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ABSTRACT

Influenza viruses of the H6 subtype have been isolated from wild and domestic aquatic and terrestrial avian species throughout
the world since their first detection in a turkey in Massachusetts in 1965. Since 1997, H6 viruses with different neuraminidase
(NA) subtypes have been detected frequently in the live poultry markets of southern China. Although sequence information has
been gathered over the last few years, the H6 viruses have not been fully biologically characterized. To investigate the potential
risk posed by H6 viruses to humans, here we assessed the receptor-binding preference, replication, and transmissibility in mam-
mals of a series of H6 viruses isolated from live poultry markets in southern China from 2008 to 2011. Among the 257 H6 strains
tested, 87 viruses recognized the human type receptor. Genome sequence analysis of 38 representative H6 viruses revealed 30
different genotypes, indicating that these viruses are actively circulating and reassorting in nature. Thirty-seven of 38 viruses
tested in mice replicated efficiently in the lungs and some caused mild disease; none, however, were lethal. We also tested the
direct contact transmission of 10 H6 viruses in guinea pigs and found that 5 viruses did not transmit to the contact animals, 3
viruses transmitted to one of the three contact animals, and 2 viruses transmitted to all three contact animals. Our study demon-
strates that the H6 avian influenza viruses pose a clear threat to human health and emphasizes the need for continued surveil-
lance and evaluation of the H6 influenza viruses circulating in nature.

IMPORTANCE

Avian influenza viruses continue to present a challenge to human health. Research and pandemic preparedness have largely fo-
cused on the H5 and H7 subtype influenza viruses in recent years. Influenza viruses of the H6 subtype have been isolated from
wild and domestic aquatic and terrestrial avian species throughout the world since their first detection in the United States in
1965. Since 1997, H6 viruses have been detected frequently in the live poultry markets of southern China; however, the biological
characterization of these viruses is very limited. Here, we assessed the receptor-binding preference, replication, and transmissi-
bility in mammals of a series of H6 viruses isolated from live poultry markets in southern China and found that 34% of the vi-
ruses are able to bind human type receptors and that some of them are able to transmit efficiently to contact animals. Our study
demonstrates that the H6 viruses pose a clear threat to human health.

Avian influenza viruses continue to present a challenge to hu-
man health. In the last century, human influenza pandemics

occurred and resulted in significant mortality and morbidity; ge-
netic evidence indicates that these pandemic strains were partially
or entirely derived from avian influenza viruses (1–3). The H5N1
highly pathogenic influenza viruses have spread to over 60 coun-
tries and caused devastating avian influenza outbreaks. They have
also transmitted to humans, resulting in 380 fatal cases among the
641 documented infections (4). The H7N7 avian influenza virus
that caused highly pathogenic avian influenza in Holland in 2003
was associated with conjunctivitis in 347 humans (5). Infection
with H7N7 influenza virus was confirmed in 87 of these cases; one
person, a veterinarian, died as a result of the infection. H9N2
subtype avian influenza viruses have widely circulated in the world
since their first detection in turkeys in Wisconsin in 1966 (6); they
have also been detected in humans in China (7). In 2013, the newly
emerged H7N9 viruses caused the deaths of 45 of 136 infected
humans in mainland China as of 25 October (8), although these
viruses did not cause any disease in chickens or ducks (9). Thus,
avian influenza viruses currently circulating in poultry represent a
major public threat.

H6 subtype influenza viruses are also widely distributed world-

wide. An H6 influenza virus was first isolated from a turkey in
Massachusetts in 1965, and since then H6 viruses have been iso-
lated with increasing frequency from wild and domestic aquatic
and terrestrial avian species (10–24). A surveillance study from
Europe and the Americas found that H6 was the most abundantly
detected influenza virus subtype and that it had a broader host
range than other subtypes (25). Although the H6 viruses isolated
to date have largely caused asymptomatic infections in waterfowl,
infection of chickens with H6 viruses has been associated with
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decreased egg production, upper respiratory tract infection, mor-
bidity, and increased mortality (10–13). Several studies have
shown that certain H6 viruses can infect and cause illness in mice
and ferrets (26, 27). An H6N6 virus was also detected in pigs in
Guangdong province in China in 2010 (28), and an H6N1 virus
was isolated from a human with flu-like symptoms in Taiwan in
2013 (29).

Southern China has been considered an epicenter of influenza
virus due to its poultry breeding and trading style. Domestic poul-
try farming in southern China occurs in high-density settings but
in a free-range manner. There are no biosafety measures in place
on these farms, especially in those that breed yellow meat chickens
and ducks. This creates an environment where migratory birds
and domestic ducks are in close contact, sharing water, food, and
habitat. The poultry in southern China is mainly traded through
live poultry markets, where birds from different sources can be
hosted together for several days. As a result, avian influenza vi-
ruses from different sources coexist in the open duck farms and
live poultry markets, facilitating interspecies transmission and vi-
ral gene reassortment. H5N1 influenza viruses that have been de-
tected in ducks in this region are complicated reassortants that
have progressively acquired the ability to infect and kill mammals
(30, 31). Surveillance studies have revealed the existence of differ-
ent subtypes of H6 viruses in the live poultry markets in southern
China (32–36), which is where the H5N1 influenza viruses and
H7N9 viruses jumped to humans. Although a vast amount of
sequence analysis of the H6 viruses has been performed (25, 32–
39), there has been relatively little biologic characterization of the
H6 viruses from China. Here, we fully characterized the genetic
variation, receptor-binding specificity, replication capability, and
transmission in mammals of a series of H6 influenza viruses that
were detected in the live poultry markets in southern China be-
tween 2008 and 2011. Our results reveal the potential threat to
public health posed by H6 influenza 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 H6 viruses used in this study
were isolated from live poultry markets between 2008 and 2011 in China
during routine surveillance. Viruses were isolated in embryonated
chicken eggs. Hemagglutinin (HA) subtypes of influenza viruses were
identified by using the hemagglutination inhibition (HI) test. Neuramin-
idase (NA) subtypes were determined by means of direct sequencing. The
viruses selected for sequence analysis and animal study were biologically
cloned by three rounds of limiting dilution in embryonated specific-
pathogen-free eggs.

Receptor-binding analysis by means of hemagglutination assays.
Hemagglutination (HA) assays using resialylated chicken red blood cells
(cRBCs) were performed as described previously (40) with minor modi-
fications. cRBCs were enzymatically desialylated with Vibrio cholerae
neuraminidase (Sigma-Aldrich, St. Louis, MO, USA) and then resialy-
lated by using �-2-6-N-sialyltransferase (Sigma-Aldrich, St. Louis, MO,
USA) and CMP-sialic acid (Sigma-Aldrich, St. Louis, MO, USA). The
minimum cutoff value for the HA assay was 2.

Receptor-binding analysis using a solid-phase direct-binding assay.
Receptor specificity was analyzed by use of a solid-phase direct-binding
assay as described previously (41) using two different glycopolymers:
�-2,3-sialylglycopolymer [Neu5Ac�2-3Gal�1-4GlcNAc�1-pAP (para-
aminophenyl)-alpha-polyglutamic acid (�-PGA)] and the �-2,6-sialylg-
lycopolymer [Neu5Ac�2-6Gal�1-4GlcNAc�1-pAP (para-aminophenyl)-
alpha-polyglutamic acid (�-PGA)]. Chicken antiserum against Chicken/
Guangdong/S1312/2010 (H6N2) [CK/GD/S1312/10 (H6N2)] virus was
used as the primary antibody and a horseradish peroxidase (HRP)-con-
jugated goat-anti-chicken antibody (Sigma-Aldrich, St. Louis, MO, USA)
was used as the secondary antibody. Absorbance was determined at a
wavelength of 490 nm. The cutoff value for the glycan binding assays was
the background value of the well with 100 ng of glycopolymer in the
absence of added virus.

Genetic and phylogenetic analyses. Viral RNA was extracted with an
RNeasy minikit (Qiagen, Valencia, CA) and was reverse transcribed. PCR
amplification was performed by using segment-specific primers (primer
sequences are available upon request). The PCR products were purified
with a QIAquick PCR purification kit (Qiagen) and sequenced on an
Applied Biosystems DNA analyzer. The nucleotide sequences were edited
using the Seqman module of the DNAStar package, and phylogenetic
analyses were carried out with the PHYLIP program of the ClustalX soft-
ware package (version 1.81) using a neighbor-joining algorithm. Boot-
strap values of 1,000 were used.

Antigenic analyses. Antigenic analyses were performed by using HI
tests with guinea pig antisera generated against the indicated viruses. To
generate the antisera, we intranasally (i.n.) inoculated Hartley strain fe-
male guinea pigs weighing 300 to 350 g with 106 50% egg infective doses
(EID50) of test viruses indicated in Table 4 and collected sera 3 weeks after
the injection. Sera were treated with Vibrio cholerae receptor-destroying
enzyme (Denka-Seiken) before being tested for the presence of HI anti-
body with 0.5% (vol/vol) chicken erythrocytes. The minimum cutoff
value for the HI assay was 10.

Studies with mice. Groups of eight 6-week-old female BALB/c mice
(Beijing Experimental Animal Center, Beijing, China) were lightly anes-
thetized with CO2 and inoculated i.n. with 106 EID50 of H6 influenza virus
in a volume of 50 �l of medium. Three of the eight mice were euthanized
on day 3 postinoculation (p.i.) for titration of virus from the lungs, nasal
turbinate, kidneys, spleen, and brain. The remaining five mice were mon-
itored daily for weight loss and mortality for a total of 2 weeks.

Studies with guinea pigs. Hartley strain female guinea pigs weighing
300 to 350 g (Vital River Laboratories, Beijing, China) serologically neg-
ative for influenza viruses were used in these studies. Ketamine (20 mg/kg)
and xylazine (1 mg/kg) were used to anesthetize the animals via intramus-
cular injection.

To investigate the replication of H6 influenza viruses, we anesthetized
groups of two guinea pigs and inoculated them i.n. with 106 EID50 of test
virus in a 0.3-ml volume of medium (0.15 ml per nostril). The animals
were euthanized on day 3 p.i., and nasal washes and lung tissues were
collected for virus titration in eggs.

For the transmission studies, groups of three animals were inoculated
i.n. with 106 EID50 of test virus and housed in a cage placed inside an
isolator. Three naive animals were introduced into the same cage 24 h
later. Nasal washes were collected at 2-day intervals, beginning on day 2
p.i. (1 day postcontact) and titrated in eggs. Sera were collected on day 21
p.i. and treated with Vibrio cholerae receptor-destroying enzyme (Denka-
Seiken) before being tested for the presence of HI antibody with 0.5%
(vol/vol) chicken erythrocytes. To prevent inadvertent physical transmis-
sion of virus by the investigators, the contact guinea pigs were always
handled first, and gloves, implements, and napkins on the work surface
were changed between animals. The ambient conditions for these studies
were set as 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.

Viral replication in human lung cells (A549). Virus was inoculated
into A549 monolayers at a multiplicity of infection (MOI) of 0.01. The
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cells were incubated at 37°C in Opti-MEM (Gibco, Grand Island, NY,
USA) containing 0.2 �g/ml L-(tosylamido-2-phenyl) ethyl chloromethyl
ketone (TPCK)-treated trypsin (Sigma-Aldrich, St. Louis, MO, USA). Vi-
rus-containing culture supernatant was collected at various time points
(hours postinfection) and titrated in embryonated chicken eggs. The
growth data shown in Fig. 4 are averages of the results of three indepen-
dent experiments.

Statistical analysis. The affinities of the viruses to different glycans
were compared by use of two-way analysis of variance. The replication of
different viruses in A549 cells was compared by use of the Student-New-
man-Keuls test. Transmission efficiencies of different viruses were com-
pared by use of Fisher’s exact test.

Nucleotide sequence accession numbers. The nucleotide sequences
of the 38 H6 viruses determined in this study have been deposited in the
Global Initiative on Sharing All Influenza Data (GISAID) database under
numbers EPI500847 to EPI501150.

RESULTS
Isolation of influenza viruses from live poultry markets in
southern China. We collected 29,305 samples from poultry mar-
kets and poultry slaughterhouses in Shanghai, Anhui, Zhejiang,
Jiangsu, Fujian, Hubei, Hunan, Henan, Jiangxi, Shandong,
Guangxi, and Guangdong provinces from the winter of 2008 to
the spring of 2011. All samples were inoculated individually into
10-day-old embryonated chicken eggs for virus isolation. The HA
subtype was confirmed by use of an HI test with antisera against
the 16 HA subtypes of avian influenza viruses. Nine different HA
subtypes of avian influenza viruses were detected, including H1 (9
strains), H3 (134 strains), H4 (302 strains), H5 (285 strains), H6
(1,145 strains), H7 (15 strains), H9 (1,881 strains), H10 (44
strains), and H11 (31 strains). The 1,145 H6 subtype viruses were
isolated from the samples that were collected from Guangdong,
Guangxi, Hunan, Hubei, Fujian, and Zhejiang provinces.

Receptor-binding specificity of H6 avian influenza viruses.
Binding to �-2,6-linked sialic acids (Sias) (human type receptors)
is a prerequisite for an avian influenza virus to transmit from
human to human (42–45). From the 1,145 H6 isolates, we selected
1 to 3 viruses that were isolated from the birds of each owner in the
live poultry markets (a total of 257 H6 subtype viruses were thus
selected) and tested their affinities (approximately 22% of the to-
tal viruses isolated) for �-2,6-linked Sias by using hemagglutina-
tion (HA) assays with cRBCs resialylated with �-2,6-glycans as
described previously (40). We found that 39 of 187 (20.9%) H6N2
viruses and 48 of 70 (68.6%) H6N6 viruses agglutinated the cRBCs
resialylated with �-2,6-glycans (Table 1).

We further confirmed the binding of H6 subtype viruses to
�-2,6-glycans by using a solid-phase binding assay as described
previously by Imai et al. (41). Of the 87 H6 viruses that aggluti-
nated the cRBCs resialylated with �-2,6-glycans, 9 were selected
for this assay (Fig. 1A). Another virus, A/chicken/Hunan/S3003/
2009 (H6N6) [CK/HuN/S3003/09 (H6N6)], that did not aggluti-
nate the cRBCs resialylated with �-2,6-glycans was included as a
control. Eight of the 10 viruses bound to both �-2,3-glycans and
�-2,6-glycans, although their affinity for the �-2,3-glycans was
higher than that for the �-2,6-glycans. One virus, A/duck/Guang-
dong/S4251/2010 (H6N6) [DK/GD/S4251/10 (H6N6)], bound to
the �-2,6-glycans with high affinity and to the �-2,3-glycans with
very low affinity, whereas another virus, CK/HuN/S3003/09
(H6N6), bound to the �-2,3-glycans with high affinity but to the
�-2,6-glycans with very low affinity (Fig. 1B). The results of
the two assays were in agreement, confirming that about 34% of

the H6 influenza viruses circulating in the live poultry markets
of southern China have acquired the ability to recognize the hu-
man type receptors.

Molecular and phylogenetic analysis. We demonstrated that
of the 257 H6 isolates tested, 87 viruses were able to bind to the
�-2,6-glycans in the hemagglutination assay with resialylated
�-2,6 cRBCs, including 39 H6N2 viruses and 48 H6N6 viruses. To
understand their genetic relationship, we sequenced 37 represen-
tative viruses (17 H6N2 viruses and 20 H6N6 viruses) that bound
to the �-2,6-glycans and came from the birds of different owners.
One virus [CK/HuN/S3003/09 (H6N6)], which bound only to the
�-2,3-glycans and was used as a control in some experiments, was
also sequenced. The HA gene of all of these viruses had only one
basic amino acid, arginine, in the cleavage site of HA1 and HA2.
The amino acid changes of A138S (H3 numbering, which is used
throughout the manuscript), Q226L, and G228S, as well as the
absence of glycosylation at positions 158 to 160 in HA, have been
reported to favor the affinity of influenza viruses for human type
receptors (40, 41, 46, 47). A138S was present in five H6 influenza
viruses tested in this study and was also detected in the H6N6 virus
previously isolated from a pig (Table 2). Q226L and G228S were
not detected in any of the 38 avian viruses we sequenced here;
however, G228S was detected in both swine and human H6 iso-
lates (Table 2). There are five potential glycosylation sites in HA1,
at positions 21 to 23, 33 to 35, 169 to 171, 291 to 293, and 296 to
298. Four of these sites were highly conserved among the 38 vi-
ruses, whereas the potential glycosylation site at position 169 to
171 was absent from 10 of the 38 avian viruses and from the swine
H6N6 influenza virus (Table 2).

The HA genes of H6 viruses showed great diversity and formed
phylogenetically different groups. The 38 isolates we sequenced in
this study could be divided into five groups (Fig. 2A). The intra-
group virus homology was over 98%, while the intergroup homol-
ogy was less than 95%. There were 20, 6, 6, 2, and 4 viruses in
groups 1, 2, 3, 4, and 5, respectively. Group 1 contained strains
from Hunan, Hubei, Guangdong, and Zhejiang provinces, and
one H6N1 virus isolated from Guangxi by others (48) also clus-
tered in this group. The group 2 viruses came from Guangdong,
Guangxi, Hunan, and Hubei provinces. The group 3 viruses came
from Hunan, Hubei, Zhejiang, and Guangxi provinces, and the
H6N6 virus in this group had also been detected previously in
Hubei province (49). The two viruses in group 4 were isolated

TABLE 1 H6 influenza viruses that bind to human-like receptorsa

Location
isolated

H6N2 H6N6

No. of
strains
tested

No. of strains
binding to
�-2,6-linked
sialic acid

No. of
strains
tested

No. of strains
binding to
�-2,6-linked
sialic acid

Guangdong 110 25 27 23
Guangxi 14 1 11 10
Fujian 14 1 12 0
Hunan 33 6 9 6
Hubei 12 6 7 6
Zhejiang 4 0 4 3

Total 187 39 70 48
a Viruses were identified by using a hemagglutination assay with chicken red blood cells
resialylated with �-2,6-glycans.
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from Guangdong province, while the four viruses in group 5 were
from Guangdong and Fujian provinces. Of note, the H6N6 virus
in group 5 had also been isolated from pigs in Guangdong prov-
ince in 2010 (Fig. 2A).

The 17 N2 neuraminidase (NA) genes also formed 5 groups,

and there were 8, 5, 1, 1, and 2 viruses in groups 1, 2, 3, 4, and 5,
respectively (Fig. 2B). The NA gene of A/duck/Hunan/S1248/2009
(H6N2) [DK/HuN/S1284/09 (H6N2)] has a 30-nucleotide dele-
tion at positions 197 to 226 that results in the loss of 10 amino
acids at position 67 to 76. The NA gene of two viruses in group 5

FIG 1 Characterization of the receptor-binding properties of H6 influenza viruses. (A) Hemagglutination titers of H6 influenza viruses with 0.5% cRBCs treated
as follows: cBRCs, untreated; desialylated (Desial) cRBCs, treated with Vibrio cholerae neuraminidase; �-2,6 cRBCs, treated with VCNA and resialylated with
�-2,6-glycans. The dashed line indicates the lower limit of detection. (B) Glycan-binding specificity of H6 viruses. The binding of the viruses to two different
glycans (�-2,3-glycans, blue; �-2,6-glycans, red) was tested. The data shown are the means of three repeats; the error bars indicate standard deviations. Significant
differences were detected between the affinities for the two glycans.

TABLE 2 Molecular characteristics of H6 avian influenza viruses

Virusa

Amino acid(s) at indicated key
position(s) in HAb

Amino acid deletion
in NA (position)

Amino acid at
position 31 of M2

Amino acid deletion
at position 218–230
in NS1 protein138 228 169–171

TW/2/13 (H6N1) A S NNT NA N No
SW/GD/K6/10 (H6N6) S S RNT Yes (59–69) S Yes
CK/GD/S1312/10 (H6N2) A G NNT Yes (63–65) N Yes
DK/HuB/S4135/10 (H6N2) A G NNT Yes (63–65) S Yes
DK/HuB/S4170/08 (H6N2) A G NNT No S No
DK/HuN/S1284/09 (H6N2) A G NNT Yes (67–76) S Yes
CK/HuN/S4191/09 (H6N2) A G TNT No S Yes
DK/HuN/S4386/09 (H6N2) A G RNT No S Yes
DK/HuB/S1366/09 (H6N2) S G TNT No S Yes
CK/GD/S2346/09 (H6N2) S G RNT No S Yes
DK/FJ/S4081/08 (H6N2) S G RNT No S No
CK/GD/S1311/10 (H6N6) A G NNT No N Yes
CK/HuN/S4495/10 (H6N6) A G NNT No S No
CK/GX/S4381/10 (H6N6) A G RNT No S Yes
DK/GX/S4111/10 (H6N6) A G RNT No S Yes
DK/ZJ/S4204/10 (H6N6) A G RNT No S Yes
DK/GD/S4251/10 (H6N6) S G RNT Yes (59–69) S Yes
DK/GD/S1419/11 (H6N6) S G RNT Yes (59–69) S Yes
Other 22 virusesc A G NNT No S Yes
a The viruses TW/2/13 (H6N1) and SW/GD/K6/10 (H6N6) were described previously by others (28, 29).
b H3 numbers were used throughout.
c The full names of these viruses are listed in Table 3.
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has a nine-nucleotide deletion at position 187 to 195 that results in
the loss of three amino acids at position 63 to 65. The 21 N6 NA
genes formed 3 groups, with 16, 2, and 3 viruses in groups 1, 2, and
3, respectively (Fig. 2C). The NA of the two viruses in group 2 has
a 33-nucleotide deletion at position 175 to 207 that results in the
loss of 11 amino acids at position 59 to 69 (Table 2).

Several amino acid changes in PB2, including T271A, E627K,
and D701N, contribute to the increased virulence and transmis-
sion of influenza viruses in mammals (40, 45, 52, 53). The H6
viruses we sequenced in this study had none of these mutations.
The PB2 gene showed distinct diversity and formed six groups in
the phylogenetic tree (Fig. 2D; see also Fig. S1A in the supplemen-
tal material). The PB2 in groups 1, 2, and 5 was shared by both the
H6N2 and H6N6 viruses, whereas the PB2 in groups 4 and 6 was
detected only in H6N2 viruses and that in group 3 was detected
only in H6N6 viruses (Table 3).

The PB1, PA, NP, M, and NS genes of the H6 viruses also
showed distinct diversity, and each formed five groups in the

phylogenetic trees (Fig. 2E to I; see also Fig. S1B to E in the
supplemental material). The PB1 in groups 1, 2, and 5 was
shared by both the H6N2 and H6N6 viruses, the PB1 in group
4 was detected only in H6N2 viruses, and the PB1 in group 3
was detected only in H6N6 viruses. The PA in groups 1, 2, and
3 was detected in both H6N2 and H6N6 viruses, whereas the PA
in groups 4 and 5 was detected only in H6N2 viruses. The NP in
groups 1 and 2 was shared by both H6N2 and H6N6 viruses,
whereas the NP in groups 3 and 4 was detected only in H6N6
viruses and the NP in group 5 was detected only in an H6N2
virus. The M in groups 1 and 5 was shared by both H6N2 and
H6N6 viruses, whereas the M in groups 2 and 3 was detected
only in H6N6 viruses and the M in group 4 was detected only
in H6N2 viruses. The S31N mutation was detected in the M2
of the A/chicken/Guangdong/S1312/2010 (H6N2) [CK/GD/
S1312/10 (H6N2)] and A/chicken/Guangdong/S1311/2010
(H6N6) [CK/GD/S1311/10 (H6N6)] viruses (Table 3), imply-
ing that these two viruses may be resistant to amantadine and

FIG 2 Phylogenetic analyses of the H6 viruses isolated from 2008 to 2011 in China. The phylogenetic trees were generated with the PHYLIP program of the
ClustalX software package (version 1.81). The nine trees were generated based on the following sequences: HA nucleotides (nt) 18 to 1718, N2 nt 20 to 1429, N6
nt 20 to 1432, PB2 nt 28 to 2307, PB1 nt 25 to 2298, PA nt 25 to 2175, NP nt 46 to 1542, M nt 26 to 1007, and NS nt 27 to 864. The phylogenetic trees of HA (A),
N2 NA (B), and N6 NA (C) were rooted to A/Turkey/Canada/1963 (H6N2), A/Turkey/England/1969 (H3N2), and A/Duck/England/1/1956 (H11N6), respec-
tively. The phylogenetic trees of PB2 (D), PB1 (E), PA (F), NP (G), M (H), and NS (I) were rooted to A/Equine/Prague/1/56 (H7N7). Sequences of viruses with
names in black were downloaded from available databases; viruses with names in other colors were sequenced in this study. The colors of the virus names in the
NA, PB2, PB1, PA, NP, M, and NS trees match with those used in the HA tree. Abbreviations: AN, avian; BWT, blue-winged teal; CK, chicken; DK, duck; EC,
Eastern China; EW, Eurasian wigeon; FJ, Fujian; GD, Guangdong; GS, goose; GX, Guangxi; HK, Hongkong; HuB, Hubei; HuN, Hunan; MDK, Muscovy duck;
ML, mallard; SW, swine; TL, teal; WDK, wild duck; ZJ, Zhejiang.
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rimantadine. The NS genes in all 5 groups were shared by both
H6N2 and H6N6 viruses (Table 3). The NS1 of three viruses, A/duck/
Hubei/S4170/2008 (H6N2) [DK/HuB/S4170/08 (H6N2)], A/duck/
Fujian/S4081/2008 (H6N2) [DK/FJ/S4081/08 (H6N2)], and A/
chicken/Hunan/S4495/2010 (H6N6) [CK/HuN/S4495/10 (H6N6)],
encoded 230 amino acids, whereas the NS1 of the other 35 viruses
encoded only 217 amino acids (Table 2), with a deletion of amino
acids 218 to 230, which was previously reported to be associated with
the attenuated phenotype of influenza viruses in mice (54, 55).

On the basis of this genomic diversity, we divided the viruses
examined in this study into 30 genotypes, including 15 H6N2
virus genotypes, A1 to A15, and 15 H6N6 virus genotypes, B1 to
B15 (Table 3). It is interesting to note that the CK/GD/S1311/10
(H6N6) and CK/GD/S1312/10 (H6N2) viruses differ only in their
NA gene; they have identical PB2, PB1, PA, HA, NP, M, and NS
genes.

Antigenic analysis. Antisera, generated in guinea pigs, to se-
lected H6 viruses from each HA gene group were used for anti-
genic analyses by hemagglutination inhibition (HI) assays with
0.5% cRBCs. As indicated in Table 4, the antisera against CK/GD/
S1312/10 (H6N2) (HA group 1) and DK/ZJ/S4204/10 (H6N6)
(HA group 3) cross-reacted well with all of the viruses tested,
although the HI titers of these viruses were 2- to 32-fold lower
than the homologous titers. The antisera against DK/HuB/
S1114/09 (H6N2) (HA group 2) cross-reacted well with viruses
bearing the HA gene from groups 1, 2, and 5 but did not react with
viruses bearing the HA gene from groups 3 and 4 (Table 4). The
antisera against A/duck/Guangdong/S4192/2008 (H6N2) [DK/
GD/S4192/08 (H6N2)] (HA group 4) and A/duck/Guangdong/
S1410/2011 (H6N6) [DK/GD/S1419/11 (H6N6)] (HA group 5)
cross-reacted only with viruses bearing the HA gene from group 4

TABLE 3 Genotype and manifestation in mice of H6 influenza viruses

Virus

Group of each gene segment in the phylogenetic tree

Genotype

Virus titers in organs in
mice (log10 EID50)a

Maximum body
wt change (%)HA NA PB2 PB1 PA NP M NS

Nasal
turbinate Lung

DK/GD/S1328/10 (H6N2) 1 1 1 1 1 1 1 1 A1 0.8 � 0.4 5.8 � 0.4 �8.4
GS/GD/S1384/10 (H6N2) 1 1 1 1 1 1 1 1 A1 1.8 � 0.5 5.3 � 0.3 �10.8
DK/GD/S1289/10 (H6N2) 1 1 1 1 1 1 1 2 A2 0.8 � 0.6 5.5 � 0.3 �10.0
DK/HuN/S3047/09 (H6N2) 1 1 1 1 2 1 1 1 A3 ND 1.8 � 0.4 �11.1
CK/GD/S1453/10 (H6N2) 1 1 2 2 1 1 1 2 A4 ND 5.3 � 0.3 �9.6
CK/GD/S1312/10 (H6N2) 1 5 1 5 1 1 5 5 A5 2.3 � 0.1 4.4 � 0.1 �6.1
DK/HuB/S4135/10 (H6N2) 1 5 6 5 4 5 5 5 A6 0.7 � 0.3 2.2 � 0.4 �8.2
DK/HuB/S4170/08 (H6N2) 2 2 5 4 5 2 4 4 A7 ND 2.9 � 1 �13.7
DK/HuB/S1114/09 (H6N2) 2 3 1 1 1 1 1 1 A8 1.4 � 0.3 5.5 � 0.3 �8.2
DK/HuN/S1284/09 (H6N2) 2 4 1 2 2 1 1 3 A9 0.7 � 0.3 5.4 � 0.1 �1.4
CK/HuN/S4191/09 (H6N2) 3 1 1 1 1 1 1 1 A10 0.7 � 0.3 1.5 �11.1
DK/HuN/S4386/09 (H6N2) 3 1 4 1 1 1 1 2 A11 0.7 � 0.3 5.4 � 0.1 �12.8
DK/HuB/S1366/09 (H6N2) 3 2 1 1 1 1 1 2 A12 ND 5.3 � 0.4 �9.7
DK/GD/S4192/08 (H6N2) 4 1 1 1 3 1 1 2 A13 1.3 � 0.3 5.3 � 0.4 �7.9
DK/GD/S1566/09 (H6N2) 4 2 1 1 3 1 1 2 A14 ND ND �10.2
CK/GD/S2346/09 (H6N2) 5 2 5 4 5 2 4 4 A15 1.5 5.7 � 0.1 �9.2
DK/FJ/S4081/08 (H6N2) 5 2 5 4 5 2 4 4 A15 1.8 � 0.1 5.8 � 0.6 �9.3
CK/GD/S1414/10 (H6N6) 1 1 1 1 1 1 1 1 B1 1.5 � 0.3 4.8 � 0.4 �11.8
DK/ZJ/S1023/10 (H6N6) 1 1 1 1 1 1 1 1 B1 ND 5.8 � 0.6 �8.9
DK/GD/S3073/10 (H6N6) 1 1 1 1 1 1 1 1 B1 2 � 0.7 4.1 � 0.3 �3.7
GS/GD/S4362/09 (H6N6) 1 1 1 1 1 1 1 1 B1 1.2 � 0.3 5.8 � 0.5 �9.3
DK/GD/S1155/11 (H6N6) 1 1 1 1 2 2 1 2 B2 0.8 � 0.4 4.9 � 0.5 �6.6
DK/GD/S3180/10 (H6N6) 1 1 1 1 3 1 1 1 B3 0.7 � 0.3 1.6 � 0.1 �13.4
DK/HuN/S4273/10 (H6N6) 1 1 1 3 2 1 1 2 B4 2.3 � 0.1 5.5 � 0.4 �8.2
CK/GD/S1311/10 (H6N6) 1 1 1 5 1 1 5 5 B5 1.8 � 0.4 5.3 � 0.1 �5.7
DK/ZJ/S1134/11 (H6N6) 1 1 2 1 1 1 1 1 B6 ND 5.4 � 0.4 �6.1
DK/GD/S3225/10 (H6N6) 1 1 2 1 1 1 1 1 B6 1.2 � 0.3 3.4 � 0.1 �5.8
DK/GD/S3468/10 (H6N6) 1 1 2 2 1 1 1 1 B7 0.9 � 0.4 5.6 � 0.1 �13.8
CK/HuN/S4495/10 (H6N6) 1 1 5 3 2 3 1 4 B8 2.4 � 0.9 4.4 � 0.1 �11.6
CK/HuN/S3003/09 (H6N6) 1 3 1 1 2 1 3 1 B9 0.7 � 0.3 4.0 �8.2
DK/GD/S4018/10 (H6N6) 2 1 2 1 1 1 1 2 B10 0.6 � 0.1 4.8 � 0.6 �10.5
DK/GD/S1663/09 (H6N6) 2 3 1 1 1 1 1 1 B11 1.2 � 0.6 4.3 � 0.7 �9.5
CK/GX/S4029/10 (H6N6) 2 3 2 2 1 1 1 1 B12 1.2 � 0.3 2 � 0.5 �11.0
CK/GX/S4381/10 (H6N6) 3 1 1 1 1 1 1 1 B13 0.6 � 0.1 1.6 � 0.1 �7.4
DK/GX/S4111/10 (H6N6) 3 1 1 1 1 1 1 1 B13 0.7 � 0.3 3.8 � 0.4 �9.2
DK/ZJ/S4204/10 (H6N6) 3 1 1 2 2 1 1 1 B14 ND 5.3 � 0.4 �9.1
DK/GD/S4251/10 (H6N6) 5 2 3 2 1 4 2 3 B15 3.8 � 0.4 5.3 � 0.1 �2.9
DK/GD/S1419/11 (H6N6) 5 2 3 2 1 4 2 3 B15 2.4 � 0.1 5.9 � 0.5 �2.5
a Six-week-old BALB/c mice were inoculated intranasally with 106 EID50 of each virus in a 50-�l volume of medium. Three mice from each group were killed on day 3
postinoculation, and virus titers were determined in samples of nasal turbinate, lung, spleen, kidney, and brain in eggs. Virus was not detected from the spleen, kidney, or brain of
any mouse; therefore, these data are not shown in the table. Data are presented as means � standard deviations. ND, virus not detected in sample.
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and group 5, respectively (Table 4). These results indicate that the
H6 viruses circulating in nature exhibit severe antigenic drift.

Replication of H6 viruses in mice. To investigate the replica-
tion and virulence of H6 influenza viruses in mammals, we inoc-
ulated groups of eight 6-week-old BALB/c mice with 106 EID50 of
each virus. Three mice in each group were killed on day 3 p.i. for
virus detection in organs, including nasal turbinate, lung, spleen,
kidney, and brain; the other five mice in each group were observed
for a total of 14 days for body weight changes and death.

One virus, A/duck/Guangdong/S1566/2009 (H6N2) [DK/GD/
S1566/09 (H6N2)], was not detected in any organs tested (Table
3). The other 37 viruses were all detected in the lungs of mice, with
mean titers ranging from 1.5 to 5.9 log10 EID50; however, only 30
of these 37 viruses were also detected in the nasal turbinate of
mice, with titers ranging from 0.6 to 3.8 log10 EID50 (Table 3).
None of the viruses were detected in the spleen, kidneys, or brain
of mice. Seven of the viruses caused mice to experience body
weight loss (range, 1.4% to 6.1%), whereas mice infected with the
other 31 viruses gained body weight (Table 3). These results indi-
cate that most H6 influenza viruses can replicate in the respiratory

system of mice without preadaptation but that only a few of them
cause mild disease in mice.

Transmission of H6 influenza viruses in guinea pigs. The
above results indicated that the H6 avian influenza viruses can
efficiently infect and replicate in mice and that some of the viruses
have acquired the ability to bind to the human-like receptors. We,
therefore, investigated whether these viruses could also transmit
among mammals by testing the 9 viruses that bound to the �-2,6-
glycan (shown in Fig. 1) and replicated efficiently in both the nasal
turbinate and lung of mice in guinea pigs, and we also included
one virus, CK/HuN/S3003/09 (H6N6), that bound only to the
�-2,3-glycan in this test. To evaluate virus replication and tissue
tropism in inoculated guinea pigs, we intranasally (i.n.) inocu-
lated two guinea pigs with 106 EID50 of each virus. The nasal
washes and lung tissues from each guinea pig were collected on
day 3 p.i. for viral titration. All viruses were detected in the nasal
washes and lungs of these guinea pigs except for the CK/HuN/
S3003/09 (H6N6) virus, which was detected only in the nasal
washes. There was considerable variation in the titers among the
strains (Table 5).

TABLE 4 Antigenic analysis of H6 avian influenza viruses isolated in China

Virus (HA group)

HI antibody titer of antiserum against virus (HA group)a:

CK/GD/S1312/10
(H6N2) (1)

DK/HuB/S1114/09
(H6N2) (2)

DK/ZJ/S4204/10
(H6N6) (3)

DK/GD/S4192/08
(H6N2) (4)

DK/GD/S1419/11
(H6N6) (5)

CK/GD/S1312/10 (H6N2) (1) 640 80 40 �10 �10
DK/GD/S1328/10 (H6N2) (1) 640 80 80 �10 �10
GS/GD/S1384/10 (H6N2) (1) 640 80 80 �10 �10
DK/GD/S1289/10 (H6N2) (1) 320 40 80 �10 �10
DK/HuN/S3047/09 (H6N2) (1) 320 40 80 �10 �10
CK/GD/S1453/10 (H6N2) (1) 640 80 80 �10 �10
DK/HuB/S4135/10 (H6N2) (1) 320 40 80 �10 �10
CK/GD/S1414/10 (H6N6) (1) 640 80 80 �10 �10
DK/ZJ/S1023/10 (H6N6) (1) 320 80 160 �10 �10
DK/GD/S3180/10 (H6N6) (1) 640 80 80 �10 �10
DK/HuN/S4273/10 (H6N6) (1) 320 80 80 �10 �10
CK/GD/S1311/10 (H6N6) (1) 640 80 40 �10 �10
CK/HuN/S4495/10 (H6N6) (1) 320 40 80 �10 �10
CK/HuN/S3003/09 (H6N6) (1) 320 40 80 �10 �10
DK/HuB/S1114/09 (H6N2) (2) 320 160 40 �10 �10
DK/HuB/S4170/08 (H6N2) (2) 160 160 40 �10 �10
DK/HuN/S1284/09 (H6N2) (2) 320 160 160 �10 �10
DK/GD/S4018/10 (H6N6) (2) 160 80 160 �10 �10
DK/GD/S1663/09 (H6N6) (2) 80 80 160 �10 �10
CK/GX/S4029/10 (H6N6) (2) 160 80 80 �10 �10
DK/ZJ/S4204/10 (H6N6) (3) 80 �10 320 �10 �10
CK/HuN/S4191/09 (H6N2) (3) 80 �10 320 �10 �10
DK/HuN/S4386/09 (H6N2) (3) 80 �10 320 �10 �10
DK/HuB/S1366/09 (H6N2) (3) 80 �10 320 �10 �10
CK/GX/S4381/10 (H6N6) (3) 40 �10 320 �10 �10
DK/GX/S4111/10 (H6N6) (3) 80 �10 320 �10 �10
DK/GD/S4192/08 (H6N2) (4) 80 �10 160 160 �10
DK/GD/S1566/09 (H6N2) (4) 40 �10 160 80 �10
DK/GD/S1419/11 (H6N6) (5) 40 20 20 �10 1280
CK/GD/S2346/09 (H6N2) (5) 40 40 80 �10 160
DK/FJ/S4081/08 (H6N2) (5) 40 40 40 �10 160
DK/GD/S4251/10 (H6N6) (5) 20 20 20 �10 640
GS/GD/1/96 (H5N1)b �10 �10 �10 �10 �10
Newcastle disease virus (LaSota strain)b �10 �10 �10 �10 �10
a Antiserum was generated by intranasally inoculating guinea pigs with 106 EID50 of the indicated virus. Homologous titers are underlined.
b An H5N1 virus and a Newcastle disease virus served as negative antigen controls.
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To test virus transmissibility, we inoculated i.n. three guinea pigs
with 106 EID50 of test virus and housed them in a cage within an
isolator. Twenty-four hours later, three naive guinea pigs were placed
in the same cage. Evidence of transmission was based on the detection
of virus in the nasal wash and on seroconversion at the end of the
3-week observation period. As shown in Fig. 3, in the DK/GD/
S4192/08 (H6N2)-, A/goose/Guangdong/S1384/2010 (H6N2) [GS/
GD/S1384/10 (H6N2)-, A/duck/Guangdong/S3073/2010 (H6N6)
[DK/GD/S3073/10 (H6N6)]-, A/duck/Guangdong/S1155/2011
[DK/GD/S1155/11 (H6N6)]-, and CK/HuN/S3003/09 (H6N6)-
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. 3B, D, G, I, and J). In the A/duck/Hubei/S1114/2009
(H6N2) [DK/HuB/S1114/09 (H6N2)]-, A/duck/Hubei/S4495/
2010 (H6N6) [HuB/S4495/10 (H6N6)]-, and DK/GD/S4251/10
(H6N6)-inoculated groups, virus was detected in the nasal washes
of all three inoculated guinea pigs and was also detected in the
nasal washes of one of the three contact animals (Fig. 3C, F, and
H). In the CK/GD/S1312/10 (H6N2)- and CK/GD/S1311/10
(H6N6)-inoculated groups, virus was detected in the nasal washes
of all three inoculated guinea pigs and in all three contact guinea
pigs (Fig. 3A and E). Seroconversion occurred in all inoculated
animals and in the contact animals that were virus positive (Table
5). These results indicate that the transmissibility of H6 avian
influenza viruses in guinea pigs varies among strains, with some
strains transmitting efficiently to the contact animals.

Replication of H6 viruses in A549 cells. To better assess the
potential risk to humans of the H6 influenza viruses, we compared
the multicycle growth of four of these viruses in A549: CK/GD/
S1312/10 (H6N2) and CK/GD/S1311/10 (H6N6), which bound to
both �-2,3-glycans and �-2,6-glycans; and DK/GD/S4251/10
(H6N6) and CK/HuN/S3003/09 (H6N6), which bound to �-2,6-
glycans and �-2,3-glycans, respectively. All of the four viruses
grew efficiently in A549 cells; however, the viral titers in the CK/
GD/S1311/10 (H6N6)- and DK/GD/S4251/10 (H6N6)-infected
cells were significantly higher than those in the CK/HuN/
S3003/09 (H6N6)-infected cells at 48 and 60 h postinfection. The
viral titers in the DK/GD/S4251/10 (H6N6)-infected cells were
also significantly higher than those in the CK/GD/S1312/10
(H6N2)-infected cells at 60 h postinfection and than those in cells
infected with the other three viruses at 72 h postinfection (Fig. 4).
The preferential binding of DK/GD/S4251/10 (H6N6) to �-2,6-

TABLE 5 Replication and transmission of H6 avian influenza viruses in guinea pigs

Virus

Viral titersa (log10 EID50) in:
No. positive for seroconversion/total
no. (HI titers)

Direct contact
transmissionNasal turbinate Lung Inoculated Contact

CK/GD/S1312/10 (H6N2) 3.8, 4.5 1.0, 1.0 3/3 (160–320) 3/3 (80–320) Highly efficient
DK/GD/S4192/08 (H6N2) 3.5, 5.0 1.5, 3.5 3/3 (160) 0/3 None
DK/HuB/S1114/09 (H6N2) 5.0, 5.0 1.3, 1.0 3/3 (10–80) 1/3 (10) Inefficient
GS/GD/S1384/10 (H6N2) 2.5, 3.0 2.3, 2.3 3/3 (10–40) 0/3 None
CK/GD/S1311/10 (H6N6) 4.3, 4.5 1.0, 1.0 3/3 (40–160) 3/3 (20–80) Highly efficient
CK/HuN/S4495/10 (H6N6) 3.0, 4.5 1.8, 1.0 3/3 (20–40) 1/3 (20) Inefficient
DK/GD/S3073/10 (H6N6) 2.3, 2.5 1.0, 1.0 3/3 (80, 160) 0/3 None
DK/GD/S4251/10 (H6N6) 5.0, 4.8 5.5, 5.5 3/3 (160–320) 1/3 (80) Inefficient
DK/GD/S1155/11 (H6N6) 3.5, 5.0 3.5, 2.5 3/3 (80–160) 0/3 None
CK/HuN/S3003/09 (H6N6) 3.0, 2.5 ND, NDb 3/3 (10) 0/3 None
a Viral titers are shown as individual titers for both guinea pigs.
b ND, virus not detected in sample.

FIG 3 Transmission of H6 avian influenza viruses in guinea pigs. Groups
of three guinea pigs were inoculated i.n. with 106 EID50 of test virus, and 24
h later, three contact guinea pigs were placed in each cage. Nasal washes
were collected every 2 days from all animals beginning 2 days p.i. for
detection of virus shedding. (A) CK/GD/S1312/10 (H6N2); (B) DK/GD/
S4192/08 (H6N2); (C) DK/HuB/S1114/09 (H6N2); (D) GS/GD/S1384/10
(H6N2); (E) CK/GD/S1311/10 (H6N6); (F) CK/HuN/S4495/10 (H6N6);
(G) DK/GD/S3073/10 (H6N6); (H) DK/GD/S4251/10 (H6N6); (I) DK/
GD/S1155/11 (H6N6); and (J) CK/HuN/S3003/09 (H6N6). Each color bar
represents the virus titer from an individual animal. The horizontal dashed
lines in these panels indicate the lower limit of detection. Asterisks indicate
that transmission efficiency was significantly higher than that of the DK/
GD/S4192/08 (H6N2), GS/GD/S1384/10 (H6N2), DK/GD/S3073/10
(H6N6), DK/GD/S1155/11 (H6N6), and CK/HuN/S3003/09 (H6N6)
viruses.
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glycans may have contributed to its high level of replication in
A549 cells.

DISCUSSION

H6 subtype influenza viruses are widely distributed, having been
detected in different species of wild birds and domestic poultry all
over the world (10–24, 32–34, 36, 37, 57, 58). Here, we found that
both H6N2 and H6N6 viruses have coexisted in the live poultry
markets in several provinces of southern China. Our genetic anal-
ysis indicated that these viruses are complicated reassortants. We
found that they can replicate in mice without preadaptation, that
about 34% of them have acquired the ability to bind to the hu-
man-like receptor, and that some of them transmit efficiently be-
tween guinea pigs by direct contact.

The receptor-binding preference of HA has important impli-
cations for influenza virus replication and transmission (59–62).
The HA of human influenza virus subtypes preferentially recog-
nizes �-2,6-linked Sias, whereas the HA of avian influenza virus
subtypes preferentially recognizes �-2,3-linked Sias (avian-type
receptors) (61, 63). In the present study, we found that about 34%
of the H6 influenza viruses derived from live poultry markets be-
tween 2008 and 2011 could bind to the �-2,6-linked Sias, although
they retained high affinity for �-2,3-linked Sias. While it remains
unclear what factors push an avian influenza virus to acquire the
mutations that allow it to recognize the human-like receptor,
these mutations do occur in different subtypes of avian influenza
viruses. The recently emerged H7N9 viruses bind to both �-2,3-
and �-2,6-linked Sias, although their affinities for different gly-
cans vary among strains (9, 64–67). H5N1 avian influenza viruses
have been detected in domestic poultry and wild birds in many
countries and have been classified into different clades based on
the diversity of their HA genes. The clade 2.2 viruses and some
strains in other clades have acquired the ability to bind to both
�-2,3- and �-2,6-linked Sias (68), and the mutation of 160A,
which results in the absence of glycosylation at positions 158 to
160 in HA, permits these H5N1 viruses to bind to �-2,6-linked
Sias (40). Mutagenesis studies have confirmed that two more
amino acid mutations, 226L/228S or 224N/226L, combined with

the absence of glycosylation at positions 158 to 160 in HA, enable
the H5N1 influenza viruses to preferentially recognize �-2,6-
linked Sias (40, 41). A G228S change was reported in the HA of the
swine H6 virus and in that of human H6 virus isolates (Table 2),
but the receptor-binding preferences of these strains was not re-
ported. None of the avian H6 viruses that bound to �-2,6-linked
Sias have the 226L/228S changes in their HA; therefore, it remains
to be seen what mutations contributed to the affinity of H6 viruses
to �-2,6-linked Sias.

We established that the H6 viruses circulating in nature have
undergone severe antigenic drift; this was particularly evident
from the antiserum generated from viruses bearing the HA gene
from groups 4 and 5, which did not cross-react with strains bear-
ing the HA genes from any other group. A vaccine against H6
influenza virus has never been used in China; therefore, this ob-
served antigenic drift of H6 viruses is the result of the natural
evolution of these viruses in different host species. Similar changes
have been observed in H5N1 avian influenza viruses; for example,
an H5N1 reassortant (clade 7.2 virus) bearing new HA, NA, and
PB1 genes that was detected in northern China in 2006 has under-
gone severe antigenic drift from previously detected viruses of
other clades (30). The naturally occurring antigenic drift of differ-
ent H6 influenza viruses thus poses a challenge for vaccine strain
selection for pandemic preparedness.

The mouse model has been widely used to evaluate the viru-
lence of avian influenza viruses to mammals. Studies using this
model found that the early detected H9N2 and H5N1 avian influ-
enza viruses were unable to infect mammals but that they progres-
sively acquired the ability to infect and cause disease and even
death in mammalian species during their circulation in nature
(31, 69). A previous study indicated that the H7N9 human isolates
replicated much more efficiently and were more lethal in mice
than were the viruses isolated from birds and that the PB2 627K
mutation likely contributed to the increased virulence of the hu-
man isolates to mice (9). Gillim-Ross et al. tested 14 representative
H6 viruses isolated from different avian species on two continents
over a span of 36 years and found that all of the viruses could
replicate in the lung of mice and that some of them were lethal
(26). In the present study, we found that 37 of 38 tested viruses
could replicate efficiently in the lungs of mice; although some of
the viruses caused some degree of weight loss in the mice, none of
them were lethal. Since these viruses can bind to the receptor in
human respiratory tract cells, they may be able to infect humans
easily, and during their replication in humans, they could acquire
further mutations that would make them more lethal to humans,
as occurred with the H7N9 viruses (9, 70).

We demonstrated that the transmissibility of H6 viruses in
guinea pigs varied among strains. Some strains were efficiently
transmitted to contact animals, whereas others were only ineffi-
ciently transmitted or were unable to be transmitted to contact
animals despite acquiring the ability to bind to �-2,6-linked sialic
acid. We speculate that the inefficiency or inability of these viruses
to transmit may stem from suboptimal compatibility of their
genomic segments, resulting in the failure of the viruses to be
released from the infected animals. Previous studies with guinea
pigs also found that some H5N1 viruses were able to transmit to
contact animals, and further studies demonstrated that the amino
acid change of T160A in HA, conferring binding to �-2,6-linked
Sias, and the amino acid change of D701N or E627K in PB2 are
important for the transmission of the H5N1 viruses in guinea pigs

FIG 4 Multicycle replication of H6 avian influenza viruses in A549 cells. A549
monolayers were inoculated at an MOI of 0.01 with virus, and the culture super-
natants were collected at the indicated time points and then titrated in eggs. a, P �
0.01 compared with titers in CK/HuN/S3003/09 (H6N6)-infected cells; b, P �
0.05 compared with titers in CK/HuN/S3003/09 (H6N6)-infected cells; c, P�0.01
compared with titers in CK/GD/S1312/10 (H6N2)-infected cells; d, P � 0.05 com-
pared with titers in CK/GD/S1311/10 (H6N6)-infected cells.
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(40, 53). Of interest, the two H6 viruses that were efficiently trans-
mitted to the contact guinea pigs, CK/GD/S1312/10 (H6N2) and
CK/GD/S1311/10 (H6N6), shared the same gene constellation
with the exception that their NA genes were of either the N2 or N6
subtype. Neither virus has any of the known amino acid changes
associated with virus transmissibility, suggesting that some other
amino acid changes may have contributed to the transmission of
these viruses.

Genome analysis of 38 H6 viruses revealed 30 genotypes, re-
flecting the active circulation of these viruses in this region and
their frequent reassortment with other viruses. Historically, reas-
sortment has led to the emergence and spread of pandemic viruses
in immunologically naive human populations (1, 71–73). A recent
study demonstrated that H5N1 reassortants bearing certain genes
from the transmissible 2009/H1N1 virus could become transmis-
sible by respiratory droplet in mammals (74). Although human
influenza virus genes have not yet been detected in H6 viruses, one
cannot rule out the possibility that such reassortment will occur in
the future. The 2009/H1N1 pandemic virus is still circulating in
humans and pigs around the world (75–78), and H6 virus infec-
tion of pigs and humans has been recorded in different geographic
areas (28, 29, 79, 80). Clearly, the possibility exists for H6 reassor-
tants that are transmissible by respiratory droplet in mammals to
be generated by deriving genes from transmissible human influ-
enza viruses.
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