acad Sci U S A 106:7565–7570.
http://dx.doi.org/10.1073/pnas.0900877106.

25. Li X, Shi J, Guo J, Deng G, Zhang Q, Wang J, He X, Wang K, Chen J,
Li Y, Fan J, Kong H, Gu C, Guan Y, Suzuki Y, Kawaoka Y, Liu L, Jiang
Y, Tian G, Bu Z, Chen H. 2014. Genetics, receptor binding property, and
transmissibility in mammals of naturally isolated H9N2 avian influenza
viruses. PLoS Pathog 10:e1004508. http://dx.doi.org/10.1371/journal
.ppat.1004508.

26. Yuan J, Zhang L, Kan X, Jiang L, Yang J, Guo Z, Ren Q. 2013. Origin
and molecular characteristics of a novel 2013 avian influenza A(H6N1)
virus causing human infection in Taiwan. Clin Infect Dis 57:1367–1368.
http://dx.doi.org/10.1093/cid/cit479.

27. Chen H, Yuan H, Gao R, Zhang J, Wang D, Xiong Y, Fan G, Yang F,
Li X, Zhou J, Zou S, Yang L, Chen T, Dong L, Bo H, Zhao X, Zhang Y,
Lan Y, Bai T, Dong J, Li Q, Wang S, Li H, Gong T, Shi Y, Ni X, Li J,
Fan J, Wu J, Zhou X, Hu M, Wan J, Yang W, Li D, Wu G, Feng Z, Gao
GF, Wang Y, Jin Q, Liu M, Shu Y. 2014. Clinical and epidemiological
characteristics of a fatal case of avian influenza A H10N8 virus infection: a
descriptive study. Lancet 383:714 –721. http://dx.doi.org/10.1016/S0140
-6736(14)60111-2.

28. Gillim-Ross L, Santos C, Chen Z, Aspelund A, Yang CF, Ye D, Jin H,
Kemble G, Subbarao K. 2008. Avian influenza h6 viruses productively
infect and cause illness in mice and ferrets. J Virol 82:10854 –10863. http:
//dx.doi.org/10.1128/JVI.01206-08.

29. Wang G, Deng G, Shi J, Luo W, Zhang G, Zhang Q, Liu L, Jiang Y, Li
C, Sriwilaijaroen N, Hiramatsu H, Suzuki Y, Kawaoka Y, Chen H. 2014.
H6 influenza viruses pose a potential threat to human health. J Virol 88:
3953–3964. http://dx.doi.org/10.1128/JVI.03292-13.

30. Vachieri SG, Xiong X, Collins PJ, Walker PA, Martin SR, Haire LF,
Zhang Y, McCauley JW, Gamblin SJ, Skehel JJ. 2014. Receptor binding
by H10 influenza viruses. Nature 511:475– 477. http://dx.doi.org/10.1038
/nature13443.

31. Deng G, Shi J, Wang J, Kong H, Cui P, Zhang F, Tan D, Suzuki Y, Liu
L, Jiang Y, Guan Y, Chen H. 2015. Genetics, receptor binding, and
virulence in mice of H10N8 influenza viruses isolated from ducks and
chickens in live poultry markets in China. J Virol 89:6506 – 6510. http://dx
.doi.org/10.1128/JVI.00017-15.

32. Kang HM, Choi JG, Kim KI, Park HY, Park CK, Lee YJ. 2013. Genetic
and antigenic characteristics of H4 subtype avian influenza viruses in Ko-
rea and their pathogenicity in quails, domestic ducks and mice. J Gen Virol
94:30 –39. http://dx.doi.org/10.1099/vir.0.046581-0.

33. Olsen B, Munster VJ, Wallensten A, Waldenstrom J, Osterhaus AD,
Fouchier RA. 2006. Global patterns of influenza a virus in wild birds.
Science 312:384 –388. http://dx.doi.org/10.1126/science.1122438.

34. Wisedchanwet T, Wongphatcharachai M, Boonyapisitsopa S, Bunpa-
pong N, Kitikoon P, Amonsin A. 2011. Genetic characterization of avian
influenza subtype H4N6 and H4N9 from live bird market, Thailand. Virol
J 8:131. http://dx.doi.org/10.1186/1743-422X-8-131.

35. Bui VN, Ogawa H, Xininigen Karibe K, Matsuo K, Awad SS, Mi-
noungou GL, Yoden S, Haneda H, Ngo LH, Tamaki S, Yamamoto Y,
Nakamura K, Saito K, Watanabe Y, Runstadler J, Huettmann F, Happ
GM, Imai K. 2012. H4N8 subtype avian influenza virus isolated from

Characterization of H4 Avian Influenza Viruses

February 2016 Volume 90 Number 3 jvi.asm.org 1467Journal of Virology

http://dx.doi.org/10.1126/science.1176225
http://dx.doi.org/10.1038/nature08157
http://dx.doi.org/10.1637/10183-041012-Review.1
http://dx.doi.org/10.1637/10183-041012-Review.1
http://dx.doi.org/10.1126/science.1213362
http://dx.doi.org/10.1126/science.1213362
http://dx.doi.org/10.1126/science.1229455
http://dx.doi.org/10.1016/j.virol.2011.10.006
http://dx.doi.org/10.1056/NEJMoa1304459
http://dx.doi.org/10.1038/nature12391
http://dx.doi.org/10.1038/nature12391
http://dx.doi.org/10.1038/nature12476
http://dx.doi.org/10.1038/nature12476
http://dx.doi.org/10.1038/nature12392
http://dx.doi.org/10.1038/nature12392
http://dx.doi.org/10.1126/science.1239844
http://dx.doi.org/10.1126/science.1240532
http://dx.doi.org/10.1126/science.1240532
http://dx.doi.org/10.1016/j.vaccine.2006.10.051
http://dx.doi.org/10.1093/infdis/jiv109
http://dx.doi.org/10.1093/infdis/jiv109
http://dx.doi.org/10.1073/pnas.0900877106
http://dx.doi.org/10.1371/journal.ppat.1004508
http://dx.doi.org/10.1371/journal.ppat.1004508
http://dx.doi.org/10.1093/cid/cit479
http://dx.doi.org/10.1016/S0140-6736(14)60111-2
http://dx.doi.org/10.1016/S0140-6736(14)60111-2
http://dx.doi.org/10.1128/JVI.01206-08
http://dx.doi.org/10.1128/JVI.01206-08
http://dx.doi.org/10.1128/JVI.03292-13
http://dx.doi.org/10.1038/nature13443
http://dx.doi.org/10.1038/nature13443
http://dx.doi.org/10.1128/JVI.00017-15
http://dx.doi.org/10.1128/JVI.00017-15
http://dx.doi.org/10.1099/vir.0.046581-0
http://dx.doi.org/10.1126/science.1122438
http://dx.doi.org/10.1186/1743-422X-8-131
http://jvi.asm.org


shorebirds contains a unique PB1 gene and causes severe respiratory dis-
ease in mice. Virology 423:77– 88. http://dx.doi.org/10.1016/j.virol.2011
.11.019.

36. Liu M, He S, Walker D, Zhou N, Perez DR, Mo B, Li F, Huang X,
Webster RG, Webby RJ. 2003. The influenza virus gene pool in a poultry
market in south central China. Virology 305:267–275. http://dx.doi.org
/10.1006/viro.2002.1762.

37. Toennessen R, Germundsson A, Jonassen CM, Haugen I, Berg K,
Barrett RT, Rimstad E. 2011. Virological and serological surveillance for
type A influenza in the black-legged kittiwake (Rissa tridactyla). Virol J
8:21. http://dx.doi.org/10.1186/1743-422X-8-21.

38. Okamatsu M, Nishi T, Nomura N, Yamamoto N, Sakoda Y, Sakurai K,
Chu HD, Thanh LP, Van Nguyen L, Van Hoang N, Tien TN, Yoshida
R, Takada A, Kida H. 2013. The genetic and antigenic diversity of avian
influenza viruses isolated from domestic ducks, Muscovy ducks, and
chickens in northern and southern Vietnam, 2010-2012. Virus Genes 47:
317–329. http://dx.doi.org/10.1007/s11262-013-0954-7.

39. Spackman E, Stallknecht DE, Slemons RD, Winker K, Suarez DL, Scott
M, Swayne DE. 2005. Phylogenetic analyses of type A influenza genes in
natural reservoir species in North America reveals genetic variation. Virus
Res 114:89 –100. http://dx.doi.org/10.1016/j.virusres.2005.05.013.

40. Peng Y, Xie ZX, Liu JB, Pang YS, Deng XW, Xie ZQ, Xie LJ, Fan Q, Luo
SS. 2013. Epidemiological surveillance of low pathogenic avian influenza
virus (LPAIV) from poultry in Guangxi Province, southern China. PLoS
One 8:e77132. http://dx.doi.org/10.1371/journal.pone.0077132.

41. Hanson BA, Stallknecht DE, Swayne DE, Lewis LA, Senne DA. 2003.
Avian influenza viruses in Minnesota ducks during 1998-2000. Avian Dis
47:867– 871. http://dx.doi.org/10.1637/0005-2086-47.s3.867.

42. Scotch M, Lam TT, Pabilonia KL, Anderson T, Baroch J, Kohler D,
DeLiberto TJ. 2014. Diffusion of influenza viruses among migratory birds
with a focus on the southwest United States. Infect Genet Evol 26:185–193.
http://dx.doi.org/10.1016/j.meegid.2014.05.029.

43. Su S, Qi WB, Chen JD, Cao N, Zhu WJ, Yuan LG, Wang H, Zhang GH.
2012. Complete genome sequence of an avian-like H4N8 swine influenza
virus discovered in southern China. J Virol 86:9542. http://dx.doi.org/10
.1128/JVI.01475-12.

44. Deng G, Tan D, Shi J, Cui P, Jiang Y, Liu L, Tian G, Kawaoka Y, Li C,
Chen H. 2013. Complex reassortment of multiple subtypes of avian in-
fluenza viruses in domestic ducks at the Dongting Lake Region of China. J
Virol 87:9452–9462. http://dx.doi.org/10.1128/JVI.00776-13.

45. Zhang H, Chen Q, Chen Z. 2012. Characterization of an H4N2 avian
influenza virus isolated from domestic duck in Dongting Lake wetland
in 2009. Virus Genes 44:24 –31. http://dx.doi.org/10.1007/s11262-011
-0658-9.

46. Donis RO, Bean WJ, Kawaoka Y, Webster RG. 1989. Distinct lineages of
influenza virus H4 hemagglutinin genes in different regions of the world.
Virology 169:408–417. http://dx.doi.org/10.1016/0042-6822(89)90166-9.

47. Slavec B, Krapez U, Racnik AJ, Hari A, Wernig JM, Dovc A, Zadravec
M, Lindtner-Knific R, Marhold C, Zorman-Rojs O. 2012. Surveillance of
influenza A viruses in wild birds in Slovenia from 2006 to 2010. Avian Dis
56:999 –1005. http://dx.doi.org/10.1637/10175-041012-ResNote.1.

48. Henriques AM, Fagulha T, Barros SC, Ramos F, Duarte M, Luis T,
Fevereiro M. 2011. Multiyear surveillance of influenza A virus in wild
birds in Portugal. Avian Pathol 40:597– 602. http://dx.doi.org/10.1080
/03079457.2011.618943.

49. Driskell EA, Jones CA, Stallknecht DE, Howerth EW, Tompkins SM.
2010. Avian influenza virus isolates from wild birds replicate and cause
disease in a mouse model of infection. Virology 399:280 –289. http://dx
.doi.org/10.1016/j.virol.2010.01.005.

50. Hu Y, Liu X, Li S, Guo X, Yang Y, Jin M. 2012. Complete genome
sequence of a novel H4N1 influenza virus isolated from a pig in central
China. J Virol 86:13879. http://dx.doi.org/10.1128/JVI.02726-12.

51. Karasin AI, Brown IH, Carman S, Olsen CW. 2000. Isolation and
characterization of H4N6 avian influenza viruses from pigs with pneumo-
nia in Canada. J Virol 74:9322–9327. http://dx.doi.org/10.1128/JVI.74.19
.9322-9327.2000.

52. Ninomiya A, Takada A, Okazaki K, Shortridge KF, Kida H. 2002.
Seroepidemiological evidence of avian H4, H5, and H9 influenza A virus
transmission to pigs in southeastern China. Vet Microbiol 88:107–114.
http://dx.doi.org/10.1016/S0378-1135(02)00105-0.

53. Su S, Qi W, Chen J, Zhu W, Huang Z, Xie J, Zhang G. 2013. Seroepi-
demiological evidence of avian influenza A virus transmission to pigs in

southern China. J Clin Microbiol 51:601– 602. http://dx.doi.org/10.1128
/JCM.02625-12.

54. Kayali G, Barbour E, Dbaibo G, Tabet C, Saade M, Shaib HA, Debeau-
champ J, Webby RJ. 2011. Evidence of infection with H4 and H11 avian
influenza viruses among Lebanese chicken growers. PLoS One 6:e26818.
http://dx.doi.org/10.1371/journal.pone.0026818.

55. Kayali G, Ortiz EJ, Chorazy ML, Gray GC. 2010. Evidence of previous
avian influenza infection among US turkey workers. Zoonoses Public
Health 57:265–272.

56. Hoffmann E, Stech J, Guan Y, Webster RG, Perez DR. 2001. Universal
primer set for the full-length amplification of all influenza A viruses. Arch
Virol 146:2275–2289. http://dx.doi.org/10.1007/s007050170002.

57. Watanabe Y, Ibrahim MS, Ellakany HF, Kawashita N, Mizuike R,
Hiramatsu H, Sriwilaijaroen N, Takagi T, Suzuki Y, Ikuta K. 2011.
Acquisition of human-type receptor binding specificity by new H5N1 in-
fluenza virus sublineages during their emergence in birds in Egypt. PLoS
Pathog 7:e1002068. http://dx.doi.org/10.1371/journal.ppat.1002068.

58. Li Z, Chen H, Jiao P, Deng G, Tian G, Li Y, Hoffmann E, Webster RG,
Matsuoka Y, Yu K. 2005. Molecular basis of replication of duck H5N1
influenza viruses in a mammalian mouse model. J Virol 79:12058 –12064.
http://dx.doi.org/10.1128/JVI.79.18.12058-12064.2005.

59. Hatta M, Gao P, Halfmann P, Kawaoka Y. 2001. Molecular basis for high
virulence of Hong Kong H5N1 influenza A viruses. Science 293:1840 –
1842. http://dx.doi.org/10.1126/science.1062882.

60. Skehel JJ, Wiley DC. 2000. Receptor binding and membrane fusion in
virus entry: the influenza hemagglutinin. Annu Rev Biochem 69:531–569.
http://dx.doi.org/10.1146/annurev.biochem.69.1.531.

61. Gao Y, Zhang Y, Shinya K, Deng G, Jiang Y, Li Z, Guan Y, Tian G, Li
Y, Shi J, Liu L, Zeng X, Bu Z, Xia X, Kawaoka Y, Chen H. 2009.
Identification of amino acids in HA and PB2 critical for the transmission
of H5N1 avian influenza viruses in a mammalian host. PLoS Pathog
5:e1000709. http://dx.doi.org/10.1371/journal.ppat.1000709.

62. Steel J, Lowen AC, Mubareka S, Palese P. 2009. Transmission of influ-
enza virus in a mammalian host is increased by PB2 amino acids 627K or
627E/701N. PLoS Pathog 5:e1000252. http://dx.doi.org/10.1371/journal
.ppat.1000252.

63. Bussey KA, Bousse TL, Desmet EA, Kim B, Takimoto T. 2010. PB2
residue 271 plays a key role in enhanced polymerase activity of influenza A
viruses in mammalian host cells. J Virol 84:4395– 4406. http://dx.doi.org
/10.1128/JVI.02642-09.

64. Zhang Y, Zhang Q, Gao Y, He X, Kong H, Jiang Y, Guan Y, Xia X, Shu
Y, Kawaoka Y, Bu Z, Chen H. 2012. Key molecular factors in hemagglu-
tinin and PB2 contribute to efficient transmission of the 2009 H1N1 pan-
demic influenza virus. J Virol 86:9666 –9674. http://dx.doi.org/10.1128
/JVI.00958-12.

65. Conenello GM, Zamarin D, Perrone LA, Tumpey T, Palese P. 2007. A
single mutation in the PB1-F2 of H5N1 (HK/97) and 1918 influenza A
viruses contributes to increased virulence. PLoS Pathog 3:1414 –1421.

66. Treanor JJ, Snyder MH, London WT, Murphy BR. 1989. The B allele of
the NS gene of avian influenza viruses, but not the A allele, attenuates a
human influenza A virus for squirrel monkeys. Virology 171:1–9. http:
//dx.doi.org/10.1016/0042-6822(89)90504-7.

67. Wang W, Lu B, Zhou H, Suguitan AL, Jr, Cheng X, Subbarao K,
Kemble G, Jin H. 2010. Glycosylation at 158N of the hemagglutinin
protein and receptor binding specificity synergistically affect the antige-
nicity and immunogenicity of a live attenuated H5N1 A/Vietnam/1203/
2004 vaccine virus in ferrets. J Virol 84:6570 – 6577. http://dx.doi.org/10
.1128/JVI.00221-10.

68. Chutinimitkul S, van Riel D, Munster VJ, van den Brand JM, Rimmel-
zwaan GF, Kuiken T, Osterhaus AD, Fouchier RA, de Wit E. 2010. In
vitro assessment of attachment pattern and replication efficiency of H5N1
influenza A viruses with altered receptor specificity. J Virol 84:6825– 6833.
http://dx.doi.org/10.1128/JVI.02737-09.

69. Yamada S, Suzuki Y, Suzuki T, Le MQ, Nidom CA, Sakai-Tagawa Y,
Muramoto Y, Ito M, Kiso M, Horimoto T, Shinya K, Sawada T, Usui T,
Murata T, Lin Y, Hay A, Haire LF, Stevens DJ, Russell RJ, Gamblin SJ,
Skehel JJ, Kawaoka Y. 2006. Haemagglutinin mutations responsible for
the binding of H5N1 influenza A viruses to human-type receptors. Nature
444:378 –382. http://dx.doi.org/10.1038/nature05264.

70. Rogers GN, Paulson JC. 1983. Receptor determinants of human and
animal influenza virus isolates: differences in receptor specificity of the H3
hemagglutinin based on species of origin. Virology 127:361–373. http://dx
.doi.org/10.1016/0042-6822(83)90150-2.

Liang et al.

1468 jvi.asm.org February 2016 Volume 90 Number 3Journal of Virology

http://dx.doi.org/10.1016/j.virol.2011.11.019
http://dx.doi.org/10.1016/j.virol.2011.11.019
http://dx.doi.org/10.1006/viro.2002.1762
http://dx.doi.org/10.1006/viro.2002.1762
http://dx.doi.org/10.1186/1743-422X-8-21
http://dx.doi.org/10.1007/s11262-013-0954-7
http://dx.doi.org/10.1016/j.virusres.2005.05.013
http://dx.doi.org/10.1371/journal.pone.0077132
http://dx.doi.org/10.1637/0005-2086-47.s3.867
http://dx.doi.org/10.1016/j.meegid.2014.05.029
http://dx.doi.org/10.1128/JVI.01475-12
http://dx.doi.org/10.1128/JVI.01475-12
http://dx.doi.org/10.1128/JVI.00776-13
http://dx.doi.org/10.1007/s11262-011-0658-9
http://dx.doi.org/10.1007/s11262-011-0658-9
http://dx.doi.org/10.1016/0042-6822(89)90166-9
http://dx.doi.org/10.1637/10175-041012-ResNote.1
http://dx.doi.org/10.1080/03079457.2011.618943
http://dx.doi.org/10.1080/03079457.2011.618943
http://dx.doi.org/10.1016/j.virol.2010.01.005
http://dx.doi.org/10.1016/j.virol.2010.01.005
http://dx.doi.org/10.1128/JVI.02726-12
http://dx.doi.org/10.1128/JVI.74.19.9322-9327.2000
http://dx.doi.org/10.1128/JVI.74.19.9322-9327.2000
http://dx.doi.org/10.1016/S0378-1135(02)00105-0
http://dx.doi.org/10.1128/JCM.02625-12
http://dx.doi.org/10.1128/JCM.02625-12
http://dx.doi.org/10.1371/journal.pone.0026818
http://dx.doi.org/10.1007/s007050170002
http://dx.doi.org/10.1371/journal.ppat.1002068
http://dx.doi.org/10.1128/JVI.79.18.12058-12064.2005
http://dx.doi.org/10.1126/science.1062882
http://dx.doi.org/10.1146/annurev.biochem.69.1.531
http://dx.doi.org/10.1371/journal.ppat.1000709
http://dx.doi.org/10.1371/journal.ppat.1000252
http://dx.doi.org/10.1371/journal.ppat.1000252
http://dx.doi.org/10.1128/JVI.02642-09
http://dx.doi.org/10.1128/JVI.02642-09
http://dx.doi.org/10.1128/JVI.00958-12
http://dx.doi.org/10.1128/JVI.00958-12
http://dx.doi.org/10.1016/0042-6822(89)90504-7
http://dx.doi.org/10.1016/0042-6822(89)90504-7
http://dx.doi.org/10.1128/JVI.00221-10
http://dx.doi.org/10.1128/JVI.00221-10
http://dx.doi.org/10.1128/JVI.02737-09
http://dx.doi.org/10.1038/nature05264
http://dx.doi.org/10.1016/0042-6822(83)90150-2
http://dx.doi.org/10.1016/0042-6822(83)90150-2
http://jvi.asm.org


71. Connor RJ, Kawaoka Y, Webster RG, Paulson JC. 1994. Receptor
specificity in human, avian, and equine H2 and H3 influenza virus isolates.
Virology 205:17–23. http://dx.doi.org/10.1006/viro.1994.1615.

72. Rogers GN, D’Souza BL. 1989. Receptor binding properties of human
and animal H1 influenza virus isolates. Virology 173:317–322. http://dx
.doi.org/10.1016/0042-6822(89)90249-3.

73. Belser JA, Blixt O, Chen LM, Pappas C, Maines TR, Van Hoeven N,
Donis R, Busch J, McBride R, Paulson JC, Katz JM, Tumpey TM. 2008.
Contemporary North American influenza H7 viruses possess human re-
ceptor specificity: implications for virus transmissibility. Proc Natl Acad
Sci U S A 105:7558 –7563. http://dx.doi.org/10.1073/pnas.0801259105.

74. Matrosovich M, Tuzikov A, Bovin N, Gambaryan A, Klimov A, Ca-
strucci MR, Donatelli I, Kawaoka Y. 2000. Early alterations of the recep-
tor-binding properties of H1, H2, and H3 avian influenza virus hemag-
glutinins after their introduction into mammals. J Virol 74:8502– 8512.
http://dx.doi.org/10.1128/JVI.74.18.8502-8512.2000.

75. Glaser L, Stevens J, Zamarin D, Wilson IA, Garcia-Sastre A, Tumpey
TM, Basler CF, Taubenberger JK, Palese P. 2005. A single amino acid
substitution in 1918 influenza virus hemagglutinin changes receptor bind-
ing specificity. J Virol 79:11533–11536. http://dx.doi.org/10.1128/JVI.79
.17.11533-11536.2005.

76. Stevens J, Blixt O, Glaser L, Taubenberger JK, Palese P, Paulson JC,
Wilson IA. 2006. Glycan microarray analysis of the hemagglutinins from
modern and pandemic influenza viruses reveals different receptor speci-
ficities. J Mol Biol 355:1143–1155. http://dx.doi.org/10.1016/j.jmb.2005
.11.002.

77. Rogers GN, Paulson JC, Daniels RS, Skehel JJ, Wilson IA, Wiley DC.
1983. Single amino acid substitutions in influenza haemagglutinin change
receptor binding specificity. Nature 304:76 –78. http://dx.doi.org/10.1038
/304076a0.

78. Liu J, Stevens DJ, Haire LF, Walker PA, Coombs PJ, Russell RJ,
Gamblin SJ, Skehel JJ. 2009. Structures of receptor complexes formed
by hemagglutinins from the Asian influenza pandemic of 1957. Proc
Natl Acad Sci U S A 106:17175–17180. http://dx.doi.org/10.1073/pnas
.0906849106.

79. Auewarakul P, Suptawiwat O, Kongchanagul A, Sangma C, Suzuki Y,
Ungchusak K, Louisirirotchanakul S, Lerdsamran H, Pooruk P, Thitith-
anyanont A, Pittayawonganon C, Guo CT, Hiramatsu H, Jampangern
W, Chunsutthiwat S, Puthavathana P. 2007. An avian influenza H5N1
virus that binds to a human-type receptor. J Virol 81:9950 –9955. http://dx
.doi.org/10.1128/JVI.00468-07.

80. Rith S, Davis CT, Duong V, Sar B, Horm SV, Chin S, Ly S, Laurent D,
Richner B, Oboho I, Jang Y, Davis W, Thor S, Balish A, Iuliano AD,
Sorn S, Holl D, Sok T, Seng H, Tarantola A, Tsuyuoka R, Parry A, Chea
N, Allal L, Kitsutani P, Warren D, Prouty M, Horwood P, Widdowson
MA, Lindstrom S, Villanueva J, Donis R, Cox N, Buchy P. 2014.
Identification of molecular markers associated with alteration of receptor-
binding specificity in a novel genotype of highly pathogenic avian influ-
enza A(H5N1) viruses detected in Cambodia in 2013. J Virol 88:13897–
13909. http://dx.doi.org/10.1128/JVI.01887-14.

81. Xiong X, Martin SR, Haire LF, Wharton SA, Daniels RS, Bennett MS,
McCauley JW, Collins PJ, Walker PA, Skehel JJ, Gamblin SJ. 2013.
Receptor binding by an H7N9 influenza virus from humans. Nature 499:
496 – 499. http://dx.doi.org/10.1038/nature12372.

82. Dortmans JC, Dekkers J, Wickramasinghe IN, Verheije MH, Rottier PJ,
van Kuppeveld FJ, de Vries E, de Haan CA. 2013. Adaptation of novel
H7N9 influenza A virus to human receptors. Sci Rep 3:3058.

83. Matrosovich MN, Krauss S, Webster RG. 2001. H9N2 influenza A
viruses from poultry in Asia have human virus-like receptor specificity.
Virology 281:156 –162. http://dx.doi.org/10.1006/viro.2000.0799.

84. Wan H, Sorrell EM, Song H, Hossain MJ, Ramirez-Nieto G, Monne I,
Stevens J, Cattoli G, Capua I, Chen LM, Donis RO, Busch J, Paulson JC,
Brockwell C, Webby R, Blanco J, Al-Natour MQ, Perez DR. 2008.

Replication and transmission of H9N2 influenza viruses in ferrets: evalu-
ation of pandemic potential. PLoS One 3:e2923. http://dx.doi.org/10.1371
/journal.pone.0002923.

85. Bateman AC, Busch MG, Karasin AI, Bovin N, Olsen CW. 2008. Amino
acid 226 in the hemagglutinin of H4N6 influenza virus determines bind-
ing affinity for alpha2,6-linked sialic acid and infectivity levels in primary
swine and human respiratory epithelial cells. J Virol 82:8204 – 8209. http:
//dx.doi.org/10.1128/JVI.00718-08.

86. Li C, Hatta M, Watanabe S, Neumann G, Kawaoka Y. 2008. Compat-
ibility among polymerase subunit proteins is a restricting factor in reas-
sortment between equine H7N7 and human H3N2 influenza viruses. J
Virol 82:11880 –11888. http://dx.doi.org/10.1128/JVI.01445-08.

87. Essere B, Yver M, Gavazzi C, Terrier O, Isel C, Fournier E, Giroux F,
Textoris J, Julien T, Socratous C, Rosa-Calatrava M, Lina B, Marquet R,
Moules V. 2013. Critical role of segment-specific packaging signals in
genetic reassortment of influenza A viruses. Proc Natl Acad Sci U S A
110:E3840 –E3848. http://dx.doi.org/10.1073/pnas.1308649110.

88. Shi JZ, Deng GH, Liu PH, Zhou JP, Guan LZ, Li WH, Li XY, Guo J,
Wang GJ, Fan J, Wang JL, Li YY, Jiang YP, Liu LL, Tian GB, Li CJ, Chen
HL. 2013. Isolation and characterization of H7N9 viruses from live poul-
try markets–implication of the source of current H7N9 infection in hu-
mans. Chin Sci Bull 58:1857–1863. http://dx.doi.org/10.1007/s11434-013
-5873-4.

89. Song MS, Pascua PN, Lee JH, Baek YH, Lee OJ, Kim CJ, Kim H, Webby
RJ, Webster RG, Choi YK. 2009. The polymerase acidic protein gene of
influenza A virus contributes to pathogenicity in a mouse model. J Virol
83:12325–12335. http://dx.doi.org/10.1128/JVI.01373-09.

90. Zhang H, Li X, Guo J, Li L, Chang C, Li Y, Bian C, Xu K, Chen H, Sun
B. 2014. The PB2 E627K mutation contributes to the high polymerase
activity and enhanced replication of H7N9 influenza virus. J Gen Virol
95:779 –786. http://dx.doi.org/10.1099/vir.0.061721-0.

91. Mok CK, Lee HH, Lestra M, Nicholls JM, Chan MC, Sia SF, Zhu H,
Poon LL, Guan Y, Peiris JS. 2014. Amino acid substitutions in polymer-
ase basic protein 2 gene contribute to the pathogenicity of the novel
A/H7N9 influenza virus in mammalian hosts. J Virol 88:3568 –3576. http:
//dx.doi.org/10.1128/JVI.02740-13.

92. Li X, Qi W, He J, Ning Z, Hu Y, Tian J, Jiao P, Xu C, Chen J, Richt J,
Ma W, Liao M. 2012. Molecular basis of efficient replication and patho-
genicity of H9N2 avian influenza viruses in mice. PLoS One 7:e40118.
http://dx.doi.org/10.1371/journal.pone.0040118.

93. Wang J, Sun Y, Xu Q, Tan Y, Pu J, Yang H, Brown EG, Liu J. 2012.
Mouse-adapted H9N2 influenza A virus PB2 protein M147L and E627K
mutations are critical for high virulence. PLoS One 7:e40752. http://dx.doi
.org/10.1371/journal.pone.0040752.

94. Liu Q, Huang J, Chen Y, Chen H, Li Q, He L, Hao X, Liu J, Gu M, Hu
J, Wang X, Hu S, Liu X. 2015. Virulence determinants in the PB2 gene of
a mouse-adapted H9N2 virus. J Virol 89:877– 882. http://dx.doi.org/10
.1128/JVI.01775-14.

95. Kida H, Ito T, Yasuda J, Shimizu Y, Itakura C, Shortridge KF, Kawaoka
Y, Webster RG. 1994. Potential for transmission of avian influenza vi-
ruses to pigs. J Gen Virol 75(Part 9):2183–2188. http://dx.doi.org/10.1099
/0022-1317-75-9-2183.

96. Kimble JB, Sorrell E, Shao H, Martin PL, Perez DR. 2011. Compatibility
of H9N2 avian influenza surface genes and 2009 pandemic H1N1 internal
genes for transmission in the ferret model. Proc Natl Acad Sci U S A
108:12084 –12088. http://dx.doi.org/10.1073/pnas.1108058108.

97. Karlsson EA, Ip HS, Hall JS, Yoon SW, Johnson J, Beck MA, Webby RJ,
Schultz-Cherry S. 2014. Respiratory transmission of an avian H3N8 in-
fluenza virus isolated from a harbour seal. Nat Commun 5:4791. http://dx
.doi.org/10.1038/ncomms5791.

98. Bouvier NM. 2015. Animal models for influenza virus transmission stud-
ies: a historical perspective. Curr Opin Virol 13:101–108. http://dx.doi.org
/10.1016/j.coviro.2015.06.002.

Characterization of H4 Avian Influenza Viruses

February 2016 Volume 90 Number 3 jvi.asm.org 1469Journal of Virology

http://dx.doi.org/10.1006/viro.1994.1615
http://dx.doi.org/10.1016/0042-6822(89)90249-3
http://dx.doi.org/10.1016/0042-6822(89)90249-3
http://dx.doi.org/10.1073/pnas.0801259105
http://dx.doi.org/10.1128/JVI.74.18.8502-8512.2000
http://dx.doi.org/10.1128/JVI.79.17.11533-11536.2005
http://dx.doi.org/10.1128/JVI.79.17.11533-11536.2005
http://dx.doi.org/10.1016/j.jmb.2005.11.002
http://dx.doi.org/10.1016/j.jmb.2005.11.002
http://dx.doi.org/10.1038/304076a0
http://dx.doi.org/10.1038/304076a0
http://dx.doi.org/10.1073/pnas.0906849106
http://dx.doi.org/10.1073/pnas.0906849106
http://dx.doi.org/10.1128/JVI.00468-07
http://dx.doi.org/10.1128/JVI.00468-07
http://dx.doi.org/10.1128/JVI.01887-14
http://dx.doi.org/10.1038/nature12372
http://dx.doi.org/10.1006/viro.2000.0799
http://dx.doi.org/10.1371/journal.pone.0002923
http://dx.doi.org/10.1371/journal.pone.0002923
http://dx.doi.org/10.1128/JVI.00718-08
http://dx.doi.org/10.1128/JVI.00718-08
http://dx.doi.org/10.1128/JVI.01445-08
http://dx.doi.org/10.1073/pnas.1308649110
http://dx.doi.org/10.1007/s11434-013-5873-4
http://dx.doi.org/10.1007/s11434-013-5873-4
http://dx.doi.org/10.1128/JVI.01373-09
http://dx.doi.org/10.1099/vir.0.061721-0
http://dx.doi.org/10.1128/JVI.02740-13
http://dx.doi.org/10.1128/JVI.02740-13
http://dx.doi.org/10.1371/journal.pone.0040118
http://dx.doi.org/10.1371/journal.pone.0040752
http://dx.doi.org/10.1371/journal.pone.0040752
http://dx.doi.org/10.1128/JVI.01775-14
http://dx.doi.org/10.1128/JVI.01775-14
http://dx.doi.org/10.1099/0022-1317-75-9-2183
http://dx.doi.org/10.1099/0022-1317-75-9-2183
http://dx.doi.org/10.1073/pnas.1108058108
http://dx.doi.org/10.1038/ncomms5791
http://dx.doi.org/10.1038/ncomms5791
http://dx.doi.org/10.1016/j.coviro.2015.06.002
http://dx.doi.org/10.1016/j.coviro.2015.06.002
http://jvi.asm.org

	MATERIALS AND METHODS
	Ethics statements and facility.
	Virus isolation and identification.
	Sequence analyses.
	Antigenic analyses.
	Receptor binding analysis using a solid-phase binding assay.
	Generation of mutant DK/Jiangxi/S21055/12 (H4N2) viruses.
	Studies of mice.
	Studies in guinea pigs.
	HI antibody detection in guinea pig sera.
	Nucleotide sequence accession numbers.

	RESULTS
	Molecular characterization of H4 AIVs.
	Phylogenetic analysis.
	Antigenic analysis.
	Replication of H4 AIVs in mice.
	Receptor binding specificity of H4 AIVs.
	Asparagine at position 193 of HA is critical for the binding of H4 viruses to -2,6-linked glycans.
	Transmission of H4 AIVs in guinea pigs.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

