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H5N1 Hybrid Viruses Bearing
2009/H1N1 Virus Genes Transmit in
Guinea Pigs by Respiratory Droplet
Ying Zhang,1* Qianyi Zhang,1,2* Huihui Kong,1 Yongping Jiang,1 Yuwei Gao,1

Guohua Deng,1 Jianzhong Shi,1 Guobin Tian,1 Liling Liu,1 Jinxiong Liu,1

Yuntao Guan,1 Zhigao Bu,1 Hualan Chen1,2†

In the past, avian influenza viruses have crossed species barriers to trigger human pandemics
by reassorting with mammal-infective viruses in intermediate livestock hosts. H5N1 viruses are able
to infect pigs, and some of them have affinity for the mammalian type a-2,6-linked sialic acid
airway receptor. Using reverse genetics, we systematically created 127 reassortant viruses between
a duck isolate of H5N1, specifically retaining its hemagglutinin (HA) gene throughout, and a
highly transmissible, human-infective H1N1 virus. We tested the virulence of the reassortants in
mice as a correlate for virulence in humans and tested transmissibility in guinea pigs, which
have both avian and mammalian types of airway receptor. Transmission studies showed that
the H1N1 virus genes encoding acidic polymerase and nonstructural protein made the H5N1 virus
transmissible by respiratory droplet between guinea pigs without killing them. Further experiments
implicated other H1N1 genes in the enhancement of mammal-to-mammal transmission,
including those that encode nucleoprotein, neuraminidase, and matrix, as well as mutations in
H5 HA that improve affinity for humanlike airway receptors. Hence, avian H5N1 subtype viruses
do have the potential to acquire mammalian transmissibility by reassortment in current
agricultural scenarios.

Avian influenza viruses continue to evolve
and spread, perpetuating the fear of an
influenza pandemic if they acquire the

ability to transmit efficiently among humans. The
influenza virus genome comprises eight gene
segments: basic polymerase 2 (PB2), basic poly-
merase 1 (PB1), acidic polymerase (PA), hemag-
glutinin (HA), nucleoprotein (NP), neuraminidase
(NA), matrix (M), and nonstructural protein (NS).
Hemagglutinin and neuraminidase are integral
membrane proteins. The HA of human-infective

influenza subtypes preferentially recognizes a-2,6-
linked sialic acids (SAs) (humanlike receptor),
whereas theHA of avian-infective influenza sub-
types preferentially recognizes a-2,3-linked SAs
(avian-like receptor) (1). Combinations of amino
acid changes such as 158D/224K/226L, 196R/226L/
228S, or 110Y/160A/226L/228S (H3 numbering
used throughout; see fig. S6) in HA protein can
allowH5N1 viruses to recognizea-2,6-linked SAs,
thereby conferring viral transmission between
ferrets (2–4).

When two different influenza viruses infect
the same cell, their genes can reassort to produce
new viral strains. Historically, such reassortment
has led to the emergence and spread of pandemic
viruses in immunologically naïve human popula-
tions (5–8). A previous studywith anH5N1 virus
and a human H3N2 virus suggested that reassort-
ments between these two subtypes to produce a

dangerous virus would be rare (9). However,
both avian H5N1 and human 2009/H1N1 viruses
have been found in pigs (10–14), so we asked:
Could an H5N1 reassortant between avian H5N1
and the highly transmissible 2009/H1N1 virus be-
come transmissible among mammals and poten-
tially cause a human pandemic?

H5N1 influenza viruses were handled in the
enhanced animal biosafety laboratory level 3
(ABSL3+) facility at the Harbin Veterinary Re-
search Institute, China (15). All experimental
studies with live H5N1 viruses were performed
before the moratorium on such studies was in
place (16, 17). Details of the biosafety and bio-
security measures taken and the dates on which
the experiments were performed are provided
in the supplementary materials.

We used two influenza viruses isolated in
China: the H5N1 virus A/duck/Guangxi/35/2001
[DK/35(H5N1)] and the H1N1 virus A/Sichuan/
1/2009 [SC/09(H1N1)]. DK/35(H5N1) is highly
pathogenic for both chickens and mice (18). It
transmits by direct contact among guinea pigs
when they are housed together (19) but does not
transmit between guinea pigs by respiratory drop-
let (Fig. 1A). We previously identified two mo-
lecular changes that are critical for the contact
transmission of DK/35(H5N1) among guinea pigs:
the asparagine residue at position 701 (701N) in
PB2 and the alanine residue at position 160 (160A)
in HA (19). The mutation of 160A, resulting in
the absence of glycosylation at positions 158 to
160 in HA, permits virus binding to a-2,6-linked
SAs (19, 20). Receptor specificity testing, using
a solid-phase binding assay with four different
glycans, indicated that DK/35(H5N1) binds to
both a-2,3-linked SAs and a-2,6-linked SAs, and
that its affinity to a-2,3-linked SAs is higher than
to a-2,6-linked SAs (fig. S1A). SC/09(H1N1)
was the first virus isolated in China during the
2009 influenza pandemic and transmits effi-
ciently among guinea pigs by respiratory droplet
(Fig. 1B) (21).

Using plasmid-based reverse genetics (22–24),
we generated all possible reassortants possessing
the H5HA gene [i.e., 127 hybrid viruses between
DK/35(H5N1) and SC/09(H1N1), 27 minus one
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parent virus]. We numbered the gene segments
derived from SC/09(H1N1) as follows: 1, PB2; 2,
PB1; 3, PA; 5, NP; 6, NA; 7, M; and 8, NS. For
example, “r123” denotes the reassortant con-
taining SC/09(H1N1) PB2, PB1, and PA, with
the other five segments from the DK/35(H5N1)
virus. In previous studies (25, 26), certain H5 re-
assortants with H3N2 either were not generated
or did not grow efficiently because of genomic
incompatibility; for example, virus bearing the
NP gene of human H3N2 virus and M and NS
gene of H5N1 avian virus cannot replicate effi-
ciently (25). By contrast, in this study, reassortants
with the H5N1HAwere easily generated and all
of them grew efficiently in chicken eggs, with
viral titers ranging from 107 to 1010 50% egg in-
fectious doses (EID50) (tables S1 to S3).

H5N1 virus virulence in mice correlates with
its virulence in humans (27, 28), but this corre-
lation has not been extended to ferrets (29). We
used BALB/c mice to evaluate the virulence of
our H5N1 reassortants by inoculating groups of
eight mice with different doses of DK/35(H5N1)
or SC/09(H1N1): DK/35(H5N1) had a mouse
lethal dose (MLD50; a dose lethal to 50% of mice)
of 2.6 log10 EID50 (fig. S2A), whereas the MLD50

of SC/09(H1N1) was 6.2 log10 EID50 (fig. S2B),
indicating a milder infection. Virus replication
was detected in the brains of mice that received
103 EID50 or higher doses of DK/35(H5N1)
but was detected in the brain of only one of three
mice that were inoculated with 106 EID50 of
SC/09(H1N1) (fig. S2C). We did not measure
the MLD50 of all 127 viruses; instead, we in-
fected mice with 103 EID50 of each reassortant
and scored them for replication in the brain
and their effect on mouse mortality. On day 5
post-inoculation (p.i.), three mice in each group
of eight were killed and their brain tissues were
collected for virus titration; the other five mice
were observed for a total of 14 days for body
weight changes and death.

The 127 viruses were categorized into three
groups according to their replication in the brain
and lethality in mice: (i) 54 viruses showed sim-
ilar pathogenicity to DK/35(H5N1); some vi-
ruses were lethal, but virus was not detected in the
brains of all three mice. Mice infected with these
viruses showed diversity in body weight changes
at the end of the observation period (Fig. 2A,
viruses shown in black, and table S1); (ii) 38
viruses were less pathogenic than DK/35(H5N1),
they were not detected in the brain of any mouse
killed on day 5 p.i., and the mice survived the
infection and gained body weight (except those
infected with the r23678 virus) (Fig. 2A, viruses
shown in blue, and table S2); and (iii) 35 viruses
were more pathogenic than DK/35(H5N1), they
were detected in the brains of all three mice killed
on day 5 p.i., all the remaining fivemice died [mean
time to death <10 days], and all lost 10 to 30% of
their body weight (Fig. 2A, viruses shown in red,
and table S3).

The activity of the influenza virus ribonucleo-
protein (RNP) complex (i.e., the products of the

PB2, PB1, PA, and NP genes) is important for
virus replication and virulence (30). The levels of
RNP activity at 33° and 37°C correlate with viral
replication efficiency in the upper and lower res-
piratory tracts, respectively (31, 32). One study
suggests that replication efficiency of influenza
virus in the upper respiratory tract favors viral
transmission (31). Therefore, we tested virus RNA
replication in human cells at both 33° and 37°C
to determine the activities of the 16 combinations
of RNP complex arising from DK/35(H5N1)
and SC/09(H1N1). In general, these RNP com-
plexes showed less activity at 33°C than at 37°C
(Fig. 2B), except for two combinations that
showed equivalent activity at both temperatures:
(i) DK/35(H5N1) PB2 and NPwith SC/09(H1N1)
PB1 and PA, and (ii) DK/35(H5N1) PB2, PB1,
andNPwith SC/09(H1N1) PA. At 37°C, the RNP
complex activity of wild-type DK/35(H5N1)was
about 35% that of wild-type SC/09(H1N1) (Fig.
2B). All seven hybrid RNP combinations con-
taining the SC/09(H1N1) PAwere more active
than the RNP of the parent SC/09(H1N1) at 37°C.
All hybrid RNP combinations containing the
SC/09(H1N1) PB1 and the DK/35(H5N1)PAwere
less active than theRNPofwild-typeDK/35(H5N1)
at 37°C. Other combinations had intermediate
activity.

A comparison of tables S1 to S3 with Fig. 2
reveals that 29 of the 32 viruses with an RNP
containing the SC/09(H1N1) PB1 and the
DK/35(H5N1) PA were less pathogenic than
DK/35(H5N1) (Fig. 2A, viruses shown in blue).
All viruses with greater pathogenicity than
DK/35(H5N1) contained an RNP that included
the SC/09(H1N1) PA (Fig. 2A, viruses shown
in red). The components of the RNP complex

therefore contribute to the virulence of the hy-
brid viruses in mice, and the combination of
the PA gene of SC/09(H1N1) and the PB1 gene
of DK/35(H5N1) elevates the virulence of the
reassortants.

We next determined whether any of these
reassortants were transmissible in mammals.
Guinea pigs and ferrets have been widely used
as animal models for influenza virus transmission
studies (2, 3, 19, 21, 33, 34), and human influ-
enza viruses transmit similarly in these two mod-
els (21, 35, 36). Respiratory droplet transmission
is restricted in ferrets if the virus does not ex-
clusively or preferentially bind to a-2,6-linked
SAs (37). Guinea pigs have both avian and mam-
malian types of airway receptor, but they did
not support the respiratory droplet transmission
of influenza virus that only binds to a-2,3-linked
SAs (21). We used guinea pigs to test for res-
piratory droplet transmission of our H5N1 re-
assortants. We compared SC/09(H1N1) with
DK/35(H5N1) plus reassortants r1, r12, r123,
r125, r13, r135, r15, r2, r23, r235, r25, r3, r35,
r5, and r1235 (the viruses listed in the first row
of Fig. 2A). These H5N1 viruses contain differ-
ent RNPs but have the sameHA, NA,M, and NS
genes of DK/35(H5N1). Two guinea pigs were
intranasally (i.n.) inoculated with 106 EID50 of
each virus, and 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 (Table 1).

Three guinea pigs were inoculated i.n. with
106 EID50 of the test virus and housed in sep-
arate cages within an isolator. Twenty-four hours
later, three naïve guinea pigs were placed in ad-

Fig. 1. Respiratory droplet transmission in guinea pigs of the DK/35 (H5N1) virus and its
reassortants bearing different RNP complexes. (A) DK/35(H5N1); (B) SC/09(H1N1); (C) r3; (D) r35.
Data for the 13 viruses that did not transmit are presented in fig. S3, A to M. Each color bar represents
the virus titer from an individual animal. The dashed red lines indicate the lower limit of detection.
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jacent cages. The six animals were separated by a
double-layered net divider (4 cm apart) (fig. S3).
Nasal washes were collected on days 2, 4, and
6 p.i. from the inoculated animals or on days 1, 3,
5, 7, and 9 post exposure (p.e.) from the exposed
animals and titrated in eggs to test for respiratory
droplet transmission. Sera were collected from
all animals on day 21 p.i. for hemagglutinin in-
hibition antibody detection. Respiratory droplet
transmission was confirmed when virus was de-
tected in the nasal washes and by seroconversion
of the naïve exposed animals at the end of the
3-week observation period.

Virus was detected in all directly infected
animals (Fig. 1 and fig. S4) and in all three ani-
mals exposed to the guinea pigs that had been
inoculated with SC/09(H1N1), r3 [containing the
PA of SC/09(H1N1)], and r35 [containing the PA
and NP of SC/09(H1N1)] (Fig. 1, B to D). Virus
was detected later in the r3-exposed animals than
in the r35-exposed animals, but no virus was de-
tected in any animal exposed to those inoculated
with DK/35(H5N1) (Fig. 1A) or the 13 hybrid
viruses containing SC/09 PB2 or PB1 in their
RNP complex (Table 1 and fig. S4). Six of these
reassortants (r123, r1235, r13, r135, r23, and
r235) had RNP complex activities comparable
to or higher than those of SC/09(H1N1) at 33°C

(Fig. 2B). We therefore repeated the transmission
experiments with these six viruses and the r3
and r35 reassortants and obtained the same results
(the combined data from both experiments are
shown in Fig. 1, C and D, and fig. S4, E to J).
Of note, r35 was detected earlier than wild-type
SC/09(H1N1) in the exposed animals (compare
Fig. 1, B and D). Seroconversion occurred in the
virus-inoculated animals and in all exposed ani-
mals that were virus-positive (Table 1). None of
the guinea pigs died. These results indicate that
the PA gene of SC/09(H1N1) alone can make
DK/35(H5N1) transmissible by respiratory drop-
let between guinea pigs. Furthermore, the addition
of the NP of SC/09(H1N1) appears to promote
the transmission of r3 by respiratory droplet, al-
though the NP of SC/09(H1N1) alone did not
support virus transmission. Viruses bearing the
PB2 or PB1 of SC/09(H1N1) in their RNP com-
plexes were not transmissible, even though some
also possessed the PA of SC/09(H1N1).

We also investigated the contributions of the
nonpolymerase genes of SC/09(H1N1) to trans-
mission by testing r678 and r1235678. Both viruses
replicated well in the nasal cavities and lungs of
guinea pigs (Table 1), and r1235678 and r678
were transmitted by respiratory droplet to two and
three naïve animals, respectively (Fig. 3, A andB).

The contributions of the individual NA, M,
and NS genes of SC/09(H1N1) to transmissi-
bility were tested using r6, r7, and r8. Respiratory
droplet transmission occurred in one of the three
naïve animals for the r6 and r7 groups (Fig. 3, C
and D). However, r8 transmitted to all three naïve
animals by respiratory droplet. The NA and M
genes are important for the highly transmissible
phenotype of the 2009/H1N1 virus (38–40), but
the NS gene was not previously known to function
in influenza virus transmission.We therefore repeated
the transmission experiment with r8 and found
that the results were reproducible (the combined
data from both experiments are shown in Fig. 3E).

Thus, both the PA and NS genes of SC/
09(H1N1) canmakeDK/35(H5N1) highly trans-
missible by respiratory droplet between guinea
pigs, and the NA and M of SC/09(H1N1) also
promote H5N1 virus transmission through respi-
ratory droplet. Moreover, the NP of SC/09(H1N1)
accelerates H5N1 virus transmission when com-
bined with the PA of SC/09(H1N1). Because
r3678 transmitted with high efficiency in guinea
pigs (Fig. 3F), other reassortants lethal to mice
may also be transmissible by respiratory droplet
between guinea pigs. Four viruses (r35, r678,
r8, and r3678) were detectable in the naïve ani-
mals by day 1 p.e., indicating that these viruses

Fig. 2. Correlation of the virulence and the polymerase activity of
H5N1 reassortants. (A) Pathogenicity of DK/35(H5N1) and SC/09(H1N1)
reassortants. The colors of the viruses reflect their virulence in mice relative
to DK/35(H5N1) as reported in tables S1 to S3 [red, more pathogenic than
DK/35(H5N1); blue, less pathogenic than DK/35(H5N1); black, similar to
DK/35(H5N1)]. Viruses highlighted in yellow were tested for respiratory
droplet transmission in guinea pigs. (B) Polymerase activity of the 16 RNP

combinations of DK/35(H5N1) and SC/09(H1N1) viruses. The assay was
performed at 37°C (red bars) or 33°C (blue bars). Values shown are means T
SD of three independent experiments and are standardized to those of DK/35
(H5N1) measured at 37°C (100%, indicated by the dashed line). The chart
below shows the parent subtype origin of the RNP complex. Segments derived
from DK/35(H5N1) and those derived from SC/09(H1N1) are denoted D and H,
respectively.
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transmitted faster than the parent SC/09(H1N1),
which was detected by day 3 p.e. (Fig. 1B). These
transmission studies indicate that many of the

H5N1 hybrid viruses bearing one or more of the
PA,NA,M, orNS genes of 2009/H1N1 were trans-
missible in guinea pigs.

Mutations in HA that confer exclusive bind-
ing to a-2,3-linked SAs eliminate the respiratory
droplet transmission of 1918/H1N1 virus among

Table 1. Replication and seroconversion of guinea pigs inoculated with
or exposed to the H5N1 virus DK/35 (H5N1) and its reassortants. In the
virus name, “r” denotes reassortant. The numbers in the virus name indicate
segments derived from the SC/09(H1N1) virus as follows: 1, PB2; 2, PB1; 3, PA; 5,
NP; 6, NA; 7, M; and 8, NS. The virus segments derived from the DK/35(H5N1)

virus were not assigned numbers. Gene segments derived from DK/35(H5N1) and
those derived from SC/09(H1N1) are denoted D and H, respectively. Viral titers
are shown as individual titers for both guinea pigs. Sera were collected from the
animals 3 weeks after virus inoculation or exposure; these animals were used for
the transmission studies shown in Figs. 2 and 3. HI, hemagglutinin inhibition.

Virus name
Genotype

Viral titers
(log10 EID50)

Seroconversion
(HI titers), positive/total Respiratory droplet

transmissionPB2 PB1 PA HA NP NA M NS Nasal Lung Inoculated Exposed

DK/35 (H5N1) D D D D D D D D 4.8, 3.5 2.8, 2.8 3/3 (40–80) 0/3 None
SC/09 (H1N1) H H H H H H H H 4.9, 5.2 3.3, 3.3 3/3 (320–1280) 3/3 (640) Highly efficient
r1 H D D D D D D D 3.5, 3.3 2.3, 3.3 3/3 (20–80) 0/3 None
r12 H H D D D D D D 4.5, 2.5 1.8, 3.8 3/3 (20–40) 0/3 None
r123* H H H D D D D D 4.8, 5.3 4.8, 3.5 6/6 (40–80) 0/6 None
r125 H H D D H D D D 4.5, 3.3 2.3, 3.3 3/3 (40–80) 0/3 None
r13* H D H D D D D D 4.8, 5.5 3.3, 1.8 6/6 (40–80) 0/6 None
r135* H D H D H D D D 4.3, 4.3 3.3, 2.3 6/6 (20–80) 0/6 None
r15 H D D D H D D D 2.3, 3.5 4.8, 2.5 3/3 (20–40) 0/3 None
r2 D H D D D D D D 4.8, 4.5 2.8, 2.5 3/3 (40–80) 0/3 None
r23* D H H D D D D D 3.3, 4.5 1.8, 2.8 6/6 (20–80) 0/6 None
r235* D H H D H D D D 4.3, 4.5 2.5, 2.8 6/6 (40–80) 0/6 None
r25 D H D D H D D D 5.5, 5.3 4.3, 4.8 3/3 (20–40) 0/3 None
r3* D D H D D D D D 5.5, 4.8 2.8, 3.5 6/6 (80) 6/6 (20–40) Highly efficient
r35* D D H D H D D D 4.3, 5.8 2.8, 2.8 6/6 (40–80) 6/6 (20–40) Highly efficient
r5 D D D D H D D D 5.5, 4.8 2.3, 1.3 3/3 (40–80) 0/3 None
r1235* H H H D H D D D 4.5, 4.3 2.5, 3.3 6/6 (20–80) 0/6 None
r1235678 H H H D H H H H 4.8, 4.8 3.3, 2.8 3/3 (40–80) 2/3 (10–20) Efficient
r678 D D D D D H H H 4.3, 4.8 4.8, 3.5 3/3 (40–80) 3/3 (10–80) Highly efficient
r6 D D D D D H D D 4.3, 4.5 2.3, 3.8 3/3 (80) 1/3 (20) Less efficient
r7 D D D D D D H D 4.5, 5.3 4.5, 5.5 3/3 (40–80) 1/3 (40) Less efficient
r8* D D D D D D D H 4.3, 4.8 4.5, 2.3 6/6 (20–160) 6/6 (20–80) Highly efficient
r3678 D D H D D H H H 5.5, 4.5 4.3, 3.8 3/3 (40–80) 3/3 (40–80) Highly efficient
*Each transmission experiment was conducted twice, and the combined data from both experiments are presented in the table.

Fig. 3. Contributions of the NA, M, and NS genes of SC/09 (H1N1) to respiratory droplet transmission of H5N1 reassortants in guinea
pigs. (A) r1235678; (B) r678; (C) r6; (D) r7; (E) r8 (data from two experiments); (F) r3678. Each color bar represents the virus titer from an individual
animal. The dashed red lines indicate the lower limit of detection.
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ferrets (37) and that of the 2009/H1N1 virus among
both guinea pigs and ferrets (21), even if the other
genes of these highly transmissible viruses are
intact. We performed a solid-phase binding assay
to investigate the receptor-binding specificity of
the H5N1 viruses by using four different glycans
(fig. S1). DK/35(H5N1), r3, r8, r35, r3678, and
twoH5N1viruses isolated in nature—A/bar-headed
goose/Qinghai/3/2005 and A/duck/Fujian/S4146/
2010—bound to both a-2,3-linked SAs and
a-2,6-linked SAs (fig. S1, A to G). A/duck/Anhui/
1/2006 bound preferentially to a-2,3-linked SAs
(fig. S1H). Although the affinity to a-2,6-linked
SAs was lower than that to a-2,3-linked SAs, this
property has been demonstrated to be required
for the transmission of DK/35(H5N1) among
guinea pigs by direct contact (19). It may there-
fore also be necessary for respiratory droplet trans-
mission of H5N1 reassortants among guinea pigs.

We previously reported a DK/35(H5N1)
mutant, DK/35(HA226L+228S), containing
two amino acid changes at positions 226 and
228 in HA bound exclusively to a-2,6-linked
SAs (19), and this property was further con-
firmed by the solid-phase binding assay (fig. S1I).
DK/35(HA226L+228S), containing the combi-
nation of amino acids 160T/226L/228S that
presented in the transmissible H5N1 virus re-
ported by Herfst et al. (3), did not transmit be-
tween guinea pigs by respiratory droplet (fig.
S4N), although very low virus titer was detected
in preliminary experiments in one of three ex-
posed ferrets (fig. S5F). We were unable to de-
termine whether the gene combinations of the
highly transmissible virus in guinea pigs would
also make the DK/35(HA226L+228S) mutant
transmissible in ferrets, because a moratorium
on such studies was applied between 20 January
2012 and 20 January 2013 (16, 17).

Our studies provide evidence that H5N1 vi-
ruses that are capable of respiratory droplet trans-
mission between mammals can be generated by
reassortment between mammalian 2009/H1N1
and avianH5N1viruses. Because the internal genes
of these reassortants can already replicate effi-
ciently inmammalian hosts, we predict that similar
reassortants could infect humans and subsequent-
ly acquire mutations that improve binding efficacy
for a-2,6-linked SAs. In fact, several combina-
tions of amino acid changes of 158D, 160A, 224K,
226L, and 228S inHA allow theH5N1virus to bind
to a-2,6-linked SAs (2, 3, 19), and themutations at
158D, 160A, and 224Khave already been detected
in H5N1 viruses circulating in nature (41).
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An Airborne Transmissible Avian
Influenza H5 Hemagglutinin
Seen at the Atomic Level
Wei Zhang,1,3* Yi Shi,1,2* Xishan Lu,4 Yuelong Shu,5 Jianxun Qi,1 George F. Gao1,2,3,4,5†

Recent studies have identified several mutations in the hemagglutinin (HA) protein that allow the highly
pathogenic avian H5N1 influenza A virus to transmit between mammals by airborne route. Here, we
determined the complex structures of wild-type and mutant HAs derived from an Indonesia H5N1 virus
bound to either avian or human receptor sialic acid analogs. A cis/trans conformational change in the
glycosidic linkage of the receptor analog was observed, which explains how the H5N1 virus alters its
receptor-binding preference. Furthermore, the mutant HA possessed low affinities for both avian and
human receptors. Our findings provide a structural and biophysical basis for the H5N1 adaptation to
acquire human, but maintain avian, receptor-binding properties.

In the past 100 years, only three subtypes of
influenza virus have adapted to human pop-
ulations to cause four pandemics: H1N1 in

1918 and 2009, H2N2 in 1957, and H3N2 in
1968 (1–3). Other subtypes (e.g., H5N1, H6N1,

H7N2, and H9N2) have caused epizootics in
domestic poultry in certain regions of the world
(4), with a recent H7N9 human infection in China
(5). H5N1 virus, especially, has spread through
wild and domestic bird populations across Asia

and into Europe, the Middle East, and Africa
(6, 7). H5N1 virus has also caused several hun-
dred sporadic cases of human infections with
high fatality (8–10), but it has not acquired the
ability to efficiently transmit among humans.

Two recent studies identified several muta-
tions that allow the H5N1 virus to become trans-
missible by airborne route in a ferret mammalian
model system, raising the question of whether
thesemutations can also confer airborne transmis-
sibility between humans (11, 12). Both reports
show that several mutations in hemagglutinin
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