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Preparedness for a possible influenza pandemic caused by highly
pathogenic avian influenza A subtype H5N1 has become a global
priority. The spread of the virus to Europe and continued human
infection in Southeast Asia have heightened pandemic concern. It
remains unknown from where the pandemic strain may emerge;
current attention is directed at Vietnam, Thailand, and, more
recently, Indonesia and China. Here, we report that genetically and
antigenically distinct sublineages of H5N1 virus have become
established in poultry in different geographical regions of South-
east Asia, indicating the long-term endemicity of the virus, and the
isolation of H5N1 virus from apparently healthy migratory birds in
southern China. Our data show that H5N1 influenza virus, has
continued to spread from its established source in southern China
to other regions through transport of poultry and bird migration.
The identification of regionally distinct sublineages contributes to
the understanding of the mechanism for the perpetuation and
spread of H5N1, providing information that is directly relevant to
control of the source of infection in poultry. It points to the
necessity of surveillance that is geographically broader than pre-
viously supposed and that includes H5N1 viruses of greater genetic
and antigenic diversity.
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H ighly pathogenic avian influenza (HPAI) A subtype H5N1
virus was initially isolated from geese in Guangdong Province,

China in 1996 (1). In the following years, this virus was repeatedly
isolated from poultry and occasionally caused disease in humans in
southern China (2, 3). Since late 2003, the H5N1 virus has expanded
its geographical range to affect poultry in East and Southeast Asia,
giving rise to �100 patients with severe human disease (4). The
expansion of its geographical distribution in poultry and its re-
peated interspecies transmission to humans make it a significant
pandemic threat, and preparedness for such a pandemic is a global
priority (5, 6). To plan strategies for the control of H5N1 influenza
in poultry and the consequent human health risk, it is critical that
the mechanisms of virus transmission and perpetuation are well
understood.

In May 2005, H5N1 virus caused an outbreak in migratory
waterfowl in Qinghai Lake, western China (7, 8): the first obser-
vation of sustained transmission within migratory waterfowl. The
likely source of this infection was thought to be from poultry in
southern China, and it was predicted that HPAI H5N1 might
spread to Europe through overlapping migratory flyways (7).
Subsequently, H5N1 influenza outbreaks have been reported in
Xinjiang and Tibet Autonomous regions of China, Kazakhstan,
Mongolia, Russian Siberia, Turkey, Croatia, and Romania, appar-

ently through the movement of migratory birds (9, 10). However,
the source of infection for these new outbreaks, including the initial
Qinghai outbreak, has not been fully determined. Whether or not
migratory birds could survive infection and carry H5N1 over long
distances also remains unanswered.

Our ongoing influenza virus surveillance in southern China
shows that H5N1 influenza viruses have been persistently circulat-
ing in market poultry populations and also revealed that those
viruses were present in apparently healthy migratory birds just
before their migration. Genetic analyses reveal that the endemicity
of the H5N1 viruses in domestic poultry has resulted in the
establishment of distinct regional virus sublineages. The findings of
this study demonstrate that H5N1 viruses can be transmitted over
long distances by migratory birds. However, viruses in domestic
poultry have evolved into distinct regional clades, suggesting that
transmission within poultry is the major mechanism for sustaining
H5N1 virus endemicity in this region.

Results
Surveillance. To clarify the role of migratory birds in the spread of
H5N1 virus, a total of 13,115 cloacal and fecal specimens of
migratory birds (including 4,674 from captured migratory ducks)
were collected during three winter seasons (2002–2005) in Mai Po
Marshes, Hong Kong and Poyang Lake, Jiangxi, two sites in China
at which large numbers of migratory birds over-winter (Fig. 1) (11).
Forty-four influenza A viruses of six hemagglutinin (HA) subtypes
were isolated (isolation rate, 0.34%), all of them from apparently
healthy migratory ducks (Table 1). Six HPAI H5N1 viruses were
isolated from apparently healthy migratory ducks at Poyang Lake
on two sampling occasions (January and March 2005) just before
their migration north. Two lowly pathogenic avian influenza
(LPAI) H5N3 viruses were also isolated from fecal matter of
migratory birds in Mai Po Marshes in November 2004. This finding
shows that HPAI H5N1 virus can be found in apparently healthy
migratory ducks.

As part of pandemic preparedness, systematic influenza surveil-
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lance of poultry markets has been ongoing since July 2000 but has
expanded to include a further three provinces in southern China
since July 2004. A total of 512 H5N1 influenza viruses (1.0%), along
with 3,051 (6.0%) other influenza A virus of diverse subtypes (H3,
H6, H9, H11, and others), were isolated from 51,121 samples
collected from apparently healthy birds in live-poultry markets of

southern China since January 2004 (Table 4, which is published as
supporting information on the PNAS web site). Domestic poultry
tested positive for H5N1 virus in 16 of the past 18 months between
January 1, 2004 and June 30, 2005. H5N1 virus was most frequently
isolated from ducks and geese (isolation rates, 1.8% and 1.9%,
respectively), followed by minor poultry (0.46%) and chicken
(0.26%) (Table 4). Therefore, H5N1 virus has persisted during this
period in various types of poultry in the markets of southern China.

Serological Analysis. To understand whether any H5 subtype-
infected migratory ducks have recovered from infection, neutral-
ization assays of 1,092 sera from captured migratory ducks, with a
representative HPAI H5N1 isolate from migratory duck (MDk�
JX�1653�05) and a low pathogenic H5N2 virus from a nearby
domestic duck farm (Dk�JX�3345�05), revealed 34 (3.1%) and 47
(4.3%) samples, respectively, to be positive. Most positive sera
showed neutralizing titers to both viruses, usually with 2- to 4-fold
higher titers to Dk�JX�3345�05 (H5N2) in comparison with MDk�
JX�1653�05 (H5N1) (data not shown). These findings suggest that
migratory ducks at Poyang Lake may have first been exposed to low
pathogenic H5-subtype viruses that may have provided partial
protection against HPAI H5N1 infection.

Antigenic Analysis. Antigenic analysis with mAbs and polyclonal
antisera against representative H5N1 viruses demonstrated a di-
versity of reaction patterns that differed according to the geograph-
ical origins of the viruses and generally corresponded to their
phylogenetic sublineages (Table 2). Notably, a ferret antiserum
against the current H5N1 virus human vaccine candidate VNM�
1203�04 (12) was reactive with most isolates from Vietnam but
reacted weakly with those from Guangdong (GD), Guangxi (GX),
Hunan (HN), Yunnan (YN), and Indonesia. Similarly, ferret anti-
serum to the Indonesian H5N1 isolate, Dk�IDN�MS�04, reacted
weakly with viruses from Vietnam and with the migratory bird
viruses from Jiangxi (JX) and Qinghai (QH). It was also noted that
MDk�JX�2136�05 from migratory duck at Poyang Lake had a
similar reaction pattern as bar-headed goose, BH goose�QH�65�
05. The mAb reaction profiles confirmed the diversity of antigenic
crossreactions (Table 2).

Pathogenicity Tests. Most of the ducks infected with MDk�JX�
1653�05 and MDk�JX�1657�05 survived (seven of nine and five of
nine, respectively) and continued to shed virus for up to 3 days
postinfection (Table 3). All nine ducks infected with BH goose�
QH�65�05 survived, and three ducks shed this virus for up to 7 days
postinfection. All geese infected with BH goose�QH�65�05 died
before day 7 (Table 3). Experimentally infected ducks shed virus

Fig. 1. Map of eastern Asia showing Fujian, Guangdong, Guangxi, Guizhou,
Hong Kong, Hunan, and Yunnan where influenza surveillance was conducted
and the locations of Poyang and Qinghai Lakes. Following are the genotypes
of H5N1 viruses tested in poultry from each Province in our surveillance
program in southern China since 2004, plus data from migratory birds at
Poyang and Qinghai Lakes: Guangxi, genotypes W (15), Z (5), and G (3); Hunan,
genotypes Z (13) and G (3); Fujian, genotype Z (2); Yunnan, genotype Z (4);
Guangdong, genotype Z (7); Poyang Lake, genotypes Z (3) and V (3); Qinghai
Lake, genotype Z (20). (Scale bar: 500 km.)

Table 1. Influenza viruses isolated from migratory birds in Mai Po Marshes and Poyang
Lake, China

Sampling period* Bird†

No. of
samples

HA subtype and no. of isolates‡

H1 H3 H4 H5 H6 H10

Nov 2003–Jan 2004 (PL) Migratory duck (C) 205 3 0 2 0 2 0
Migratory duck (F) 587 0 1 2 0 2 2
Migratory goose (F) 250 0 0 0 0 0 0

Oct 2003–Mar 2004 (MP) Migratory duck (F) 6,005 0 0 5 2 2 5
Oct 2004–Mar 2005 (PL) Migratory duck (C) 4,316 2 2 3 6 2 1

Total 13,115 5 3 12 8 8 8

C, cloacal; F, fecal; MP, Mai Po Marshes; PL, Poyang Lake.
*Earlier sampling at Poyang Lake, December 2002 to February 2003 (153 tracheal swabs, 419 fecal swabs from
migratory ducks; 602 fecal swabs from migratory geese; 578 fecal swabs from swans) yielded no influenza viruses.

†Migratory ducks included falcated teal (Anas falcata), mallard ducks (Anas platyrhynchos), and spot-billed ducks
(Anas poecilorhyncha). Subtypes were identified by using World Health Organization reference anti-sera and H5
anti-sera available in our laboratory and were confirmed by PCR and sequencing reactions.

‡An additional 30 isolates from migratory ducks could not be identified with the reference anti-sera.
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throughout the experiment. Because these viruses, isolated from
migratory duck, are not invariably fatal for ducks, there is a
possibility that migratory ducks could harbor the virus and have the
potential to transmit interregionally during migration.

Phylogenetic Analysis. To elucidate the evolution and ecology of
H5N1 viruses in Asia, we sequenced 69 viruses isolated in China
since January 2004 and 52 viruses isolated in Indonesia, Malaysia,
and Vietnam between August 2003 and May 2005. Phylogenetic
analysis of the HA gene revealed that the HA of all viruses tested
had originated from the Gs�GD�1�96-like (Gs�GD-like) lineage
and generally formed distinct sublineages that corresponded to
their geographic origins (Fig. 2A). The viruses isolated in Vietnam,
Thailand, and Malaysia (VTM) in 2003–2005 belonged to a sub-
lineage closely related to the GD sublineage of viruses isolated from
domestic and migratory birds in Hong Kong in late 2002 and early
2003. Similarly, viruses isolated in HN, YN, and IDN from 2003
onward formed independent sublineages (Fig. 2A). Phylogenetic
analysis of the nucleoprotein (NP) gene, along with the neuramin-

idase (NA) and other internal gene segments, confirmed that these
sublineages had been established from H5N1 viruses isolated from
2002 onward (Fig. 2B; and also see Figs. 4–9, which are published
as supporting information on the PNAS web site). These regionally
distinct sublineages of H5N1 influenza virus demonstrate the
long-term endemicity of the viruses in those regions of Asia.

Remarkably, one of the viruses isolated in May 2005 in Vietnam
(Dk�Vietnam�568�05) was not closely related to other viruses
isolated after 2003 in Vietnam and Thailand; instead, all of their
gene segments clustered with those of from a virus isolated in
January 2005 in Guangxi, China (Gs�GX�345�05). This finding
suggests that the virus had likely been recently introduced to
Vietnam from Guangxi through poultry movement. These viruses
had seven genotype Z-like genes and a genotype W-like (Gs�GD-
like) PB2 gene. This reassortant genotype had not been recognized
previously, and so it was designated as genotype G (Fig. 3) (2, 13).

Phylogenetic analysis also revealed that the viruses isolated from
migratory ducks at Poyang Lake belonged to two different H5N1
genotypes: Z (MDk�JX�1653�05, MDk�JX�1657�05, MDk�JX�

Table 2. Antigenic analysis of H5N1 influenza viruses from different regions in Asia by HA inhibition titer

Virus Sublineage*

mAb to Ck�PA�1370�83 mAb to Ck�HK�YU22�02
mAb to

VNM�1203�04 Antisera

CP25 CP58 CP176�26 3C8 7C6 8H11 10H4D2 15A3 1203�04 MS�04 437.4�99

Ck�PA�1370�83 Reference 12,800 12,800 12,800 12,800 12,800 12,800 12,800 12,800 160 80 80
Gs�HK�437.10�99 3,200 12,800 12,800 800 12,800 12,800 12,800 12,800 1,280 � 1280
Dk�HK�2986.1�00 1,600 6,400 1,600 6,400 12,800 12,800 12,800 12,800 1,280 � 640
Ck�HK�YU22�02 200 � 200 6,400 1,600 1,600 12,800 12,800 � 80 640
Dk�HN�5806�03 HN � 1,600 12,800 12,800 800 12,800 12,800 � � 80 320
Ck�HN�999�05 � 200 12,800 6,400 1,600 6,400 12,800 � � 80 80
Dk�YN�6445�03 YN � � 200 3,200 400 800 � 200 � 160 320
Ck�YN�115�04 � 200 400 6,400 800 1,600 400 400 � 80 320
Ck�YN�447�05 � 1,600 1,600 1,600 � 400 � � � � �

Ck�Indonesia�BL�03 IDN � � 800 12,800 1,600 12,800 � 800 � 320 640
Dk�Indonesia�MS�04 � � 400 12,800 1,600 3,200 � 400 � 160 640
Ck�Wajo�BBVM�05 � � 400 � 400 1600 � � � 160 320
Vietnam�1194�04 VTM 400 200 � 12,800 6,400 � 12,800 12,800 2,560 � 640
Vietnam�1203�04 800 400 � 6,400 6,400 � 12,800 12,800 1,280 � 1,280
Thailand�1(Kan-1)�04 � � � 12,800 12,800 � 12,800 12,800 5,120 � 1,280
Dk�Vietnam�11�04 400 12,800 � 6,400 3,200 800 12,800 12,800 1,280 � 640
Dk�Vietnam�S654�05 � � � 800 400 � 1,600 200 160 � 160
Dk�Vietnam�568�05 VNM2 � � � � � � � � � � �

HK�212�03 GD 800 200 200 12,800 12,800 800 12,800 12,800 160 320 2,560
Gs�GX�345�05 Mixed � � � 6,400 � 200 � 200 � � �

Ck�ST�810�05 � � � 800 � � � � � � �

MDk�JX�1653�05 MB 400 800 200 � 3,200 3,200 6,400 6,400 � � 640
MDk�JX�2136�05 � 800 12,800 12,800 400 12,800 200 200 � � 160
BH goose�QH�65�05 � 800 12,800 12,800 400 12,800 � � � � �

�, lowest dilution tested: 1:100 for monoclonal antibody titres, 1:40 for ferret and chicken anti-sera. 437.4�99, Gs�HK�437.4�99; 1203�04, VNM�1203�04; GD;
Guangdong; HN, Hunan; IDN, Indonesia; MB, migratory bird; MS�04, Dk�IDN�MS�04; VNM2, recent Vietnam introduction; VTM, Vietnam�Thailand�Malaysia;
YN, Yunnan. Underlined numbers indicate titers to prototype viruses.
*Viruses were selected from each of the sub-sublineages as defined by phylogenetic analysis of the HA gene (Fig. 2A).

Table 3. Pathogenicity of H5N1 viruses from migratory birds

Strain

Day 3 p.i. Day 7 p.i. Day 11 p.i.

Ducks Geese Ducks Geese Ducks Geese

MDk�1653�JX�05 2�9 (7)* ND 2�9 (3) ND 2�9 (2) ND
MDk�1657�JX�05 2�9 (7) 1�6 (5) 4�9 (0) 6�6 (0) 4�9 (0) †

BH goose�QH�65�05 0�9 (9) 0�6 (6) 0�9 (3) 6�6 (0) 0�9 (0) †

ND, not determined; p.i., postinfection.
*Number of birds died�number tested (number shedding).
†All geese died.
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1701�05) and V (MDk�JX�2136�05, MDk�JX�2295�05, MDk�
JX�2300�05). The matrix (M), nonstructural (NS), polymerase
acidic (PA), polymerase basic (PB) 1, and PB2 genes of isolates
from an outbreak at Qinghai Lake in central China (represented by
BH goose�QH�65�05; genotype Z) clustered with those of MDk�
JX�1653�05 (genotype Z), whereas the HA, NA, and NP genes of
the Qinghai Lake isolates grouped with those of MDk�JX�2136�05
(genotype V), both of which were isolated from Poyang Lake in
January and March 2005, respectively. Thus, all eight gene segments
of viruses from the Qinghai Lake outbreak in central China can be
traced to the H5N1 viruses isolated from migratory ducks at Poyang
Lake in southeast China, �1,700 km distant, indicating that mi-
gratory birds can disseminate the virus over long distances.

Molecular Characterization. All viruses characterized in this study
maintained the motif of multiple basic amino acids at the HA

cleavage site characteristic of HPAI. The receptor binding pocket
of HA1 retains amino acid residues Gln 222 and Gly 224 (H5
numbering used throughout) that preferentially bind to 2,3-
NeuAcGal linkages of avian cell-surface receptors (14). Other
amino acid residues relevant to receptor binding were identical to
those of HK�156�97 and Gs�GD-like viruses (15), with the excep-
tion of two viruses from Yunnan (Ck�YN�447�05 and Ck�YN�
493�05) that had an Ala-149-Ser mutation. Comparison of the
deduced amino acid sequences of the H5N1 viruses in this study
with sequence data available from GenBank identified two HA
residues (Ile-99 and Asn-268) and one NA residue (Arg-110) that
seemed to be unique to viruses isolated from migratory birds at
Qinghai and Poyang Lakes. Furthermore, the presence of an R3G
mutation at position �8 of the HA1 connecting peptide was
observed only in MDk�JX�2136�05, MDk�JX�2295�05, MDk�

Fig. 2. Phylogenetic relationships of the HA (A) and NP (B) genes of representative influenza A viruses isolated in Asia. Trees were generated by the
neighbor-joining method in the PAUP* program (35) (maximum-likelihood and Bayesian analysis revealed the same relationships). Numbers above and below
branches indicate neighbor-joining bootstrap values and Bayesian posterior probabilities. Not all supports are shown due to space constraints. Analysis was based
on nucleotides 1–1696 of the HA gene and 1–990 of the NP gene. The HA tree was rooted to Gs�GD�1�96 and the NP tree to Dk�HK�Y280�97. (Scale bar: 0.01
substitutions per site.) Purple, viruses from Indonesia; red, viruses from Vietnam, Thailand, and Malaysia; green (genotype V) and blue (genotype Z), viruses
isolated from migratory birds; brown, viruses isolated from poultry in Hunan and Yunnan in late 2004 and early 2005. GD, Guangdong; HN, Hunan; IDN, Indonesia;
MB, migratory bird; YN, Yunnan; VNM2, recent Vietnam introduction; VTM, Vietnam�Thailand�Malaysia. *, Because 90% of the poultry consumed in Hong Kong
was imported from Guangdong, the viruses isolated from domestic and migratory birds in Hong Kong were designated as belonging to the GD sublineage.
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JX�2300�05, and all isolates from Qinghai Lake. This result was
also reported in H5N1 viruses isolated from the recent Siberian
outbreak (9, 10). It remains to be determined whether these amino
acid substitutions are host adaptation signatures.

Of the viruses characterized in this study, only three from China
(Dk�GX�351�04, Dk�GX�380�04, and Dk�ST�4610�03) and
three from Southeast Asia (Ck�MYS�5858�04, Ck�Salatiga�
BBVet-I�05, and Dk�VNM�S654�05) had the Ser-31-Asn muta-
tion in the M2 protein that confers resistance to amantadine (16).
All other viruses have residues indicating sensitivity to amantadine.
No viruses characterized in this study had Lys-627 in the PB2 gene
or Glu-92 in the NS1 protein, both mutations that are reportedly
associated with increased virulence of H5N1 and H7N7 viruses
(17–19).

Discussion
The likelihood of an H5N1 influenza pandemic seems high, and the
consequences could be catastrophic. Recent findings suggest that
the 1918 ‘‘Spanish flu’’ pandemic may have resulted from a similar
interspecies transmission event in which a purely avian virus
adapted directly to human-to-human transmission without prior
reassortment (20). Our results demonstrate that long-term ende-
micity of H5N1 viruses in different regions of Asia has resulted in
the establishment of regional sublineages.

This study confirms the continued dominance of H5N1 genotype
Z virus in most regions in Asia (in the sublineages VTM, GD, HN,
YN, and IDN). However, viruses isolated from some provinces of
southern China (Guangdong, Guangxi, and Hunan; in the sublin-
eages Mixed) are more diverse, containing genotypes Z, V, W, and
G (Figs. 1 and 3) (13). This diversity is likely a reflection of the
movement of poultry and the continued circulation of these viruses
among these adjacent provinces (Fig. 1). Because the precursor of
these H5N1 viruses, Gs�GD�1�96, was originally detected in
southern China in 1996 (1) and because H5N1 viruses in this region
have the greatest genetic diversity, southern China is the most likely
source of the emergent and reemergent HPAI H5N1 influenza
viruses. This finding supports the ‘‘influenza epicenter’’ hypothesis
(21), which argues that southern China is the epicenter from which
influenza pandemics emerge.

Phylogenetic analysis of all gene segments of the H5N1 viruses
in this study allowed us to track the origins of the viruses and the
mechanisms of their transmission (poultry transport or bird migra-
tion). Genetic relatedness of gene segments of H5N1 viruses
isolated at Poyang and Qinghai Lakes (Figs. 1, 2, and 4–9) strongly
argues that migrating birds can transfer the virus over long dis-
tances. As revealed by virus neutralization and pathogenicity tests
(Table 3), these HPAI H5N1 viruses isolated from apparently
healthy migratory ducks are not invariably fatal, and surviving
ducks may shed virus for as long as 7 days after infection in those
experimental ducks. This result was also observed in previous
experiments with different H5N1 strains (22). Therefore, migratory
ducks at Poyang Lake could have survived infection with the HPAI
H5N1 virus and transmitted the virus over long distances during

migration. This possibility may provide insight into reported H5N1
outbreaks in Mongolia, Siberian Russia, and Europe that have been
linked to migratory birds (10). Previously, it has been shown that
LPAI could be transmitted from migratory birds to domestic
poultry and subsequently acquire a multibasic amino acid cleavage
site and gain virulence (23). However, because precursors of both
the genotype V and Z viruses isolated from migratory ducks at
Poyang Lake were identified in domestic poultry in southern China
(Figs. 1, 2, and 4–9), it is more likely that the migratory ducks were
infected by local poultry while over-wintering in southern China.

The establishment of regional virus sublineages suggests that
H5N1 virus is perpetuated in poultry largely through the movement
of poultry and poultry products rather than by continued reintro-
duction of viruses by migrating birds. The direct precursor of the
dominant genotype Z viruses of the VTM sublineage has not been
clearly identified. Phylogenetic analysis suggests that the VTM
sublineage is derived from southern China, but systematic surveil-
lance data from this period are lacking. Another introduction of
H5N1 viruses from Guangxi to adjacent Vietnam seems to have
occurred in early 2005, as demonstrated by the genotype G pre-
cursor virus Gs�GX�345�05 and the derivative Dk�Vietnam�
345�05 and Dk�Vietnam�568�05 isolates. A similar introduction
may have occurred in 2001, because the HA gene of the viruses
Gs�Vietnam�113�01 and Gs�Vietnam�324�01, isolated from live-
poultry markets in Hanoi in October 2001, was derived from the
HA of Dk�GX�22�01 (Fig. 2A) (24, 25).

We have shown that H5N1 virus has persisted in its birthplace,
southern China (1), for almost 10 yr and has been repeatedly
introduced into neighboring (e.g., Vietnam) and distant (e.g.,
Indonesia) regions, establishing ‘‘colonies’’ of H5N1 virus through-
out Asia that directly exacerbate the pandemic threat. The best
approach to avert the threat is to control H5N1 virus infection at
its source, domestic poultry. Experience in Hong Kong (26), Japan
(27), and South Korea (28) has shown that early detection and
large-scale culling of infected poultry, combined with other mea-
sures, is effective in controlling this HPAI H5N1 influenza (10).
Control measures in China, Indonesia, Thailand, and Vietnam have
been less effective, allowing the establishment of virus endemicity
and repeated interspecies transmission to humans (4, 29). Our
results indicate that H5N1 virus has been introduced into Vietnam
from southern China on multiple occasions; in 2001, 2003, and 2005.
Therefore, control of this regional epizootic and its attendant
pandemic threat requires that the source of virus in southern China
be contained.

The antigenic diversity of viruses currently circulating in South-
east Asia and southern China challenges the wisdom of reliance on
a single human vaccine candidate virus for pandemic preparedness;
the choice of candidate viruses for development of human vaccines
must reflect the antigenic diversity observed across this wider
region. Furthermore, antigenic drift observed over time within
those H5N1 sublineages highlights the necessity of continually
updating the candidate virus chosen for future H5N1 vaccines.
These concepts are critical for the control of this pandemic threat.

Methods
Virological Surveillance, Isolation, and Characterization. Cloacal, tra-
cheal, and fecal samples were collected once every 7–10 days from
apparently healthy poultry in live poultry markets in Fujian, Guang-
dong, Guangxi, Guizhou, Hong Kong, Hunan and Yunnan. Sur-
veillance of migratory birds was conducted at Poyang Lake and Mai
Po Marshes. Fecal swabs were collected at islets where birds
aggregated; birds were briefly captured for cloacal sampling and
released. Poyang Lake, located in north Jiangxi Province, is the
largest freshwater lake in China. Mai Po Marshes are in northwest-
ern Hong Kong, at the border with mainland China. Both are major
over-wintering sites for migratory birds in eastern Asia (11).
Migratory birds usually arrive in September and leave in April.

Viruses were grown in embryonated eggs, and isolates were

Fig. 3. Genotypes of H5N1 influenza reassortants in Asia. The eight gene
segments are (horizontal bars starting at the top downward): PB2, PB1, PA,
HA, NP, NA, M, and NS. Each color represents a virus lineage, with red
indicating origin from Gs�GD�1�96. The definition of genotypes and the
generation of genotypes Z, Z�, V, and W have been described (13). Novel
genotype G seems to have resulted from reassortment between genotypes Z
and W circulating in southern China.
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identified and subtyped by using reference antisera as described
(30). Sera of migratory ducks (n � 1,092) from Poyang Lake,
collected from November 2004 to January 2005, were tested by
neutralization assay for antibodies against the representative iso-
lates MDk�JX�1653�05 (H5N1) and Dk�JX�3345�05 (H5N2),
both viruses isolated from samples from Poyang Lake during the
same season and with HA homology of 90%. Sera were screened
at a 1:4 dilution against 100 TCID50 (50% tissue culture infective
dose) of the viruses MDk�JX�1653�05 (H5N1) and MDk�JX�
3345�05 (H5N2) to exclude negative samples. Titers �16 were
regarded as positive.

Antigenic Analysis. The antigenic characteristics of the H5N1 influ-
enza viruses from different regions were compared by HA inhibi-
tion (HI) assay with mAbs and polyclonal antisera to H5 subtype
viruses as described (2). The mAbs 3C8, 7C6, 8H11, and 10H4D2
to the HA of Ck�HK�YU22�02 were produced in our laboratories,
and mAb 15A3 to the HA of VNM�1203�04 was produced by the
Department of Infectious Diseases at St. Jude Children’s Research
Hospital.

Pathogenicity Tests. Nine 4-week-old mallard ducks (Anas platy-
rhynchos) and four 4-week-old Chinese geese (Anser cygnoides)
were intranasally inoculated as described (31) with 8.75 log10 EID50
(50% egg infective dose) of the viruses MDk�JX�1653�05, MDk�
JX�1657�05, or BH goose�QH�65�05 in a 1-ml volume. Birds were
monitored daily for signs of illness; cloacal and tracheal samples
were collected on days 3, 7, and 11 after inoculation. All pathoge-
nicity tests were conducted in biosafety level 3 facilities.

Phylogenetic Analysis and Molecular Characterization. To understand
the interrelationship of H5N1 viruses isolated from migratory birds
and poultry, we analyzed 20 isolates from a 2005 Qinghai Lake

outbreak in migratory waterfowl, all six isolates from migratory
ducks at Poyang Lake, 46 of 512 (9%) isolates from live poultry
markets in seven provinces in southern China in 2004–2005, 52
viruses isolated from poultry in Indonesia and Vietnam in 2004–
2005, and two viruses from Malaysia. Genetic characterization and
analysis of all eight gene segments of these H5N1 viruses, together
with virus sequence data available in GenBank, were conducted.

RNA extraction, cDNA synthesis, and PCR were carried out as
described (32). Sequencing was performed by using BigDye Ter-
minator v3.1 Cycle Sequencing Kit on an ABI PRISM 3700 DNA
Analyzer (Applied Biosystems) following the manufacturer’s in-
structions. All eight gene segments of these viruses were charac-
terized and phylogenetically analyzed together with virus sequence
data available in GenBank. All sequences were assembled and
edited with LASERGENE 6.0 (DNASTAR, Madison, WI); BIOEDIT 7
was used for alignment and residue analysis (33). The program
MRMODELTEST 2.2 (34) was used to determine the appropriate DNA
substitution model and � rate heterogeneity. The generated model
was used in all subsequent analyses. Neighbor-joining (NJ) and
maximum-likelihood trees were constructed by using PAUP* 4.0 (35).
Bayesian analysis was conducted with MRBAYES 3.0 (36) by using two
replicates of 1 million generations. Estimates of the phylogenies
were calculated by performing 1,000 NJ bootstrap replicates, and
Bayesian posterior probabilities were calculated from the consensus
of 14,000 trees after excluding the first 3,000 trees as burnin. All
eight genes were sequenced for each virus isolate.
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