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Human infections of H5N1 highly pathogenic avian influenza virus have continued to occur in China without
corresponding outbreaks in poultry, and there is little conclusive evidence of the source of these infections.
Seeking to identify the source of the human infections, we sequenced 31 H5N1 viruses isolated from humans
in China (2005 to 2010). We found a number of viral genotypes, not all of which have similar known avian virus
counterparts. Guided by patient questionnaire data, we also obtained environmental samples from live poultry
markets and dwellings frequented by six individuals prior to disease onset (2008 and 2009). H5N1 viruses were
isolated from 4 of the 6 live poultry markets sampled. In each case, the genetic sequences of the environmental
and corresponding human isolates were highly similar, demonstrating a link between human infection and live
poultry markets. Therefore, infection control measures in live poultry markets are likely to reduce human
H5N1 infection in China.

The first confirmed human case of H5N1 highly pathogenic
avian influenza (HPAI) was detected in Hong Kong in 1997.
Of the 18 patients confirmed to be infected, 6 succumbed (5,
19, 33). Massive slaughter of poultry, which were the primary
source of the viruses, stopped the human outbreak (16). How-
ever, in November 2003, two further human cases were iden-
tified in Hong Kong, confirming that the viruses continued to
circulate in the region (14). H5N1 viruses have now spread to
avian species in many countries (9), all the while undergoing
mutation and frequent reassortment. As of 12 February 2011,
there had been 520 laboratory-documented human cases, 307
of which were fatal (27). Although no sustained human-to-
human transmission has been confirmed, several family clus-
ters have been reported.

More than 40 genotypes of H5N1 viruses were identified
in China between 1996 and 2006 (6, 34). After poultry out-
breaks in 2004, massive H5N1 vaccination campaigns were
initiated to prevent both further outbreaks and subsequent
spread to humans. From January to September 2006 alone,
approximately 8.2 billion poultry were vaccinated in China
(12). The vaccination campaign rapidly reduced the number
of H5N1 outbreaks in poultry from 50 in 2004 to 32 in 2005

and then to only 12 in 2006. There have been very few
subsequent outbreaks detected on domestic poultry farms,
but sporadic human H5N1 infections continued to occur in
China. The most recent case was identified in China on 4
June 2010 after the introduction of the 2009 H1N1 influenza
pandemic. With the threat of a new pandemic strain caused
by reassortment between H5N1 HPAIV and 2009 H1N1
pandemic viruses, it is important to identify the direct
sources of the sporadic human H5N1 cases so that effective
prevention and control can be developed.

Live poultry markets have been termed potential “hotbeds”
of influenza A viruses, but their role in human H5N1 infection
has not been firmly established. Live poultry markets have
been speculated to be a major risk factor for human infection.
Based on a retrospective epidemiology study, it was recently
reported that most patients in urban areas in China during
2005 and 2006 visited live bird markets (32). However, there
has been a lack of direct evidence showing an association
between human isolates and those from live poultry markets.
On the other hand, various subtypes, including H5N1 HPAIV,
have been isolated from poultry or the environment in Asian
markets (8, 9, 13, 18; H. L. Yen et al., presented at the World
Congress on Options for the Control of Influenza IV, Excerpta
Medica, Amsterdam, The Netherlands, 2001). Genotypic ana-
lyses suggest that the genotypes present in the live poultry
markets periodically change as these viruses evolve (10; H. L.
Yen et al., presented at the World Congress on Options for the
Control of Influenza IV, Excerpta Medica, Amsterdam, The
Netherlands, 2001).

In this study, we sequenced the genomes of 31 H5N1
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HPAIVs identified by the Chinese National Influenza Center
(CNIC) as having been isolated from humans between Novem-
ber 2005 and June 2010. We found that these isolates com-
prised multiple genotypes. To identify the direct sources of
recent human infections, we collected environmental samples
associated with six of the seven 2009 cases. Phylogenetic ana-
lyses and sequence comparisons strongly suggested that live
poultry markets were the direct source of infection. These
findings show that the live bird markets are likely to be a major
factor in human H5N1 infections in China.

MATERIALS AND METHODS

Patients, sample collection, and virus isolation. A confirmed case of H5N1
infection was defined as a case of pneumonia- or influenza-like illness with
laboratory evidence of H5N1 infection based on multiple methods, including
viral culture, reverse transcriptase PCR (RT-PCR), real-time PCR, and/or a
serology test (30, 36). Briefly, each sample was tested by real-time PCR using
matrix gene-specific primers, as well as H5 hemagglutinin (HA) and N1 neur-

aminidase (NA) gene-specific primers. If any real-time RT-PCR was positive, the
samples were inoculated into three specific-pathogen-free (SPF) embryonated
chicken eggs for viral isolation. The HA and NA subtypes of the viral isolates
were determined through both antigenic characterization using hemagglutina-
tion inhibition (HI) and neuraminidase inhibition assays and genetic character-
ization through sequences.

For six patients who presented during the 2008–2009 season, environmental
samples were collected from patient households and from live poultry markets
visited within 2 weeks before the onset of illness. The environmental samples
comprised swabs of feces or bird droplets on the floors of cages in the live poultry
markets and water on the floors or in ditches of the live poultry markets or the
households. The swabs were placed in Hank’s or Eagle’s medium with 0.5%
bovine serum albumin (BSA) and antibiotics and shipped to Beijing at 4°C within
24 h. Samples not shipped immediately were kept frozen at or below �70°C until
shipment. The environmental and clinical samples were processed using the
same procedures. Viruses were isolated in SPF embryonated chicken eggs in
enhanced biosafety level 3 (BSL3) facilities at the CNIC (28).

RNA extraction, RT-PCR, real-time PCR, and genomic sequencing. RNA
extraction was performed using the QIAamp Virus RNA Mini Kit (Qiagen,
Shanghai, China). Real-time PCR assays were performed using a QuantiTect
Probe RT-PCR Kit (Qiagen, Shanghai, China). The genomes of all H5N1 iso-

FIG. 1. Geographic distribution of 38 confirmed human cases of H5N1 avian influenza in China, November 2005 to May 2010; 24 of these cases
were fatal. The virus genotypes are color coded (see Fig. S1 and Table S1 in the supplemental material).
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lates were fully sequenced using a BigDye Terminator v3.1 Cycle Sequencing Kit
(AB) and AB 3730 analyzer.

Identification of precursor candidates. We applied the complete composition
vector (CCV)-minimum spanning tree (MST) method (1, 23) (available at http:
//sysbio.cvm.msstate.edu/IPMiner). Briefly, we constructed a genetic distance
matrix using CCV and then applied MST to group sequences separated by small
evolutionary distances. This method efficiently analyzes a large number of se-
quences and identifies potential precursors as viruses showing the smallest ge-
netic distance from an isolate. Phylogenetic tree construction, statistical valida-
tion by bootstrap analysis, and selection of potential precursors have been
described elsewhere (22).

Phylogenetic analysis. Phylogenetic trees were generated by using the maxi-
mum likelihood method in Garli version 0.95 (37), and the bootstrap values were
generated by using neighbor-joining methods implemented in PAUP* version 4.0
beta (20). Clades were assigned on the basis of the WHO H5N1 nomenclature
(29).

Antigenic cartography construction. Influenza antigenic cartography is anal-
ogous to geographic cartography, and it projects influenza antigens (viruses) onto
a two- or three-dimensional map, through which we can visualize and measure
the antigenic distances between influenza antigens (viruses) as we visualize and
measure geographic distances between cities in geographic cartography. The
antigenic cartography was constructed using AntigenMap (http://sysbio.cvm
.msstate.edu/AntigenMap) (2, 3) based on the HI assays, which were performed
using horse red blood cell (HRBC) and chicken reference antisera. As a com-
parison, the HI assays were also performed using HRBC and three ferret refer-
ence antisera, including those against A/Indonesia/1/05(H5N1) (clade 2.1),
A/Turkey/1/05(H5N1) (clade 2.2), and A/Anhui/1/05(H5N1) (clade 2.3.4) (see
Table S3 in the supplemental material).

RESULTS

Human H5N1 cases in China. Between October 2005 and
June 2010, there were 38 confirmed human cases of H5N1
infection in China, with a mortality rate of 65.7% (see Table S1
in the supplemental material). These cases were widely distrib-
uted across 17 districts or provinces (Fig. 1) and occurred in
individuals aged 2 to 62 years (median, 32 years). No signifi-
cant geographic clusters were found, although one possible
case of human-to-human transmission was detected (24). As
part of the national enhanced human avian influenza surveil-
lance program, patients who were confirmed to have H5N1
infection were asked to complete a questionnaire and epide-
miological investigation (http://www.moh.gov.cn/uploadfile
/200671294330162.doc) that included their activities within 2
weeks before the onset of the clinical disease, such as the avian
influenza cases/outbreaks nearby; the history of bird and other
animal exposure; the history of bird and other animal-slaugh-
tering and meat-processing work; the history of avian influenza
exposure in a laboratory environment; the details of travels,
including live bird market visits; and the patients’ living envi-
ronments, including backyard and wild bird and other animal
activity status. The questionnaire data showed that only 3 cases
were associated with known H5N1 outbreaks in poultry,
whereas 20 cases were associated with contact with sick or dead
birds and 11 cases were associated with visits to live poultry
markets (Table 1). These findings were consistent with previ-
ous reports suggesting that direct contact with sick or dead
birds and visits to live poultry markets are major risk factors for
human H5N1 infection in China (15, 35). Interestingly, five of
nine recent cases were associated with neither avian outbreaks
nor dead birds (see Table S1 in the supplemental material).

Genetic and antigenic diversity of H5N1 isolates. To identify
the genetic composition of the human isolates and to identify
their closest avian equivalents, we fully sequenced the 31 avail-
able isolates from the 38 confirmed H5N1 cases (see Table S2
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in the supplemental material). Phylogenetic analysis of the HA
genes showed that 28 isolates belonged to clade 2.3.4, 1 (Xin-
jiang, 2006) belonged to clade 2.2, and 2 (Guangxi, 2009, and
Hubei, 2010) belonged to clade 2.3.2 (Fig. 2; see Table S1 in
the supplemental material) (31). Antigenic characterization
was consistent with these findings (see Table S3 in the supple-
mental material). As shown in antigenic cartography (Fig. 3), the
viruses in clade 2.3.4 were antigenically closer to each other.
There was quite a large antigenic divergence in these clade 2.3.4
viruses isolated from the 2008–2009 season. For instance, the
antigenic distance between A/Hunan/1/2008(H5N1) (clade 2.3.4)
and A/Guangxi/1/2008(H5N1) (clade 2.3.4) was more than 1 unit,
with each unit corresponding to a 2-fold change in HI assay
results. This is similar to the results of another study (7).

Seven different genotypes were detected among the 31
H5N1 isolates, including three not previously detected in hu-
mans (Fig. 2 and 4; see Fig. S1 in the supplemental material).
Consistent with a previous report showing approximately 8.9%
of H5N1 viruses circulating in China to be adamantane resis-
tant (4), 3 of the 31 viruses (A/Fujian/1/07, A/Shandong/1/09,
and A/Beijing/1/09) had the M2 S31N mutation, which is
linked to adamantane resistance.

FIG. 2. Phylogenetic analysis of the HA and NA genes of 31 H5N1 highly pathogenic avian influenza viruses isolated from patients in
China. Viruses of human origin are shown in red, and those of environmental origin are in blue. Ck, chicken; Dk, duck; Env, environment;
Gs, goose.

FIG. 3. The antigenic cartography of highly pathogenic H5N1
avian influenza virus made by using AntigenMap (http://sysbio.cvm
.msstate.edu/AntigenMap) (2, 3). The cartography is based on the
results from hemagglutination inhibition assays in horse red blood
cells. One unit (grid) represents a 2-fold change in HI assay results.
The cartography includes 16 influenza viruses (see Table S3 in the
supplemental material), which includes four reference viruses, HK/
156/97 (clade 0), Vietnam/1194/04 (clade 1), Indonesia/1/05 (clade
2.1), and Turkey/1/05 (clade 2.2) (26, 29).
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To identify potential avian virus gene precursors of each
human isolate, we applied the CCV-MST method (1, 22, 23).
One or more gene segments for most of the human H5N1
viruses isolated before 2007 had a corresponding gene segment
in the public influenza database that was isolated from birds.
These genes from avian-origin isolates and those from human
H5N1 isolates had high sequence similarity (e.g., more than
95%) and were also located in the same cluster in the phylo-
genetic tree. However, we were unable to identify such genes
for those isolated during or after 2007, probably because of the
reduced number of avian H5N1 HPAIV isolates available for
comparison (due to markedly reduced outbreaks in domestic
poultry). In fact, no reported avian outbreaks were temporally
or geographically related to any human case identified after 11
February 2006 (see Table S1 in the supplemental material).
However, many patients who presented after February 2006
had visited live poultry markets shortly before the onset of
clinical disease (15, 36).

Phylogenetic analyses demonstrated that all gene segments
of the human H5N1 isolates were of avian origin. The lineages
of their NA and internal gene segments were distinct from
those of the 1997 H5N1 human clinical isolates in Hong Kong.
Nine of the 31 human isolates belonged to genotype V, 7 to V4,
1 to G, and 1 to Z (6) (see Fig. S1 in the supplemental mate-
rial). The genotypes V and V4 were widely distributed among
10 districts or provinces in China (Fig. 1) throughout the study
period (Fig. 4). Genotype V was predominant in the bird
population of China during 2005 and 2006 (6). Thus, not sur-
prisingly, the H5N1 genotype distribution in the human pop-
ulation is related to the H5N1 genotype prevalence in poultry
outbreaks and in live poultry markets.

We identified three new genotypes of H5N1 virus among the
human isolates; we termed these genotypes V5, V6, and V7,
according to the nomenclature of H5N1 HPAIVs (6) (see Fig.
S1 in the supplemental material). Viruses of the V5 genotype
have gene segment origins similar to those of the V genotype
with the exception of the nucleoprotein (NP) gene, which is
phylogenetically close to that of genotype G. The genomic
configuration of genotype V6 is similar to that of V4, with the
exception of the polymerase PA subunit gene (PA gene), which
is phylogenetically close to that of genotype Z. Genotype V7
has an NP gene that appears to have originated in the H9N2
avian influenza viruses (see Fig. S1 in the supplemental mate-
rial). Because two of the environmental H5N1 isolates (2007
and 2009) were also of the V7 genotype, it is possible that this
genotype was circulating in the avian population during or
before 2007.

H5N1 HPAIV isolated from the environment. To investigate
the possible sources of human infection, we collected environ-
mental samples associated with six cases that occurred during
the 2008–2009 season (Table 1), using the CNIC’s influenza
surveillance environmental-sampling protocol. All samples
were collected within 5 weeks of the onset of illness. Multiple
samples were collected for each patient.

Thirty-one of the 69 samples (44.9%) were positive for
influenza A virus, and 17 of these 31 samples (54.8%) were
positive for H5N1 virus by RT-PCR. This high detection
rate demonstrated that large quantities of H5N1 viruses are
shed into the environment. H5N1 viruses were isolated from
12 environmental samples associated with four of the human
cases, and all of these samples were obtained from live
poultry markets. The markets were located in a suburb of
Beijing (4 isolates) and in the provinces of Guizhou (4
isolates), Hunan (2 isolates), and Xinjiang (2 isolates). An
additional sample from the household of patient 37 was
PCR positive for H5 hemagglutinin, but no viral isolate was
recovered.

All 12 environmental isolates were completely sequenced
(see Table S2 in the supplemental material), and the sequence
analysis identified all 12 H5N1 viruses as HPAIVs. The geno-
type analyses showed that these viruses belonged to genotypes
V, V3, and V5, confirming the genotypic diversity of the H5N1
viruses in the live poultry markets in China.

Genetic comparison of the human and environmental H5N1
HPAIV isolates. The viruses isolated from each market were
phylogenetically similar to those isolated from the correspond-
ing patient who had visited that market (Fig. 5), and these
paired clinical and environmental isolates had a sequence iden-
tity greater than 99% (see Table S4 in the supplemental ma-
terial). These results suggest that the live poultry markets were
the source of the human infections. H5N1 HPAI viruses were
isolated from a live poultry market visited by patient 32, al-
though no virus was isolated from the patient.

It is interesting that four phylogenetically distinct H5N1
viruses were isolated from a single market in Guizhou and
that two of these isolates were similar to the corresponding
human isolate; two distinct viruses were also isolated from
the market in Hunan. These findings demonstrate that mul-
tiple H5N1 viruses are cocirculating within the same market
environments.

FIG. 4. Temporal distribution of the genotypes of highly patho-
genic H5N1 influenza viruses isolated in China. Genotypes V5, V6,
and V7 are new genotypes identified in this study.
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DISCUSSION

Our findings suggest that the live poultry markets of China
are an important source of human infection with H5N1 HPAI
viruses. Enhanced infection control measures are warranted in
these markets, not only to reduce human H5N1 infection, but
also to minimize the likelihood of coinfection with H5N1 and
2009 H1N1 viruses. The sporadic cases of human H5N1 HPAI
infection, the H5N1 outbreaks in birds, and the simultaneous
circulation of the 2009 H1N1 pandemic virus in China raise
concern that a deadly reassortant virus may emerge. The 2009
H1N1 pandemic virus has been introduced into multiple ani-
mal species, especially swine and poultry (11, 17, 21), and a
subsequent reassortant of the virus has also been reported
recently in swine in Hong Kong (21).

Prior to this report, another study (25) tried to establish a
correlation between a human H5N1 isolate and those from the
live bird market the patient visited. The authors amplified
three genes (HA, NA, and M) from influenza virus RT-PCR-
positive swabs collected from cages or bird feces in the wet
poultry markets in Guangzhou. Although the authors claimed
that these viruses are associated with each other, phylogenetic
analysis indicates the environmental strain A/goose/Guang-
zhou/471/06(H5N1) they isolated from the wet poultry market
was not directly related to the H5N1 isolate causing human
disease. As shown in Fig. 2, the NA gene of A/goose/Guang-
zhou/471/06(H5N1) belongs to a different lineage from that of
the human isolate A/Guangzhou/1/06(H5N1). Thus, this pre-
vious study was still not able to provide direct links between
these environmental isolates and human isolates. Thus, until
this study, there was still a lack of direct evidence supporting

the linkage between the widespread presence of influenza A
viruses in the wet poultry market and the viruses causing hu-
man infections.

Our genetic analysis of the 31 H5N1 HPAIVs isolated from
the 38 human H5N1 cases identified in China during the past
5 years revealed diverse genotypes (G, V, V4, V5, V6, V7, and
Z) that were consistent with those identified in poultry out-
breaks or in live poultry markets. Live poultry markets, back-
yard poultry breeding, and domestic poultry farms are all po-
tential sources of human H5N1 infection, and visiting live
poultry markets has been identified as an important factor in
such infections in China (15, 36).

Most of the six 2008–2009 patients whose environments
were investigated were reported to have visited the live bird
markets at least once. Our evolutionary analyses showed that
the H5N1 isolates from these patients were highly genetically
related (sequence identity � 99%) to the viruses isolated from
their local live poultry markets. These results strongly suggest
that the live poultry markets are the source of recent human
H5N1 infections in China. These live poultry markets continue
to act as reservoirs of H5N1 viruses despite fewer reported
outbreaks on poultry farms. Therefore, control measures are
needed, not only in the domestic bird population, but also in
the live poultry markets to reduce human H5N1 infection.
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