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Abstract
In late 2003 and early 2004, outbreaks of highly pathogenic avian influenza
(HPAI) H5N1 occurred in domestic poultry across East Asia and Southeast
Asia. Since May 2005, infection spread to wild birds and domestic poultry in
Central and South Asia, Europe, Middle East and Africa. The rapid
geographical spread of H5N1, the direct transmission of an avian virus to
humans, the death and destruction of hundreds of millions of poultry with
disease endemnicity in many areas, the perpetuation of virus in apparently
healthy ducks and paradoxically, its unusual virulence for waterfowl and
mammals, and the constant viral evolution, highlighted the challenges the
global community faced. This thesis addresses issues related to the diagnosis,
epidemiology and control of H5N1 through research evaluating tools for rapid
virus detection, field epidemiology studies and improved methods of vaccination
in ducks as a disease control option. In particular, Chapter Two evaluates rapid
antigen tests for H5N1 HPAI diagnosis in the field; Chapter Three identifies
H5N1 infection in healthy village poultry in Bali and the possible role played by
village poultry traders on H5N1 virus transmission; Chapter Four identifies risks
for spread of viruses from live poultry markets in Bali; Chapter Five analyses
the phylogenetic relationship of H5N1 viruses circulating in the village study
sites during the 2006-2007 study period in Bali; and Chapter Six evaluates a
recombinant baculovirus-expressed H5 vaccine against virulent H5N1 HPAI
virus challenge in ducks for purpose of disease control.

Chapter Two describes a laboratory evaluation of five influenza antigen
detection tests to estimate their diagnostic sensitivity. The evaluation was
performed using close to 300 H5N1 positive swab samples that had been
collected from field cases in Hong Kong. The results showed that the overall
sensitivities of these tests ranged from 36.3% to 51.4% (95% confidence
interval ranging from 31.0% to 57.0%). Analysis of test sensitivity indicated that
these antigen detection tests could be used for rapid and preliminary flock
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investigations of H5N1 outbreaks in sick and dead birds but should not be used
for surveillance testing of clinically healthy birds. These tests offer a valuable
role in disease investigation for example in rural village communities without
immediate access to reference facilities. For the surveillance studies in villages
(Chapter 3) and markets (Chapter 4) in Bali the evaluation studies of the rapid
tests showed they were not suitable for detection of H5N1 infections in nonoutbreak situations and consequently were not used for this purpose.

Chapters Three and Four describe field studies that were carried out to
investigate the epidemiology of H5N1 in poultry in Bali, Indonesia. The
surveillance recovered H5N1 HPAI virus at a low isolation rate (0.09% in
chickens and 0.13% in ducks) in apparently healthy village poultry. A casecontrol study of village household flocks was performed. Using logistic
regression analysis, the study identified risk factors that could influence the
occurrence of H5N1 HPAI: the sale of poultry to collectors (p<0.01), a poultry
production system with access to backyard roaming birds (p<0.05) and
purchase of live poultry (chickens) (p<0.1). To further investigate the H5N1
epidemiology, characteristics of live bird markets were studied through a
questionnaire survey of market sellers. The survey found that live bird markets
aggregate birds of different species, from different sources and locations, to be
kept in close proximity, and this lack of biosecurity can contribute to H5N1
persistence and dissemination. Separately, molecular analysis of isolates from
the surveillance showed the continuing evolution of H5N1 virus from 2004 till
2007. Isolates from the surveillance of apparently healthy birds shared close
phylogenetic relationship with poultry viruses from outbreak cases (under
subclade 2.1) and also contained the characteristic HPAI molecular pathotypes.
Based on this finding, further research is needed to ascertain if asymptomatic
chickens and ducks are H5N1 HPAI carriers and can become a transmission
risk for poultry and humans.
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Finally, as ducks were a source of H5N1 infection for other poultry in rural,
endemic areas, Chapter Six describes a laboratory challenge study that was
performed to investigate the efficacy of a recombinant baculovirus-expressed
H5 vaccine. The study showed that the vaccine conferred protection from
disease and mortality in ducks following challenge from an H5N1 HPAI virus.
Vaccination in ducks resulted in elimination of respiratory virus shedding
compared to unvaccinated control birds. The use of vaccines as a control
strategy to break flock transmission and reduce the threat of ducks acting as a
virus reservoir for other poultry is discussed. In addition, recombinant vaccine
technologies offer a feasible method of production for affected developing
countries without needing high biocontainment facilities or the expensive
infrastructure required for producing vaccines via chicken embryos.
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Chapter 1 Literature review

1.1 General introduction

1.1.1 Avian influenza viruses
Influenza viruses are members of the Orthomyxoviridae family and are
enveloped, negative sense, single-stranded ribonucleic acid (RNA) viruses that
bind sialic acid residues. The virions are pleomorphic: spherical (80-120 nm,
diameter) or filamentous forms exist, and they contain distinct gene segments in
helical nucleocapsids which are surrounded by a matrix protein shell and an
outer lipid envelope derived from the host cell membrane. Differences in the
virus nucleoprotein and matrix protein allow these viruses to be further
classified under three genera or types, i.e. Influenza virus A, B or C. Influenza A
viruses have been isolated from various species, including humans, pigs,
horses, mink, seals, whales and birds. Influenza B and C viruses are primarily
human viruses (Webster et al. 1992, Swayne & Suarez 2000, Alexander
2007a).

The influenza A virus typically contains eight gene segments that code for 10
proteins. They are the polymerase proteins (PA, PB1, PB2), surface
glycoproteins (HA haemagglutinin and NA neuraminidase), nucleoprotein (NP),
matrix proteins (M1 and M2), and non-structural proteins (NS1 and NS2).
Influenza A viruses can further be subtyped based on the antigenic
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relationships of the haemagglutinin (HA) and neuraminidase (NA) surface
glycoproteins. Sixteen HA and nine NA subtypes have currently been identified.
Each virus has one HA and one NA subtype, which can be in any independent
combination. All subtypes and the majority of possible combinations have been
isolated from birds, but relatively few subtypes and combinations have been
isolated from mammals. The main natural reservoir for influenza A viruses is
believed to be in wild aquatic birds belonging to the orders Anseriformes
(particularly, ducks and geese) and Charadriiformes (gulls, terns, plovers,
surfbirds, sandpipers). In wild aquatic birds there is a diversity of influenza
viruses, in contrast to humans, pigs, horses and poultry, where there is usually
limited number of host-specific lineages (Webster et al. 1992, Swayne & Suarez
2000, Alexander 2007a).

Highly pathogenic avian influenza (HPAI) H5N1 drew worldwide attention when
it unprecedentedly infected, without prior adaptation, 18 humans in Hong Kong
in 1997 resulting in six deaths (Claas et al. 1998, Subbarao et al. 1998). H5N1
virus of similar H5 lineage caused outbreaks of HPAI in poultry in Hong Kong in
2001 and 2002, and also waterfowl and wild birds in December 2002. Two
further human cases occurred in early 2003, resulting in one confirmed death in
a family that had returned to Hong Kong from Fujian province in southern China
(Peiris et al. 2004).

2

Beginning in late 2003 and early 2004, the H5N1 virus caused multiple and
widespread poultry outbreaks in many Asian countries, including Cambodia,
China, Indonesia, Japan, South Korea, Laos, Malaysia, Thailand and Vietnam.
The epizootic subsequently progressed to cause outbreaks in migratory birds
and poultry across nearly fifty countries in the rest of Asia, Europe, Middle East
and Africa in late 2005 and early 2006 (Alexander 2007b). Since the outbreaks
occurred, human infections have been reported in 15 countries, including
Azerbaijan, Bangladesh, Cambodia, China, Djibouti, Egypt, Indonesia, Iraq,
Laos, Myanmar, Nigeria, Pakistan, Thailand, Turkey and Vietnam. More than
60% of these cases were fatal (WHO 2008). These human infections have
largely been self-limiting with only circumstantial evidence of person-to-person
spread, but the emergence of H5N1 as a novel virus subtype with the ability to
infect humans raises a serious concern that the avian virus might fulfil all
prerequisites for a human pandemic to occur, with efficient human-to-human
transmission through gradual adaptation for human-type respiratory receptors
or reassortment with prevailing influenza viruses (Peiris et al. 2007).

Chapter 1 will review the current state of knowledge on the epidemiology of
avian influenza, including the spread of highly pathogenic avian influenza
(HPAI) H5N1 in Asia and other parts of the world, the role of different species in
the ecology of avian influenza and the molecular determinants of pathogenicity.
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1.1.2 Host range and transmission of avian influenza
Avian influenza viruses can be separated into two groups on the basis of their
virulence. Most avian influenza viruses are low pathogenic (LPAI) and replicate
locally in the intestinal and respiratory tracts of birds. They may only produce
subclinical infections or mild diseases associated with reduced egg production
or respiratory signs in chickens and turkeys, although clinical severity can be
exacerbated by secondary bacterial infections (Swayne & Suarez 2000). HPAI,
on the other hand, causes an acute, systemic disease in chickens and turkeys,
and may result in complete flock mortality within a few days of infection (Capua
& Alexander 2004, Horimoto & Kawaoka 2005). These virulent viruses have so
far been restricted to the subtypes of H5 and H7 (and a certain H10 strain,
Wood et al. 1996), although not all viruses belonging to these subtypes cause
HPAI. The haemagglutinin gene is a key determinant of virulence in poultry:
HPAI, unlike LPAI, contains multiple basic amino acids at the haemagglutinin
connecting peptide that is easily cleavable by ubiquitous cellular enzymes,
leading to systemic virus replication, disease and death (refer Ch 1.1.3, Ch
1.4.2).

Terrestrial birds of the order Galliformes such as chickens, turkeys and quails
are particularly susceptible to disease and mortality from HPAI viruses. Clinical
signs, lesions and rapid death from HPAI will often be seen due to systemic
infection in the visceral organs, brain and skin (Swayne and Suarez 2000). The
mean death times of gallinaceous birds intranasally challenged with HPAI can
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range from 1.5 days to a week depending on the individual virus strains (for
example, the 1997-2004 Asian H5N1 strains were generally more virulent than
other H5 subtypes); while intravenous inoculation with the same virus strains
produced more rapid death, as fast as within a day (Swayne & PantinJackwood 2006). By contrast, HPAI viruses are generally avirulent to birds of
the order Anseriformes such as ducks, except for certain recent H5N1 isolates
where the pathogenicity is variable and can range from 0% to 100% mortalities
(Swayne & Pantin-Jackwood 2006).

As influenza virus replicates in both the respiratory and digestive tracts of
infected domestic poultry, bird-to-bird transmission occurs through direct
contact with infective respiratory secretions, faeces and excretions. Influenza
viruses in aquatic birds typically produce an asymptomatic enteric infection
(Webster et al. 1978) with faecal shedding of virus, and susceptible birds can
become infected through sharing of faecal-contaminated water (Markwell &
Shortridge 1982). However, increased virus shedding from the respiratory tract
of waterfowl occurred with recent H5N1 viruses (Webster et al. 2006a). Indirect
transmission via fomites occurs through virus-contaminated feed, litter,
equipment, cages, egg trays, vehicles and clothings (Alexander 2007a). Avian
influenza viruses have been isolated from shell surfaces of duck and goose
eggs (Li Y. et al. 2006), shell surfaces, yolk and albumen from naturally infected
chicken flocks (Cappucci et al. 1985) as well as poultry meat (Tumpey et al.
2002, Mase et al. 2005a). Feeding of breast meat infected with H5N1 HPAI
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virus to chickens resulted in virus infection and death (Swayne & Beck 2005).
Meat lost virus infectivity after thermal treatment (Swayne 2006a) and virus
survival in egg products also depended on virus strain and titre, product type,
and the temperature and duration of heat inactivation (Swayne & Beck 2004).

1.1.3 Clinical signs, pathology and pathogenesis
Along with a flock history of sudden deaths and high mortality, HPAI infection in
gallinaceous poultry may manifest with cessation of egg production, respiratory
distress, oedema of the head and face, congestion and cyanosis of combs and
wattles, subcutaneous haemorrhages on shanks and feet, and diarrhoea.
Neurological signs such as torticollis, paresis, opisthotonus, paralysis,
convulsions and incoordination may ensue, especially if birds survive the
peracute stage (Swayne & Suarez 2000). HPAI viruses are pantropic and
pathological changes may include haemorrhages, inflammation and necrosis in
various visceral organs like the heart, brain, lungs, small intestine, abdominal
fat, spleen, pancreas, kidneys, adrenals, caecal tonsils, ovarian follicles and
muscles (Swayne & Suarez 2000, Swayne 2007). HPAI viruses produce a
systemic infection and have been detected in the trachea, lungs, red and white
blood cell fractions, bone marrow, breast and thigh meat, and coelom rinses of
experimentally infected chickens (Swayne & Beck 2005). Viral replication in the
vascular endothelium or in the parenchyma of multiple organs, such as the
brain and heart, appears to be associated with the ability to produce clinical
disease, lesions and death (Swayne & Pantin-Jackwood 2006, Swayne 2007).
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Death in poultry is usually a consequence of neurological damage, cardiac
failure and multiple organ failure.

The influenza virus haemagglutinin (HA) mediates virus binding to host cell
receptors and facilitates membrane fusion between viral envelope and cell
endosomal membrane. In order for the influenza virus to infect cells, the viral
HA0 precursor molecule requires post-translational cleavage by host proteases.
HA0 proteins of LPAI viruses possess two basic amino acids, at positions -1
and -4 from the cleavage site (R*GLF) for the H5 and at positions -1 and -3 for
the H7 subtypes (Capua & Alexander 2004). These restrict LPAI viruses to be
only cleaved by trypsin and trypsin-like enzymes and thus limit virus replication
to the respiratory and intestinal tracts of birds where such enzymes are found.
However, HA0 proteins of HPAI viruses possess multiple basic amino acids
(arginine and lysine) at the cleavage site, as a result of apparent insertion or
substitution, and are easily cleavable by ubiquitous, intracellular subtilisin-like
proteases (e.g. furin). This cleavability allows HPAI viruses to infect and
replicate systemically throughout the bird, damaging vital organs and tissues,
bringing about disease and death (Webster et al. 1992, Horimoto & Kawaoka
2005, Alexander 2007a).

In contrast to gallinaceous poultry, avian influenza infections in aquatic birds,
including ducks, gulls and shorebirds are usually asymptomatic (Swayne &
Suarez 2000). Prior to 2002, ducks that were experimentally infected with
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different H5 influenza viruses highly pathogenic to chickens and turkeys did not
show any clinical disease (pathogenicity index 0.00) (Alexander et al. 1986).
For certain strains, viruses were re-isolated from cloaca and trachea of
inoculated and contact ducks, indicating virus replication and that contact
transmission had occurred. For other strains, no viral re-isolation was possible,
indicating that ducks were completely refractory to any virus infection
(Alexander et al. 1986). Similarly, when infected with 1997 to early 2002 Asian
H5N1 HPAI viruses that were lethal for chickens and other gallinaceous poultry,
ducks failed to show any disease signs or death although these viruses can
replicate in duck tissues and be shed through the cloaca or oropharynx
(Shortridge et al. 1998, Tumpey et al. 2002, Chen et al. 2004, Nguyen et al.
2005). The molecular basis of resistance of ducks to HPAI viruses remains
unknown. However, some recent H5N1 viruses have become highly lethal in
ducks with virus replication and pathology in multiple internal organs and brain
(Ellis et al. 2004a, Sturm-Ramirez et al. 2004).

The characterisation of avian influenza viruses according to pathogenicity (i.e.
HPAI or LPAI) depends on specific virulence tests in chickens and/or the
determination of amino acid sequence at the viral haemagglutinin cleavage site.
Current Office Internationale des Epizooties (OIE) guidelines (Alexander 2004)
defines HPAI in chickens as:
•

“any influenza virus that is lethal for six, seven or eight of eight 4– to 8week-old susceptible chickens within 10 days following intravenous

8

inoculation with 0.2 ml of a 1/10 dilution of a bacteria-free, infective
allantoic fluid; or
•

any virus that has an intravenous pathogenicity index (IVPI) in 6-weekold chickens greater than 1.2; and

•

for all H5 and H7 viruses of low pathogenicity in chickens:- if the amino
acid sequence of the connecting peptide of the haemagglutinin is similar
to that observed for other highly pathogenic AI isolates, the isolate being
tested will be considered to be highly pathogenic.”

LPAI viruses of certain subtypes have the potential to mutate and progress to
HPAI, so OIE amended its code in 2005 to require all H5 and H7 subtypes in
poultry to be notifiable avian influenza viruses.

1.1.4 Diagnosis of AI, especially H5N1 HPAI
Diagnosis for avian influenza depends on history, clinical observation, gross
and microscopic pathology, direct demonstration of virus or antigen, and
indirect measurement of viral exposure through antibody detection (Swayne &
Suarez 2000). Virus inoculation in 9- to 11-day old embryonated chicken eggs
or cell culture remains the gold standard test for avian influenza virus infection
and allows live virus to be grown for further analysis and characterisation.
However, virus culture is usually labour-intensive and can be slow, and may
require up to two- to three-week blind passages (in the case of LPAI viruses)
before a haemagglutination agent can be subtyped by Haemagglutination
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Inhibition (HI) and Neuraminidase Inhibition tests. With H5 and H7 HPAI viruses
virus isolation procedures are generally much quicker with the virus killing
embryos in 30 to 72 hours and able to be subtyped by HI tests within 2-3 days.
However, with evidence of zoonotic infections for both H5N1 and H7N7 viruses
there are issues of biosafety and possible exposure of personnel to influenza
virus when undertaking virus isolation. Biosafety Level 3 facilities should be
used when conducting virus isolation procedures for suspected H5N1 or H7N7
viruses (WHO 2002, Alexander 2004).

Subsequent to the initial confirmation of an index case, the diagnostic virology
testing can be replaced in outbreak investigations by nucleic acid detection
tests-- conventional or real-time reverse transcription polymerase chain reaction
(RT-PCR), or nucleic acid sequence-based amplification (NASBA) assays
(Collins et al. 2002, Swayne & Akey 2005, Suarez et al. 2007). For influenza
viruses the PCR tests involve a step to make a complementary DNA (c-DNA)
copy of the target influenza RNA gene. Short nucleotide primers that are
specific to the target c-DNA are then used to amplify the target gene which can
be detected by gel electrophoresis (conventional RT-PCR) or colorimetrically by
release of fluorochromes from probes specifically binding to the target c-DNA
(real-time RT-PCR). Examination of gene sequence data from multiple strains
of H5 avian influenza viruses was used to optimise the primer sequences for
the H5N1 PCR tests (Spackman et al. 2002). The RT-PCR tests commonly
used for diagnostic testing for H5N1 virus detection in outbreaks or surveillance
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testing have included an influenza A virus group-specific real-time RT-PCR test
using the Matrix (M) gene and a real-time H5 RT-PCR test (Spackman et al.
2002). The genome detection tests have shown a high level of sensitivity (87100%) in comparison with virus isolation tests to detect H5N1 virus infection
(Ellis et al. 2004a, Chua et al. 2007, Ellis et al. 2009) and can be used
successfully for monitoring H5N1 virus infection during outbreaks of for H5N1
virus surveillance.

Alternative virus detection tests for avian influenza viruses, based on viral
antigen detection, have been proposed and some are commercially available.
These include antigen capture enzyme-linked immunosorbent assay (ELISA),
rapid chromatographic immunoassays such as Anigen, Synbiotics and Rockeby
tests (Boland et al. 2006, Chua et al. 2007). The sensitivity of these tests for
field use and their ability to specifically detect H5N1 virus infections is less
certain. Chapter 2 of this thesis reports on a performance evaluation of five
antigen detection tests using field H5N1 samples and recommendations for
their use are discussed.

Unlike the situation with LPAI viruses where serology can be used to monitor
flock infection status, the use of serological testing for detection of flocks
infected with HPAI infections, like H5N1, has substantial limitations because
infected susceptible birds usually die and flocks are often depopulated before
there is sufficient time for antibody production in survivors. The types of
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serology assays that can be used for AI include tests for antibody to group
reactive antigens like NP and M such as ELISA and agarose gel
immunodiffusion tests; or tests for H5 subtype specific antigen such as the HI
test and the virus neutralization test (WHO 2002, Alexander 2004). Serological
surveillance for H5N1 activity has generally involved HI testing. With the use of
vaccination in H5N1 HPAI control it is recommended that response to
vaccination is monitored serologically and HI testing is also used for this
purpose. Where flocks are vaccinated, differentiation between vaccination and
active infection is necessary and H5 HI testing is not able to distinguish
between these so alternative strategies are necessary for differentiation of
infected and vaccinated birds (Capua et al. 2003).

Newer molecular technologies, including sequencing and microarrays, are
increasingly used for characterisation and pathotyping of virus isolates (Wang
et al. 2002). Rapid index identification, high sample throughput with surge
capacity, multiplex testings on the same run, pathogen quantification, robotics
and miniaturisation, and linkage to bioinformatics analyses are challenges of
the future for large-scale diagnostic test development which will also apply to
avian influenza diagnostics (Charlton et al. 2008).

1.1.5 Host-pathogen relationship
Webster et al. (1992) proposed the concept of an “evolutionary stasis” (being
able to conserve amino acid sequences in more than 60 years of isolates) of
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influenza virus with its natural hosts in wild aquatic birds. All accumulating
nucleotide changes, such as those of the avian NP gene lineage, do not result
in phenotypic, amino acid changes. In contrast, domestic chickens, turkeys and
mammals are aberrant hosts as avian influenza viruses rarely become endemic
in these hosts, and avian influenza evolves at a relatively faster rate (Suarez
2000). In the last decade, however, there appears to have been a steep rise in
the frequency and magnitude of HPAI outbreaks (Table 1). For example, the
Netherlands H7N7 outbreak in 2003 led to culling of 30 million birds and one
human fatality (Brown et al. 2006a). The avian virus gene pool in Europe and
Asia showed continuing gene exchanges between host and geographical
groupings indicative of poultry trade or migratory bird movements (Brown et al.
2006a, Duan et al. 2007). Intensification of commercial poultry production
worldwide without an equal emphasis on flock biosecurity, the popularity of freerange poultry rearing with poor segregation between domestic and wild birds,
and the increase in poultry movement including through globalised trading
circuits probably contributed to an overall rise in poultry outbreaks (Capua &
Marangon 2000, Shortridge 2005, Senne 2007). While most HPAI outbreaks did
not persist, the current H5N1 epidemic continues to expand in host and
geographic range (Webster et al. 2007), and since 2003 has caused the death
of hundreds of millions of poultry and hundreds of humans worldwide, and the
economic loss of tens of billions of dollars (FAO-AIDE news 58, 2009).

Table 1.1 Major HPAI outbreaks, 1959-2008.
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(modified from the tables of Swayne & Suarez 2000, Alexander 2007a)
A/chicken/Scotland/59 (H5N1)
A/tern/South Africa/61 (H5N3)
A/turkey/England/63 (H7N3)
A/turkey/Ontario/7732/66 (H5N9)
A/chicken/Victoria/76 (H7N7)
A/chicken/Germany/79 (H7N7)
A/turkey/England/199/79 (H7N7)
A/chicken/Pennsylvania/1370/83 (H5N2)
A/turkey/Ireland/1378/83 (H5N8)
A/chicken/Victoria/85 (H7N7)
A/turkey/England/50-92/91 (H5N1)
A/chicken/Victoria/1/92 (H7N3)
A/chicken/Queensland/667-6/94 (H7N3)
A/chicken/Mexico/8623-607/94 (H5N2)
A/chicken/Pakistan/447/94 (H7N3)
A/chicken/NSW/1651/97 (H7N4)
A/chicken/Hong Kong/220/97 (H5N1)
A/chicken/Italy/330/97 (H5N2)
A/turkey/Italy/99 (H7N1)
A/chicken/Hong Kong/2001 (H5N1)
A/chicken/Hong Kong/2002 (H5N1)
A/chicken/Chile/2002 (H7N3)
A/goose, duck/Hong Kong/2002 (H5N1)
A/chicken/Netherlands, Germany, Belgium/2003 (H7N7)
A/chicken/Pakistan/2003 (H7N3)
A/chicken/Texas/2004 (H5N2)
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A/chicken/Canada (BC)/2004 (H7N3)
A/ostrich/South Africa/2004 (H5N2)
A/chicken/North Korea/2005 (H7N7)
A/chicken/Canada (Saskatchewan)/2007 (H7N3)
A/chicken/England (Oxfordshire)/2008 (H7N7)
A/poultry & wild birds/Asia, Europe Africa/2003-current
(H5N1)

1.1.6 Evolution of avian influenza virus
Avian influenza viruses can be divided into 144 potential subtypes, based on
different combinations of the 16 haemagglutinins and 9 neuraminidases. The
virus constantly adapts to its hosts through evolution of its gene constellation.
Diversity and variability, hallmarks of influenza viruses, are features of their
segmented genome, permitting reassortment of genomes of two viruses in a
single cell (or genetic shift), or recombination between gene segments of the
same virus. In addition, the lack of proof-reading of its RNA polymerases results
in error prone replication and high rates of point mutations (antigenic drift)
allowing the influenza virus to evade host immune responses (Webster & Hulse
2004).

Human influenza pandemics in the twentieth century, i.e. Spanish H1N1 (1918),
Asian H2N2 (1957) and Hong Kong H3N2 (1968) were shown to emerge from
avian influenza viruses and the mechanism of virus evolution is exemplified in
the genesis of these pandemic strains. The 1957 H2N2 and 1968 H3N2
pandemics possessed gene segments from both avian and human influenza
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viruses: the 1957 H2N2 acquired the HA, NA and PB1 from an avian source by
reassortment, while retaining the remaining five genes from the then human
H1N1 virus, and the 1968 H3N2 acquired two genes (HA, PB1) similarly by
reassortment and kept the remaining six genes of the then prevailing human
strains (Scholtissek et al. 1978, Schafer et al. 1993, Kawaoka et al. 1989).
Sequence comparison showed the HA gene of 1968 H3N2 was highly
homologous to a Ukraine duck strain (Scholtissek et al. 1978). By contrast, the
1918 H1N1 pandemic virus, which had caused mortalities of up to 50 million
people and was shown to be highly virulent in experimental mice (Tumpey et al.
2005), did not appear to be a human-avian influenza reassortant. All eight
genes are more closely related to avian influenza viruses than to influenza
viruses from other species, indicating an avian-only origin for the 1918 virus.
For example, the polymerase protein (PB2, PB1 and PA) sequences from the
1918 virus differ with the avian consensus sequences at only 19 amino acids,
out of more than two thousand amino acids (Taubenberger et al. 2005). Thus,
reassortment between an avian virus and a human influenza virus, or a direct
adaptation of an avian virus to humans, can give rise to a human pandemic
virus. Human seasonal influenza viruses also undergo constant antigenic drift to
evade host immunity and require annual updates to the trivalent vaccine strain
composition.

So, how do avian influenza viruses emerge in poultry? Influenza viruses are
perpetuated and have remained largely benign in aquatic birds such as ducks,

16

gulls and shorebirds. These birds are regarded as the primordial source of
influenza viruses for other avian and mammalian species (Webster et al. 1992,
Swayne & Suarez 2000, Alexander 2007a). Virulent viruses normally arise
through passages of non-pathogenic strains in domestic poultry as these
viruses are not typically maintained as highly pathogenic forms in wild birds.
This is also in-keeping with phylogenetic evidence that indicate HPAI viruses do
not constitute separate lineages but share common progenitors with nonpathogenic viruses (Rohm et al. 1995). Only after transfer from wild birds to
domestic poultry species could avian influenza viruses of subtypes H5 and H7
evolve to become highly pathogenic for poultry (Capua & Alexander 2004,
Webster & Hulse 2004, Alexander 2007a). This progression was seen in
previous outbreaks in USA 1983 (H5N2), Mexico 1994 (H5N2), Italy 1999
(H7N1), Chile 2002 (H7N3), USA 2004 (H5N2) and Canada 2004 (H7N3) when
HPAI arose through mutation of LPAI found in domestic poultry (Swayne &
Suarez 2000, Horimoto & Kawaoka 2005); although the time it took for the virus
to become highly pathogenic and the nature of the mutation varied in each
case. In vitro and in vivo features often associated with progression in
pathogenicity are cell culture plaque formation in the absence of trypsin, rapid
egg embryonic death, high mortality in chickens, systemic virus replication due
to cleavage by ubiquitous proteases at multiple organs, shedding of virus from
poultry respiratory tracts at high titres, and acquisition of multiple basic amino
acids at the haemagglutinin cleavage site (Alexander 2007a).
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1.1.7 Mutation from LPAI to HPAI virus
An avirulent H5N2 influenza virus circulated in Pennsylvania, USA for six
months before it became highly pathogenic for chickens in October 1983.
Sequencing of HA found avirulent and virulent viruses both contained multiple
basic amino acids at the cleavage site, but there were other amino acid
changes in the haemagglutinin. Kawaoka et al. (1984) postulated the loss of a
carbohydrate side chain through one of these changes permitted access of
proteases to the haemagglutinin cleavage site resulting in HPAI.

In Mexico, highly pathogenic H5N2 emerged from low pathogenic strains after a
15-month circulation between 1993 and 1995 (Garcia et al. 1996). Sequence
analysis revealed a nucleotide substitution near the haemagglutinin cleavage
site with consequent RNA polymerase strand slippage, duplication and insertion
of nucleotides resulting in multiple basic amino acids at the haemagglutinin
cleavage site (Garcia et al. 1996).

In 1999, highly pathogenic H7N1 emerged after nine months of outbreaks of
LPAI initially in meat turkey flocks in northern Italy with resultant death and
culling of 16 million poultry (Capua & Marangon 2007). All highly pathogenic
isolates had insertions of basic amino acid arginine at the haemagglutinin
cleavage site and phylogenetic analyses indicated that they were closely
related to a wild teal isolate (Banks et al. 2001). Two further H7N1 LPAI waves
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re-emerged during 2000 and 2001, which were brought under control with
controlled marketing, stamping out and emergency vaccination with a H7N3
vaccine (Capua & Marangon 2007).

During 2002-2003, a low pathogenic H7N3 (unrelated to the seed vaccine used
earlier) affected 7.6 million birds in 388 flocks in Italy and this epizootic was
again eradicated with controlled marketing, stamping out and emergency
vaccination now using a heterologous H7N1 vaccine (Capua & Marangon
2007). Comparisons of low pathogenic H7N3 isolates from domestic turkeys
revealed close genetic, antigenic and phylogenetic relatedness with isolates of
wild ducks from the preceding year, suggesting interspecies transmission from
a wild bird precursor virus (Campitelli et al. 2004). In late 2004 and 2007, LPAI
H7N3 further re-emerged to affect meat turkey flocks in Italy (Capua &
Marangon 2007, Cecchinato et al. 2008).

A 2004 H5N2 outbreak occurred in an index broiler farm and two live bird
markets in Texas, USA and its probable origin was a 2002 LPAI H5N3 virus
prior to gene reassortment, and substitution for a basic amino acid at the
haemagglutinin cleavage site (Senne et al. 2006). The 2004 virus was unique
as it was non-pathogenic (IVPI=0.0) for chickens yet it met the multiple basic
amino acid motif at the HA cleavage site for a HPAI virus, PQRKKR/GLF
(Senne 2007).
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In Chile 2002, highly pathogenic H7N3 emerged within a month of an outbreak
of low pathogenic H7N3 in a broiler breeder flock. The HPAI isolates had a 30nucleotide insert from the nucleoprotein gene to the haemagglutinin gene at the
cleavage site through a novel recombination. The Chilean H7N3 viruses, while
virulent for chickens, did not conform to the previously assumed RXR/KR*GLF
motif of high pathogenicity (Suarez et al. 2004).

The 2004 outbreak of highly pathogenic H7N3 in broiler breeder flocks in British
Columbia, Canada, after a brief evolution from a low pathogenic virus, similarly
showed a 21-nucleotide insert in the haemagglutinin gene at the cleavage site
through a recombination with the matrix gene (Hirst et al. 2004).

Experimental studies have demonstrated that through consecutive passages of
an avirulent wild waterfowl isolate in chickens, the virus progressively acquired
multiple basic amino acids at the haemagglutinin cleavage site and became
highly pathogenic, with features of broad tissue tropism, causing 100% mortality
rate in chickens and ability to form plaques in cell culture in the absence of
trypsin (Ito et al. 2001).

1.1.8 Avian influenza as zoonoses
Until recently, avian influenza virus was not known to cross the species barrier
readily and cause direct zoonoses. Rural dwellers in southern China had been
found to contain antibody to various avian influenza subtypes including those
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from H4 to H13 (Shortridge 1992). Only four unrelated instances of human
infections with avian influenza (H7N7) viruses had been reported from 1959 to
1996 but these were non-fatal and often associated with self-limiting
conjunctivitis (Alexander 2006).

In Hong Kong 1997, H5N1 virus caused the first human infection with influenza
pneumonia, acute respiratory distress syndrome, multiorgan failure, Reye’s
syndrome and disseminated intravascular coagulation (Subbarao et al. 1998,
Claas et al. 1998). H5N1 patients in 1997, 2003-4 and onwards showed
common clinical features of severe pneumonia with high fever (more than
38°C), cough, sore throat, tachypnoea, sometimes ga strointestinal features and
they often progressed rapidly to acute respiratory distress syndrome, multiorgan failure and death. Laboratory findings showed leukopenia, lymphopenia,
moderate thrombocytopenia and elevated amino-transferase levels, with
interstitial infiltrates and other changes on chest radiographs (Yuen et al. 1998,
Peiris et al. 2004, Tran et al. 2004, Beigel et al. 2005, Abdel-Ghafar et al. 2008).
Since late 2003, 90% of human cases were aged 40 years or younger and the
case fatality rate was the highest among the 10 to 19 years age group. The
incubation period appears to be less than a week, usually 2 to 5 days after virus
exposure; and for fatal cases, the median interval between onset of symptoms
and death is 9-10 day. Virus or RNA can be detected in nasopharyngeal
specimens as early as one day and up to several weeks after onset of illness
(reviewed by Beigel et al. 2005, Abdel-Ghafar et al. 2008) and infectious virus
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was also detected in the blood, cerebrospinal fluid and faeces in one patient (de
Jong et al. 2005a). Studies on a 24-year-old pregnant Chinese woman who
died of H5N1 in 2005 revealed that the virus is capable of penetrating the
placental barrier and infecting the foetus (Gu et al. 2007). An atypical case of a
Thai patient with fever and diarrhoea but with no respiratory symptoms has
been reported (Apisarnthanarak et al. 2004). Similarly, two siblings in Vietnam
were presented with fever, diarrhoea and signs of acute encephalitis without
respiratory symptoms (de Jong et al. 2005a), suggesting that the spectrum of
H5N1 disease is wider than previously thought, and that systemic infection does
occur in humans as with poultry and some mammals.

Other subtypes of avian influenza have also caused infection and disease in
humans. Low pathogenic H9N2 virus infected eight people on separate
occasions during 1998, 1999 and 2003 in Hong Kong and China (Peiris et al.
1999, Butt et al. 2005, Perdue & Swayne 2005). During the 2003 highly
pathogenic H7N7 outbreaks in the Netherlands, which subsequently spread to
Germany and Belgium, infections were detected in 89 humans mostly with
conjunctivitis and influenza-like symptoms, and these included one fatality as
well as three secondary contacts who were family members of symptomatic
poultry workers (Fouchier et al. 2004, Koopmans et al. 2004). Clinical
symptoms of conjunctivitis and flu-like illness were reported in two depopulation
crew during the highly pathogenic H7N3 outbreak in Canada 2004, both with
confirmed infection (Tweed et al. 2004). Two separate human cases associated
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with low pathogenic H7N2 infection were also reported in USA in 2002 and
2003 (Alexander 2006, Senne et al. 2006). A man from China whose cause of
death in November 2003 was previously thought to be SARS was later
determined to be H5N1 (Zhu et al. 2006).

1.1.9 H5N1 human infection: risk factors and treatment
A case-control study in Hong Kong found that exposure to live poultry, by
visiting a retail poultry stall or a market selling live poultry, a week before onset
of illness, was significantly associated with human H5N1 cases in 1997 (Mounts
et al. 1999). Investigation of contacts of these primary cases through a
combination of serological assays found anti-H5 seropositivity amongst 12%
(6/51) of household contacts, 4% (1/26) in social-tour group contacts and none
of 47 co-workers. These antibody responses could have come from similar
environmental exposure to infected poultry or, in the case of one household
contact with no prior poultry exposure, probable human-to-human transmission
(Katz et al. 1999). Occupational exposure to sick birds and butchering of birds
were associated with anti-H5 sero-positivity amongst 10% of 1525 poultry stallholders and 3% of 293 poultry cullers involved in the 1997 Hong Kong culling
operations (Bridges et al. 2002). Similarly, poultry workers exposed to
outbreaks of LPAI H7N3 virus in Italy 2003 had evidence of H7 seropositivity in
3.8% of those tested (Puzelli et al. 2005). One serological study using a
modified test cut-off value found that H7 antibodies were detected in 49% of
508 persons exposed to poultry and in 64% of 63 persons exposed to H7
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infected persons during the 2003 Netherlands H7N7 outbreak (Meijer et al.
2006). These studies suggest that the true prevalence of mild or sublinical avian
influenza infections, including those caused by H5N1, which may be unreported
or misdiagnosed, is unknown. In healthcare workers associated with the 1997
H5N1 case-patients, 3.7% (8/217) patient-exposed and 0.7% (2/309) nonpatient-exposed workers were found to be H5N1 seropositive and the difference
remained significant after controlling for poultry exposure. Epidemiological
evidence and sero-conversion of two healthcare workers without prior poultry
exposure indicated that human-to-human transmission had likely occurred
(Buxton Bridges et al. 2000). In contrast, there appears to be no evidence of
human-to-human transmission in health care settings with recent H5N1
outbreaks in Vietnam (Liem et al. 2005).

Human H5N1 cases often had preceding contact with poultry, such as
slaughtering, defeathering or preparing sick birds for cooking, handling
apparently healthy ducks or fighting cocks, consumption of duck’s blood or
undercooked poultry, or of having sick or dead birds in the household or
neighbourhood vicinity (Tran et al. 2004, Beigel et al. 2005, Dinh et al. 2006,
Abdel-Ghafar et al. 2008). Visits to live bird markets (Mounts et al. 1999, Wang
et al. 2006), exposure to environmentally contaminated materials or fertilisers
containing poultry faeces (Kandun et al. 2006), children swimming in canal
waters where ducks were present (de Jong et al. 2005a) and individuals
collecting down and feathers from dead wild swans (Webster et al. 2006a) were
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also implicated as sources of human infection. Human exposure can occur via
(a) inhalation of dust or particles of poultry faeces or secretions produced under
village or farm settings, (b) inhalation of fine droplets produced during
slaughtering processes, (c) surface contamination of hands and subsequent
self-inoculation, (d) mouth suction of clogged nasal passages of fighting cocks,
and (e) consumption of raw or undercooked blood, organs or meat (Perdue &
Swayne 2005, Swayne 2006b). While the initial poultry outbreaks in Turkey in
October 2005 were successfully managed in the west region, human H5N1
cases occurred in eastern Turkey from December 2005 in children under 15
years of age, and these children were thought to have shared living space with
infected poultry brought indoors during cold winter conditions (Oner et al. 2006).
In Indonesia, the human case fatality is 81%, and non-recognition and
unfamiliarity with H5N1 disease and late patient admission and treatment may
have in part contributed to the high mortality rate (Sedyaningsih et al. 2008).
Despite a high case fatality of reported human infections, the frequency of these
H5N1 virus transmissions from poultry to humans appears to be low even with
frequent human-poultry contacts (Vong et al. 2006, Peiris et al. 2007). It
remains to be determined if there are any genetic predisposition to human
H5N1 infection given also that most case cluster infections have occurred
among blood-related family members (Abdel-Ghafar et al. 2008). Family
clusters could occur due to common poultry or environment exposures but in
some families, limited non-sustained transmission between members could not
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be ruled out (Tran et al. 2004, Butler 2006a, Kandun et al. 2006, Anon. 2008a)
or were even probable (Ungchusak et al. 2005, Wang H. et al. 2008).

Two analogues of sialic acids that inhibit neuraminidase activity are currently
used for prophylaxis and treatment of human H5N1 patients; oseltamivir
(Tamiflu®, Roche) which is taken orally and zanamivir (Relenza®,
GlaxoSmithKline) as an inhalant. Other classes of drugs such as M2 inhibitors
like adamantanes (amantadine and rimantadine) are also considered but are of
more limited use, due to concerns over resistance and side-effects (Monto
2003). To improve treatment success, therapy using a higher dose and
prolonged course of oseltamivir, combination treatment using neuraminidase
inhibitors and adamantanes, parenteral delivery of zanamivir or a new
neuraminidase inhibitor, peramivir, and treatment using human immunoglobulin
are being explored (reviewed by Beigel & Bray 2008).
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1.2 Spread of H5N1 in Asia and beyond

1.2.1 Influenza epicentre
Influenza surveillance in domestic poultry from southern China and Hong Kong
between 1975 and 1980 found subtypes of H1 to H12 (except H8) and of N1 to
N9. Most of the 46 antigenic combinations and all these subtypes were found
in domestic ducks, more than from geese or chickens. The isolation rate of
influenza viruses was 5% overall and in the ratio of 16:3:1 for ducks, geese and
chickens, respectively (Shortridge 1992, Lin et al. 1994). The diversity and
prevalence of influenza viruses in this region may be attributable to (a) mass
rearing of ducks on innumerable small ponds as an adjunct to rice growing
activities, (b) maintenance of influenza transmission by the faecal-water-oral
route with abundance of water on rice fields and continual introduction of
susceptible ducklings, and (c) opportunity for wild waterbirds to interact with
poultry in open paddy fields (Shortridge & Stuart-Harris 1982, Shortridge 1992).

Southern China has been regarded as the epicentre of pandemic influenza due
to the range of avian influenza viruses found in domestic (and wild) ducks, and
the close association between people, pigs, ducks, geese and chickens
favouring opportunities for interspecies transmission (Shortridge & Stuart-Harris
1982). The hypothesis was supported by antigenic studies that the
haemagglutinin gene of the 1968 H3N2 (Hong Kong) virus was related to that of
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a duck H3N8 isolate (A/Dk/Ukraine/1/63), suggesting the pandemic virus was a
mixed human-animal (avian) infection (Webster & Laver 1972).

In addition, antigenic and HA gene analysis of human seasonal influenza
(H3N2) viruses from 2002–2007 found a continuous circulation in East and
Southeast Asia of temporally overlapping epidemics and that newly emerged
strains appeared about 6-9 months earlier in East and Southeast Asia than in
other regions, suggesting that this region is also the source of subsequent
seasonal influenza epidemics in the temperate regions (Russell et al. 2008).

The current H5N1 epidemic also started in Asia and spread to affect wild birds,
poultry, mammals and humans in other regions. In particular, individual lineages
(clade 1, 2.1, 2.2, 2.3) appeared to emerge in China before being detected in
other parts of Asia and the world. Here the thesis reviews key events of H5N1
HPAI developments, from the detection of H5N1 in Hong Kong 1997 to the
spread in Asia 2003-2004, and beyond.

1.2.2 H5N1 HPAI in Hong Kong, 1997
In March and May 1997, outbreaks of H5N1 occurred on three chicken farms in
Hong Kong, causing approximately 75% mortality on the farms (Shortridge et al.
1998). Subsequently, an influenza virus was isolated from a 3-year old boy
who had died of pneumonia and other complications in May 1997. This virus
(A/Hong Kong/156/97) was determined to be a H5N1 virus of avian origin and
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genetic analysis indicated a close genetic relationship between the human
isolate and avian isolates from preceding farm outbreaks (Class et al. 1998,
Suarez et al. 1998, Subbarao et al. 1998). Thus, this incident was the first
reported case of an avian influenza virus causing clinical disease and death in a
human directly without prior adaptation. By December 1997, a further 17
additional cases and 5 deaths were recorded. At the height of the outbreak,
H5N1 was isolated from approximately 19.5% of chickens, 2.4% of ducks and
2.5% of geese in the poultry markets. By contrast, during previous 1975-1980
surveillance, H5 prevalence in domestic ducks and geese was only 0.25%
(H5N2 and H5N3) and 0.07% (H5N3), respectively; and no H5 isolates were
detected in chickens (Shortridge 1992, Shortridge 1999). Domestic poultry was
thought to be the most likely source of human infections in 1997 and a decision
was then made to depopulate 1.5 million birds from the poultry markets and
farms (Shortridge et al. 1998, Sims et al. 2003a).

Analysis of virus isolates from humans and poultry during the 1997 Hong Kong
episode revealed that the viruses possessed multiple basic amino acids at the
haemagglutinin cleavage site and were highly pathogenic to chickens
(Shortridge et al. 1998, Suarez et al. 1998). The 1997 viruses caused morbidity
and mortality in some geese but only replicated to a limited extent in ducks.
Infected mice showed lethal pneumonia with virus spread to the brain.
Transmission studies in chickens showed that the virus was transmitted by the
faecal-oral route rather than by aerosol (Shortridge et al. 1998). The chicken
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isolates were in rapid evolution with a large proportion of coding changes in all
genes, except in the HA, suggesting that they were reassortants each of whose
HA gene is adapted to poultry while the other seven genes may have come
from different avian sources (Zhou et al. 1999a).

Sequence analysis revealed that the HA gene of the 1997 viruses were
genetically similar at 99% to a H5N1 (A/Goose/Guangdong/1/96) virus isolated
from a goose farm during the previous year in southern China (Xu et al. 1999).
The Gs/Gd/1/96 virus caused disease and death in experimentally inoculated
chickens and geese. Seven genes of the virus differ from those of H5N1/1997,
but the similarity of the HA sequences suggests that the 1997 Hong Kong virus
shared a common progenitor with the Gs/Gd/1/96 virus (Xu et al. 1999). While
the direct precursor of Gs/Gd/1/96 virus has not been identified, phylogenetic
studies revealed the virus genes clustered with low pathogenic viruses from
migratory birds or with unspecified duck viruses from Hokkaido, Japan which
were also likely of migratory bird derivation (Duan et al. 2007).

During the H5N1/1997 outbreak, H9 subtypes were the next most frequent
subtype isolated in Hong Kong markets, for example prevalence of 4.4% in
chickens (Shortridge 1999). Analysis of a H9N2 quail isolate (Qa/HK/G1/97)
consistently indicated a 98% sequence similarity in the six internal genes with
the human H5N1/1997 virus (HK/156/97), as well as an ancestral relationship
with the H5N1 branch in the phylogenetic topology. These suggest that the
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H5N1/1997 viruses had derived their six internal genes from a Qa/HK/G1/97like virus (Guan et al. 1999). Subsequent surveillance and characterisation of
isolates found that as high as 16% of faecal samples in cages of quails in
poultry markets in southern China were infected with the Qa/Hk/G1/97-like virus
(Guan et al. 2000).

An isolate from a dead duck in a Hong Kong poultry market (A/teal/Hong
Kong/W312/97 (H6N1) showed greater than 98% similarity with the A/HK/156
H5N1 virus in the six internal genes, as well as a similar 19-amino acid deletion
in the NA gene. H6N1 virus is closely related to the H9N2 from quail and with
the H5N1/97 viruses on the phylogenetic trees for the internal genes (Hoffmann
et al. 2000). Therefore, the 1997 H5N1 viruses were probably acquired through
a reassortment of the Goose/Guangdong/1/96-like H5N1 virus with the
Quail/HK/G1/97-like H9N2 virus and/or Teal/HK/W312/97-like H6N1 virus, cocirculating in live poultry markets in Hong Kong in 1997. Viruses with the
H5N1/97 gene constellation have not been detected since the depopulation
exercise in 1997; nonetheless, their precursors, the H5N1 Gs/Gd/96-like viruses
in geese (Webster et al. 2002), the H9N2 (G1)-like viruses in quails (Guan et al.
2000) and the H6N1 (W312)-like viruses in quails (Chin et al. 2002), continued
to circulate in southern China.
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1.2.3 Events in Hong Kong, post-1997
In 1999, H5N1 viruses were isolated from swabs of cages in a waterfowl
wholesale market in Hong Kong that housed geese imported from southern
China. A comprehensive and on-going live poultry market and poultry farm
surveillance program for H5N1 and other avian influenza viruses commenced in
Hong Kong in 1998 and the H5N1 virus isolation in 1999 was the first time since
1997 that H5N1 viruses were detected in Hong Kong. Sequence comparison
revealed that the isolates were most closely related to the
A/Goose/Guangdong/1/96 strain (Cauthen et al. 2000), the putative precursor of
the haemagglutinin gene for the 1997 H5N1 viruses.

Gs/Gd/96-like H5N1 viruses continued to be isolated from geese imported into
Hong Kong in 2000. The viruses were later isolated from ducks in August 2000,
representing an expansion in the host range of the Gs/Gd/96-like viruses (Guan
et al. 2002a). In December 2000, two Gs/Gd/96-like isolates from a duck and a
goose had different internal gene segments (a new genotype “C”), indicating
that a virus reassortment involving unknown contemporary duck or avian
viruses had occurred (Guan et al. 2002a). These findings underscored that the
precursor viruses that contributed to the H5 HA gene of the 1997 viruses had
continued to circulate in southern China. The discovery of the Gs/Gd/96-like
virus in domestic ducks also marked a turning point in H5N1 evolution, as novel
reassortant viruses were becoming detected.
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Between February and May 2001, five new H5N1 genotypes, “A” to “E”, were
detected and caused deaths in chickens and other terrestrial poultry (pigeon,
quail, pheasant, silky chicken) in Hong Kong retail markets. These new viruses
were reassortants of Gs/Gd/96-like viruses with internal genes acquired in part
or completely from other avian viruses. Clinically healthy ducks and geese at
the waterfowl wholesale market and slaughterhouse were also found to carry
the “B” and “C” genotypes. These new genotypes were highly pathogenic to
chickens in experimental studies. In addition, these genotypes were able to
replicate well in mice lungs without prior adaptation, and several of them were
now able to spread to the brain and showed varying levels of virulence and
mortality in mice (Guan et al. 2002b). In mid-May 2001, several markets
reported increased mortality of chickens attributable to several of these
genotypes; which led to poultry depopulation in all retail live poultry markets. No
farms were infected and no further H5N1 isolates were detected in the rest of
2001, except a genotype “B” virus from a dead bird in July (Sims et al. 2003a,
2003b).

In January 2002, more H5N1 genotypes were detected in retail and wholesale
markets selling terrestrial poultry in Hong Kong. In February 2002, a H5N1 virus
(“Z” genotype) was detected on an index farm which caused a daily mortality of
up to 10,000 birds, out of a population of 100,000 birds. Outbreaks
subsequently detected in 22 chicken farms and several retail markets were
controlled through depopulation between February and March 2002 (Sims et al.
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2003a, 2003b). This episode and surveillance studies in southern China
revealed that at least nine genotypes continued to circulate in this region in
2002. The emergence of these genotypes (“Z”, “Z+”, “Y”, “B”, “W”, “X0-3”)
demonstrated a continuous evolution of the H5N1 viruses in southern China
which had probably spilled over from domestic waterfowl to terrestrial poultry
(Sims et al. 2003a, Li et al. 2004).

In early December 2002, an outbreak of H5N1 HPAI occurred in a waterfowl
park (Penfold Park) in Hong Kong that killed its resident geese, ducks and
swans. This was preceded by deaths of wild little egrets that roosted in the park
(Ellis et al. 2004a). The viruses isolated in the waterfowl and egrets were of the
H5N1 “Z+” genotype (Guan et al. 2004). By mid-December 2002, another
outbreak of H5N1 occurred at a different waterfowl park (Kowloon Park) in
Hong Kong killing waterfowl and flamingos. H5N1 viruses were also isolated
from two wild grey herons that were found dead at the Lok Ma Chau nature
reserve and from several retail live poultry markets and five chicken farms in
Hong Kong between December 2002 and January 2003 (Ellis et al. 2004a).
Isolates from the Kowloon Park outbreak, the poultry markets, the five chicken
farms and from the grey herons were of the H5N1 “Z” genotype (Guan et al.
2004). These events were significant in the evolution of influenza viruses as, for
the first time since the outbreak of A/Tern/South Africa (H5N3) in 1961,
influenza viruses were reported to kill aquatic birds. These new “Z” and “Z+”
viruses, with increased virulence, are pneumotropic and neurotropic in ducks
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and other aquatic birds (Ellis et al. 2004a). Experimental studies confirmed the
viruses were highly pathogenic and caused systemic infection in ducks, with
high titres and pathology in multiple organs, especially the brain (SturmRamirez et al. 2004).

In February 2003, influenza A virus was isolated from a man and his son in
Hong Kong after returning from Fujian province, southern China. The man
subsequently died. The human isolates were of the “Z+” genotypes, similar to
the Penfold Park outbreak (Guan et al. 2004).

1.2.4 Events in Asia, pre-2003
In southern China, the first known representative of the “Z” genotypes was
isolated from a healthy duck in Guangxi province in 2001 (Chen et al. 2004,
Sims et al. 2005). Various other genotypes were isolated from healthy ducks in
the coastal provinces between Guangdong and Shanghai from 1999 through to
2002 (Chen et al. 2004). Most of these were reassortants containing the
Gs/Gd/96-like HA gene and other genes from unknown sources. These duck
isolates were highly pathogenic for chickens but did not cause disease or
deaths in experimentally inoculated ducks. The isolates over the years became
progressively more pathogenic for experimentally inoculated mice as a
mammalian model, acquiring the ability to replicate in the mice and cause
systemic infection and death without prior adaptation (Chen et al. 2004).
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In May 2001, a H5N1 virus, which clustered with the Gs/Gd/96-like H5 HA
lineage, was isolated from frozen duck meat exported from Shanghai province
in China to South Korea. The virus did not cause any clinical disease in
experimental ducks but could be detected in the lung tissue, muscle and brain
(Tumpey et al. 2002). The 2001 virus was highly pathogenic in chickens and
replicated locally in lungs of mice with some mortalities (Tumpey et al. 2002).

At the same time, as early as 2001, H5N1 HPAI viruses were isolated from
healthy geese in live bird markets in Vietnam. Although these early isolates did
not develop further as the immediate progenitors of H5N1 viruses isolated in
Vietnam in 2004, their HAs were genetically related to that of the Gs/Gd/1/96
virus and possessed the multiple basic amino acid motif characteristic of HPAI
at the haemagglutinin cleavage site. The isolates were highly pathogenic for
chickens but not ducks, mice or ferrets (Nguyen et al. 2005). No other
outbreaks were reported in poultry but Hong Kong 1997-like viruses were
recently isolated from shell washes of duck and goose eggs from Vietnam
which raised the possibility that H5N1 viruses had been circulating undetected
(Li Y. et al. 2006).

H5N1 viruses were also isolated from duck meat imported from Shandong
province in China to Japan in mid-2003. The viruses, though not the ones that
caused subsequent 2004 outbreaks in Japan, shared close identities in most
genes with the Asian H5N1 viruses from 2000 to 2004. Two genes (PB2 and
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NP) were from unknown sources (Mase et al. 2005a), indicating a diversity of
H5N1 viruses in domestic ducks. The H5N1 virus was highly pathogenic to
chickens and replicated in the lungs of mice and spread to the brain (Mase et
al. 2005a).

Overall, events in Hong Kong and the wider region reflected that H5N1 viruses
were constantly evolving and reassorting with other avian viruses to form new
virulent genotypes. These viruses were able to broaden their host range and
cross species-barrier, moving from geese and ducks to terrestrial poultry and
humans. In the process of evolution, latter genotypes acquired attributes of
pathogenicity for aquatic birds and mammals.

1.2.5 H5N1 HPAI in Asia, 2003-2004
Between late 2003 and early 2004, outbreaks of H5N1 occurred in several
Asian countries, including Cambodia, China, Indonesia, Japan, Korea, Laos,
Thailand and Vietnam. They were followed in August 2004 by outbreaks in
Malaysia (Sims et al. 2005). Since December 2003, Vietnam was one of the
first countries to report H5N1 as a cause of deaths in poultry and in humans
(Table 2). South Korea reported 10 chicken and 9 duck farm outbreaks, and
Japan reported outbreaks in 3 chicken farms and a pet chicken flock (Mase et
al. 2005b, Wee et al. 2006). In Thailand, poultry outbreaks were concentrated in
the Central and Northern regions but subsequent intensive “X-ray” surveillance
showed disease spread to the majority of provinces (Tiensin et al. 2005). The
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epizootic in Southeast Asia occurred in distinct waves separated by periods
with no reported cases (Morris & Jackson 2005). For example in Thailand the
first wave occurred from January to May 2004, the second wave from July 2004
to April 2005, and the third wave from July to November 2005 (Buranathai et al.
2007, Tiensin et al. 2007). The H5N1 HPAI viruses isolated from Thailand,
Vietnam, Laos, Cambodia and Indonesia were genotype “Z”; whilst those
isolated from South Korea and Japan during December 2003 to March 2004
were genotype “V” (Li et al. 2004, Morris & Jackson 2005). The “V” genotype
was also highly pathogenic in chickens and killed all birds within 1-3 days of
inoculation (Lee et al. 2005, Mase et al. 2005b). Gs/Gd/1/96 virus isolated from
sick geese in southern China in 1996 was at, or near, the head of these Asian
H5 HA lineages (Sims et al. 2005).

Table 1.2 Countries reporting H5N1 HPAI in poultry and in humans since
late 2003 to the World Animal Health and World Health Organisations,
respectively. (modified from Alexander 2007b).
Country

First report (poultry)

First report (humans)

2003-4
S. Korea

Dec 12, 2003

Vietnam

Jan 8, 2004

Japan

Jan 12, 2004

Thailand

Jan 23, 2004

Jan 23, 2004

Cambodia

Jan 24, 2004

Feb 2, 2005

Laos

Jan 27, 2004

Feb 27, 2007

Jan 13, 2004
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Country

First report (poultry)

First report (humans)

Indonesia

Feb 2, 2004

Jul 21, 2005

China

Feb 4, 2004

Nov 17, 2005

Malaysia

Aug 19, 2004
2005

Russia

Jul 24, 2005

Kazakhstan

Aug 2, 2005

Romania

Oct 7, 2005

Turkey

Oct 10, 2005

Ukraine

Dec 5, 2005

Jan 5, 2006

2006
Iraq

Feb 3, 2006

Jan 30, 2006

Nigeria

Feb 8, 2006

Jan 31, 2007

Egypt

Feb 18, 2006

Mar 20, 2006

India

Feb 20, 2006

France

Feb 25, 2006

Niger

Feb 28, 2006

Azerbaijan

Mar 1, 2006

Mar 14, 2006

Pakistan

Mar 2, 2006

Dec 15, 2007

Serbia-Montenegro

Mar 2, 2006

Albania

Mar 7, 2006

Cameroon

Mar 12, 2006

Myanmar

Mar 12, 2006

Israel

Mar 18, 2006

Afghanistan

Mar 20, 2006

Sweden

Mar 20, 2006

Jordan

Mar 27, 2006

Dec 14, 2007
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Country

First report (poultry)

Burkino Faso

Apr 4, 2006

Germany

Apr 6, 2006

West Bank/Gaza Strip

Apr 11, 2006

Sudan

Apr 18, 2006

Cote d’Ivoire

Apr 25, 2006

Denmark

May 18, 2006

Djibouti

May 27, 2006

Hungary

Jun 9, 2006

First report (humans)

May 12, 2006

2007
United Kingdom

Feb 3, 2007

Kuwait

Feb 26, 2007

Bangladesh

Mar 30, 2007

Saudi Arabia

Mar 31, 2007

Ghana

May 3, 2007

Czech Republic

Jun 22, 2007

Togo

Jun 22, 2007

Poland

Dec 3, 2007

Benin

Dec 5, 2007

May 28, 2008

2008
Iran

Jan 16, 2008

1.2.6 Spread and transmission of H5N1
Whilst the typical history of avian influenza evolution is that viruses originate in
wild birds as LPAI viruses and progressively acquire pathogenicity in domestic
poultry through a series of infection cycles until they become HPAI (refer
Mutation of LPAI Ch 1.1.6), genesis of the current H5N1/Asia viruses probably
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involved multiple reassortment events in domestic poultry and wild aquatic birds
at the “influenza epicenter” (Li et al. 2004, Webster & Hulse 2004, Morris &
Jackson 2005). Ducks in southern China are raised in large numbers in open
paddy fields as an adjunct to farming, and any influenza infection could be
maintained as new susceptible ducklings are introduced into the area. The
Pearl River delta area in southern China also attracts migratory and
overwintering birds, and provides opportunities for transfer of influenza virus
between wild and domestic birds (refer Influenza epicentre Ch 1.2.1). Live bird
markets where poultry of different species and origins are brought in close
proximity can also be a site of virus transfer.

Although scientists remain divided on the role of migratory birds in the
perpetuation and transmission of H5N1, particularly if certain bird species can
asymptomatically carry the infection over long distances (Gilbert et al. 2006b,
Kilpatrick et al. 2006, Olsen et al. 2006, Feare 2007), Morris and Jackson
(2005) believed that the 2003-4 epizootic was initiated with migratory wild birds
seeding H5N1 viruses which were previously circulating in southern China and
Vietnam, into local resident wild and domestic bird populations and establishing
multi-centric foci across Asia. However, the source of infection in many
outbreaks cannot be substantiated due to the lack of comprehensive
surveillance data during the early periods of the epizootic, or in some
surveillance studies, absence of H5N1 detection in migratory wild birds (Wee et
al. 2006).
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Once infection had been established, local epidemiological transmission
occurred peri-focally through local resident birds or poultry movement (Morris &
Jackson 2005), whether as legal or illegal marketing of live poultry, day-old
birds, hatching eggs, poultry meat, vaccines, feed, contaminated cages and
vehicles (Sims et al. 2005). Peaks in HPAI detections in Thailand and Vietnam
during the first and second epidemic waves in early 2004 and late 2004-early
2005 coincided with festivities with higher poultry demands and trade (Tiensin
et al. 2005, Pfeiffer et al. 2007). A lack of public awareness, failure to recognize
and diagnose avian influenza, under-reporting of disease and limited disease
surveillance, and the manner in which farmers managed their sick or dead birds
(Morris & Jackson 2005, Sims et al. 2005) helped the spread of infection. In
uncommon instances, use of incompletely inactivated vaccines can contribute
to infection as was suspected as a possible source of certain H5N1 variants in
northern China (and of LPAI H5N2 outbreaks in Taiwan and Japan) (Duan et al.
2007).

Crowded live poultry retail markets which accommodate various aquatic and
terrestrial poultry in close proximity encourage virus interactions and
subsequent emergence of virus infections in humans (Shortridge 2003).
Surveillance of live poultry markets (51,121 samples) across southern China
between January 2004 and June 2005 found different influenza A subtypes (H3,
H6, H9, H11 etc), and H5N1 virus was isolated from 1.0% of poultry samples:
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ducks (1.83%) and geese (1.90%), with lower isolation in minor poultry (0.46%)
and chickens (0.26%) (Chen et al. 2006a). Subsequent market surveillance
(53,220 samples) between July 2005 and June 2006 showed an increase in
H5N1 isolation to 2.4% and found that whereas chickens tested positive mostly
during winter, isolations in domestic waterfowl were prevalent year-round
(Smith et al. 2006b). By comparison, surveillance between 2000 and 2001 in a
poultry market in central China isolated influenza viruses from 1% of 6,360
faecal samples, of various H1, H2, H3, H4 and H9 subtypes (Liu et al. 2003).
Virus isolation rates may vary according to poultry density and movement,
period (higher demand during festives), season (virus survival in colder
temperature) and poultry species (waterfowl as natural host), or due to random
variation in sampling. In the United States, different avian influenza subtypes
have also been isolated from terrestrial and waterfowl species in live poultry
markets since 1986 (Senne et al. 1992). Live bird markets in the north-eastern
United States have been implicated as the source of H7N2 in at least eight
LPAI outbreaks in commercial broiler, table-egg layer or turkey enterprises
since 1996 (Senne 2007).

Nationwide surveillance activities carried out at 2004 in Thailand (with sampling
village flocks in January, “X-ray survey” visits of villages by volunteer workers in
October and general disease reporting) showed that most of the infected poultry
flocks were backyard chickens (56%) and ducks (27%), the rest were broilers,
layers, quails and other birds (Tiensin et al. 2005). In 2005, most infected flocks
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(86%) were still detected in backyard chickens and ducks and these were kept
under poor biosecurity conditions (Tiensin et al. 2007). In contrast, no influenza
viruses were detected in chickens and ducks raised in closed houses with high
biosecurity (Tiensin et al. 2005, Songserm et al. 2006a). Several authors have
also associated small-holder flocks and poor biosecurity features with
vulnerability to H5N1 infection (Morris & Jackson 2005, Martin et al. 2006a).

The role of clinically normal domestic ducks in virus spread and transmission
cannot be overemphasized in agricultural Asia where ducks are commonly
raised on farms and in open paddy fields (Sims et al. 2005). Apparently healthy
ducks that harbour influenza virus are silent “Trojan horse” carriers and serve
as an unsuspected risk for transmission to other poultry (Hulse-Post et al.
2005).

The review of the epidemiology and ecology of H5N1 in different species
including wild migratory birds and domestic ducks will be elaborated under
Chapter 1.3. Chapter 3 of this thesis will report on investigations to determine
prevalence of H5N1 infection and possible epidemiological factors involved in
the virus transmission in backyard village flocks in Bali (Indonesia). Chapter 4 of
the thesis will report on investigations to examine the role of live bird markets in
contributing towards the spread of avian influenza.
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1.2.7 H5N1 HPAI in Asia, post-2004
Analyses of the H5N1 isolates from birds and humans in the Asia outbreaks
showed that all eight genomic segments of H5N1 virus remain of avian origin
but belong to distinct regional sublineages (Li et al. 2004, WHO 2005a, Chen et
al. 2006a, Abdel-Ghafar et al. 2008). The evolution of the H5N1 virus into
genetically and antigenically distinct sublineages in domestic poultry in different
geographical regions of southern China and Southeast Asia suggests that
transmission within poultry including resident birds, not reintroduction from
migratory birds, remains the primary mechanism for sustaining long-term virus
endemicity in the region (Chen et al. 2006a, Smith et al. 2006a). For example,
all viruses from Indonesia form a distinct sublineage suggesting a single virus
introduction in 2003, with subsequent evolution into distinct groups of H5N1
viruses corresponding to eastern, central and western Indonesia (Smith et al.
2006a).

The H5N1 “Z” genotype continues to predominate in Southeast Asia; while virus
isolates from southern China remain very diverse with multiple genotypes in
circulation since 2001 (Li et al. 2004, Chen et al. 2006a, Wang J. et al. 2008).
Within the “Z” genotype, viruses isolated from Thailand, Malaysia, Cambodia
and Vietnam 2003-5 form a common sub-lineage (clade 1), while viruses from
Indonesia form a separate sub-lineage (clade 2.1) (Chen et al. 2006a).
Subsequent analysis pointed to close sequence, antigenic and direct
phylogenetic relationships of clade 1 Vietnam viruses with southern China “Z”

45

2002-2003 progenitors in Yunnan, and clade 2.1 Indonesia viruses with 20022003 Hunan viruses, suggesting a transmission link through poultry trade or
migratory birds (Wang J. et al. 2008).

In Vietnam where it borders southern China, different H5N1 viruses were
isolated at different times which suggest repeated introductions possibly
through poultry trade. For example, Gs/Gd-like H5N1 (clade 3) viruses were
first isolated from live poultry markets in Hanoi in October 2001 (Nguyen et al.
2005). Then, subsequent to H5N1 clade 1 viruses which had dominated since
2003 (Smith et al. 2006a), a novel genotype G (clade 2.3.2, mixed/VNM2)
viruses related to a virus isolate in Guangxi of southern China were found in
May 2005, and again in February 2006 in northern Vietnam (Chen et al. 2006a,
Dung Nguyen et al. 2008). New viruses of clade 2.3.4 and clade 7 were found
in 2007 and 2008 (Dung Nguyen et al. 2008, FAO-Empres 2009).

Since October 2005, a new sublineage of viruses (clade 2.3.4, “Fujian-like”) has
emerged and predominated in poultry in southern China (with human cases in
China) and subsequently in 2006, has affected wild birds in Hong Kong and
poultry in Laos, Malaysia and Thailand (Boltz et al. 2006, Smith et al. 2006b,
Chutinimitkul et al. 2007, Wang H. et al. 2008). This new clade also expanded
into Vietnam and replaced clade 1 viruses in northern Vietnam in 2007, while
the original clade 1 viruses continued to be detected in southern Vietnam.
These latter viruses however did not form a monophyletic group, raising the
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possibility of multiple incursions of clade 2.3.4 viruses into northern Vietnam
(Dung Nguyen et al. 2008). Reassortment between sublineages was found in
March 2007 in a Vietnam duck isolate which had HA belonging to clade 2.3.4
but contained internal genes of clade 1 viruses (Dung Nguyen et al. 2008).
Scientists remain uncertain about whether the emergence and predominance of
clade 2.3.4 were associated with immune escape related to poultry vaccine use
and are concerned with the continuing virus evolution (Smith et al. 2006b)

1.2.8 H5N1 HPAI: spread beyond Asia, 2005
Between late April and June 2005, about 6,000 migratory birds including barheaded geese, great black-headed gulls, brown-headed gulls, ruddy shelducks
and great cormorants died from an H5N1 outbreak at the Qinghai Lake Nature
Reserve in western China, a major breeding area for migratory birds whose
flyways extend to Southeast, South and Central Asia (FAO-AIDE news 32 & 33,
2005, Chen et al. 2005, Liu et al. 2005). Affected birds showed abnormal
neurological signs including tremor, opisthotonos, and diarrhoea (Liu et al.
2005). Experimental infections showed that the virus was highly virulent in
chickens and mice (Liu et al. 2005) but not in rhesus macaques (Chen et al.
2006b). The H5N1 isolates were phylogenetically distinguishable from the
Southeast Asia strains and have the HA, NA, NP genes closely related to the
“V” genotype (represented by A/Ck/Shantou/4231/2003) and the remaining
internal genes closely related to the “Z” genotype (A/Ck/Shantou/810/2005)
(Chen et al. 2005). Sequence analysis revealed a multiple basic amino acid
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motif at the haemagglutinin cleavage site PQGERRRKKR/G, a E627K
substitution at the PB2 gene, and a deletion of 20 amino acids in the
neuraminidase (Chen et al. 2005, Liu et al. 2005), features that are associated
with virulence in mammals and adaptation to land-based poultry. Sequence
analysis showed at least four different H5N1 genotypes were responsible for
this outbreak, one of which appeared to have caused subsequent wild bird
outbreaks in Mongolia and Russia in August 2005 (Chen et al. 2006b).

The gene segments of the Qinghai isolates can be traced to different H5N1
viruses (of either the “Z” or “V” genotypes) found in January and March 2005
from apparently healthy, migratory mallard ducks at a Poyang Lake 1700 km
distant away in southeast China. Despite the high pathogenicity of the Qinghai
Lake virus (BH goose/Qinghai/65/05) for geese, the virus did not cause the
death of experimentally infected mallard ducks, raising the possibility that
migratory ducks could have carried the virus long distances from Poyang Lake
to Qinghai Lake, and beyond (Chen et al. 2006a). Nonetheless, the prevalence
of influenza infection in migratory waterfowl is low; 44 influenza A isolates
(0.34% isolation rate), of which six were H5N1, were recovered from over
13,000 cloacal and faecal samples from migratory birds in a surveillance period
covering 2002 to 2005 in China (Chen et al. 2006a).

Following the Qinghai Lake outbreak, deaths of 89 migratory bar-headed geese
and whooper swans were reported at two lakes in Mongolia (Erhel Lake and
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Khunt Lake) beginning late July 2005. H5N1 was confirmed in samples taken at
Erhel Lake (FAO-AIDE news 34, 2005). H5N1 HPAI was subsequently detected
in Kazakhstan on 22 July 2005 and 400 deaths were first recorded in a geese
and duck farm in the northeastern Pavlodar region. Deaths in wild ducks and
domestic chickens and waterfowl were reported in other villages and regions
(FAO-AIDE news 34, 2005). The first outbreak of H5N1 HPAI in Russia
occurred about 15 July 2005 in backyard flocks of Suzdalka village in the
Novosibirsk region, western Siberia. Studies of poultry isolates in the
Novosibirsk outbreak showed that the neuraminidase gene was of exact
sequence identity with those from Qinghai Lake and the haemagglutinin gene
(PQGERRRKKR/GLF) belonged to the Gs/Gd/96-like lineage which formed a
phylogenetic cluster with H5N1 viruses from outbreaks in Qinghai Lake
(Onishchenko et al. 2006, Shestopalov et al. 2006). Brown et al. (2005)
suggested that the outbreaks in Siberia may have arisen from low endemic
persistence of the virus in birds in the breeding grounds at higher latitudes, and
that local concentration of birds during post-breeding moulting favoured the
amplication and spread of virus. These could explain the apparent time
difference between the spring migration times of April to May and the timing of
the outbreak in July. Isolates from subsequent poultry outbreaks in Russia were
also phylogenetically related to the Qinghai Lake viruses and to other migratory
bird isolates (Lipatov et al. 2007), raising the possibility of the involvement of
migratory birds in virus dissemination and that H5N1 virus (in its highly
pathogenic form) may survive in migratory birds.
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In early October 2005, a H5N1 outbreak occurred on a free-range farm near a
lake in Turkey’s Balikesir province with deaths of 1700 of 1800 turkeys. Cases
also occurred in a backyard village flock in Romania near the Danube Delta, a
major wetland frequented by migratory wild birds, and by late October mute
swans were found dead in Croatia. The virus was detected in Ukraine in village
poultry outbreaks in late November 2005 (FAO-AIDE news 34-37, 2005). These
outbreaks suggest that the rapid spread of avian influenza over long distances
could have involved different bird migration pathways (e.g. Australasia flyway,
the Central Asia flyway or the Mediterranean flyways) in complex overlapping
routes, although other possible means of virus transmission could not be
excluded.

1.2.9 H5N1 HPAI: Europe, Africa, Middle East, 2006
In February 2006, H5N1 spread to large numbers of mute swans and wild
migratory birds in Europe. The sudden westward movement of wild birds
escaping adverse cold weather conditions in the Black Sea, where virus was
believed to be endemic since late 2005, led to the simultaneous occurrence of
wild bird outbreaks across Europe along a single longitude from Sweden to Italy
(Gilbert et al. 2006b). Fourteen European member states (ranked according to
the numbers of cases- Germany, Austria, France, Poland, Denmark, Greece,
Slovenia, Sweden, Italy, Hungary, Czech Republic, Slovak Republic, Spain,
United Kingdom) reported 748 positive cases of H5N1 HPAI almost all in wild
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birds found dead or moribund (mostly wild swans, also ducks, geese, and
raptors). These cases occurred largely during the period February to May 2006,
from in excess of 100,000 wild birds tested. These were in contrast to absence
of H5N1 HPAI detection in 40,000 wild birds tested in second half of 2005 and
January 2006. Testing of dead or diseased birds especially mute and whooper
swans, diving ducks (tufted ducks and pochards) and mergansers was the most
likely way of H5N1 detection in these sentinel wild birds (with the exception of a
group of live swans in Poland) (ADNS 2006, Pittman et al. 2007). H5N1 HPAI
outbreaks in wild birds were also reported in other parts of Europe, including
Switzerland, Bulgaria, Romania, Bosnia, Serbia-Montenegro, Turkey, Ukraine
and Georgia (and in Iran and Azerbaijan) during this period (Alexander 2007b).
In 2006, domestic poultry outbreaks in Europe were reported for the first time in
member states: France (1, turkey), Sweden (1, farmed mallards), Germany (1,
mixed poultry, partial free range), Denmark (1, backyard hobby) and Hungary
(29, geese) (Brown et al. 2007, Pittman et al. 2007).

The World Avian Influenza Reference Laboratory in Weybridge (UK) in 2006
suggested that the European H5N1 isolates could be classified into three
distinct, but closely related, geographical-host groupings: (1) lineage of isolates
from wild birds only, which indicates linkage between the affected areas in
China (Qinghai lake), Russia (Novosibirsk), and Germany (Rügen Island),
Sweden, Denmark and the UK (Scotland), (2) Romania, Bulgaria, Greece, and
Mongolia (that have been circulating between wild birds and poultry), and (3)
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chicken-adapted strains that may be circulating between domestic poultry in
Turkey without involvement of wild birds (Defra 2006). Salzberg et al. (2007)
further showed that viruses from the poultry and wild bird outbreaks in Europe,
Middle-East and Africa formed a new Euro-African lineage (“Qinghai-like”, clade
2.2) with common ancestry in Asia. These viruses were of close genetic
relationship even though they were collected from a wide geographical area
and within a relatively short time period, and have split further into distinct,
independently evolving, sublineages. However, the timing, location and
circumstances that precipitated the split have remained unknown.

Isolates from a wild whooper swan and a cat later found dead in February 2006,
close to where the first wild bird cases were on the Germany island of Ruegan,
clustered under “Qinghai-like” viruses (clade 2.2), but are distinct from the
Southeast Asia viruses. The close similarity between the Ruegan swan and cat
isolates indicates a direct epidemiological link between the two viruses. The
swan isolate was also shown to be related to a turkey isolate from a subsequent
mixed-poultry flock outbreak in Saxony (Germany), establishing a connection
between the poultry outbreak with viruses circulating in wild birds in Germany at
that time. In addition, close phylogenies were shown between viruses from
Germany and Denmark (wild birds and poultry) in March 2006 and with a 2005
wild bird isolate from Astrakhan (southern Russia), in line with the belief that a
prior introduction of H5N1 HPAI into eastern Europe and a sudden westward
migration of wild birds escaping the Arctic cold in late January to early February
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2006 led to a simultaneous outbreak in Europe (Bragstad et al. 2007, Weber et
al. 2007).

In the first quarter of 2006, H5N1 HPAI in domestic poultry were also reported
for the first time in various parts of Africa, Middle East and Asia- in Nigeria,
Niger, Cameroon, Burkina Faso, Sudan, Cote d’Ivoire, Djibouti, Iraq, Israel,
Jordan, Gaza Strip, Egypt, Afghanistan, Azerbaijan, India, Pakistan and
Myanmar (Table 2). Phylogenetic analyses of 2006 farm poultry isolates from
Nigeria’s northern Kaduna and southwestern Lagos states revealed that
separate and distinct H5N1 sublineages (that emerged at the same period)
were independently introduced into the country through routes that coincide
with migratory bird flyways, although independent trade imports could not be
excluded (Ducatez et al. 2006). Phylogenetic studies found that African HPAI
(H5N1) strains were more closely related to central Asian/European strains than
to each other (but different from Southeast Asian strains), and that they formed
multiple clusters with clear geographic distribution in Africa. Cluster A contains
the strains found in the southwestern Nigerian ‘BA’ farm and includes all strains
found in Niger. Cluster B includes the strains from the southwestern Nigerian
‘SO’ farm and includes all Egyptian poultry strains; and cluster C comprise
strains from northern Nigeria, Burkina Faso, Sudan, and Côte d’Ivoire (Ducatez
et al. 2007a). Under WHO’s unified nomenclature for the Qinghai-like viruses,
clade 2.2.1 includes the African clusters B and C viruses and 2006 wild bird
isolates from Slovenia, Italy, Bavaria, Czech Republic, a 2005 Kurgan chicken
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virus and 2005 whooper swan isolates from Mongolia. Clade 2.2.2 comprises
the African cluster A viruses, 2006 whooper swan and cat isolates from Ruegan
island of Germany, 2006 wild bird viruses from Denmark, and 2005 mute swan
virus from Croatia, all with common ancestry with a group of 2005 mute swan
viruses from Astrakhan (Russia). Clade 2.2.3 includes 2006 wild bird or poultry
viruses from Iran, Italy, Tyva, India and Afghanistan (Salzberg et al. 2007).

Analysis of wild bird isolates in early 2006 and in mid 2007, a stray cat, a stone
marten and a poultry flock in Germany show spatial and temporal groupings:
those from the south (2006) mainly under clade 2.2.1; from the north (2006)
mainly under clade 2.2.2; and from 2007 all in clade 2.2.3, suggesting at least
three separate H5N1 introductions into wild bird populations in Germany,
possibly on the winter escape in early 2006 and another occasion in 2007
(Starick et al. 2008). Simultaneous introductions of different H5N1 virus groups
were also reported in other European countries such as in France (Gall-Recul
et al. 2008) or Sweden (Kiss et al. 2008), and in Italy (Salzerg et al. 2007).

Although migratory birds are known reservoir hosts of avian influenza (LPAI)
viruses, the ability of wild birds infected with H5N1 HPAI to carry and
perpetuate the virus on seasonal migration routes, versus poultry trade, remain
a contentious issue among ornithologists, virologists and epidemiologists
(Feare 2007). While certain wild duck species are believed to be long-distance,
asymptomatic carriers of H5N1 HPAI virus (Keawcharoen et al. 2008), Feare
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(2007) considered a likelihood scenario where virus is progressively
disseminated in a leap-frog manner where infected wild birds carry the virus for
a short distance and infected other birds before death. Gilbert et al. (2006b)
concluded that the spread of H5N1 HPAI from Russia and Kazakhstan to the
Black Sea Basin of Romania, Turkey and Ukraine in late 2005 is temporally and
geographically consistent with migratory waterfowl movements from Siberia.
Although evidence linking H5N1 in poultry to wild bird infection remains difficult
to prove, individual outbreaks in domestic poultry flocks across different
continents appear to first occur in backyard village flocks with poor biosecurity
and access to wild birds (Gilbert et al. 2006b, Bragstad et al. 2007, De
Benedicts et al. 2007, Lipatov et al. 2007). Hunted wild birds have also been
reported to be brought back to village homes before backyard flocks became
exposed through feeding of entrails (FAO-AIDE news 51, 2008). Using risk
estimation of infectious bird days based on phylogenetic relationships,
migratory bird movements and trade data on poultry and wild birds, Kilpatrick et
al. (2006) demonstrated H5N1 transmission pathways via migratory bird and
poultry movement routes: 9 of 21 of H5N1 introductions to countries in Asia
were most likely through poultry movements, 3 of 21 were most likely through
migrating birds; spread in Africa was partly by poultry (2/8 introductions) and
partly by migrating birds (3/8); while spread to most (20/23) countries in Europe
was most likely through migratory birds (Kilpatrick et al. 2006). While
unreported or illegal trade practices remain difficult to quantify, the assessment
also predicted the highest risk of H5N1 introduction into the Americas would be
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via poultry trade rather than migratory birds through the Siberia-Alaska pathway
(Kilpatrick et al. 2006). Wild bird surveillance with 200,000 samples taken in
North America since 2006 has so far failed to detect any H5N1 HPAI virus
(Anon. 2007a).

Joint surveillance of plumed whistling ducks by Murdoch University and the
North Australian Quarantine Services in the floodplains of northern Australia
(Kununurra, 24-8 October 2005) using cannon-netting techniques, found no
H5N1 virus in 308 birds sampled (Dr John Curran, NAQS, pers. comm.). One
reason that Australia has not seen any outbreaks of H5N1 in wild birds so far is
thought to be that migratory wild waterfowl, being the principal reservoir of avian
influenza, do not regularly interchange between Asia and Australia (Tracey et
al. 2004).

1.2.10 H5N1 HPAI: 2007 till current
In 2007, H5N1 reappeared in Europe in Hungary (farmed geese) in January
and UK (farmed indoor turkeys in Holton) in February. Sequencing of virus from
Hungary and United Kingdom outbreaks found these virus sequences to be
99.96% identical. The Department for Environment, Food and Rural Affairs
(Defra, 2007) investigation of the UK outbreak could not rule out a common
infection source with the Hungary outbreak, and that infection was probably
introduced through importation of turkey meat from Hungary. Outbreaks in
domestic poultry were reported in six European member states in this period:

56

Hungary (geese), United Kingdom (turkeys in February, free-range mixed in
November), Germany (pet goose, ducks), the Czech Republic (turkeys),
Romania (backyard) and Poland (turkeys, layers and backyard) (ADNS, 2007).
In 2007, 308 wild bird HPAI cases (mostly grebes, also swans, ducks and
geese) were reported June to August in the European Union. The vast majority
was found in Germany (298), with small numbers in France (7), the Czech
Republic (1), Hungary (1) and Poland (1) (ADNS 2007).

Salzberg et al. (2007) identified a chicken virus from Nigeria with 4:4 gene
reassortment between clade 2.2.1 (HA, PB1, NP, NS) and clade 2.2.2 (NA, M,
PA, PB2) in June 2006. Subsequently, Monne et al. (2008) found 10 of 12
viruses from across Nigeria in January and February 2007 were a different 2:6
(HA, NS: remaining) reassortant of clades 2.2.1 and 2.2.2, and the authors
postulated that the reassortment took place in poultry through live bird markets
where different species of unknown health status were kept in proximity.

Between November 2006 and January 2007, five successive H5N1 HPAI
outbreaks re-occurred in poultry (chicken, quail and breeder duck) farms in
South Korea. Viruses were also recovered from migratory bird habitats at that
time. These viruses from poultry outbreaks and migratory bird habitats in late
2006 and early 2007 in South Korea (and outbreaks in Japan in January 2007)
belonged to the Qinghai-like sublineage, but not the H5N1 (“V”-genotype)
viruses of the 2003-4 outbreaks. This, and given timing of outbreaks and no
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reported link to poultry movement, suggested a possibility of H5N1 introduction
from migratory birds (Duan et al. 2007, Lee et al. 2008). South Korea
experienced its worst epizootic in poultry in 2008, with 24 outbreaks across the
country since April and culling of more than 5 million birds (FAO-AIDE news 53,
2008). In June 2008, H5N1 HPAI virus was isolated from environmental cage
swabs in four of some 64 poultry retail markets in Hong Kong but there were no
H5N1 cases in live poultry markets or chicken farms. An unresolved question
was whether there had been smuggling of poultry, or if vaccines used in poultry
had become less efficacious against current virus strains and vaccinated birds
were therefore shedding virus (Anon. 2008b). Concerns over lack of monitoring
on the H5N1 development in Indonesia were expressed by the World Health
Organisation when the country decided to withhold human H5N1 specimens
from the Global Influenza Surveillance Network in protest of perceived lack of
equity over benefits in affordable access to vaccines and other patented
technologies arising from any virus sharing (Sedyaningsih et al. 2008).

H5N1 HPAI remains entrenched in poultry in several countries, including Egypt,
Indonesia and Vietnam. Commercial and backyard flocks in 20 of 26 provinces
in Egypt became affected by H5N1 HPAI during 2006, most of them in the Nile
Delta and greater Cairo; vaccination, quarantine and depopulation were
effective for commercial flocks but cases continued in backyard poultry (Aly et
al. 2008). Vietnam carried out nationwide vaccinations from October 2005.
However, poultry that remained unvaccinated, failure to observe a moratorium
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on new duck hatchings or rearing ducks in paddies and illegal poultry
movement were factors that had contributed to recurrence of infections (FAOAIDE news 45, 2007). Indonesia still faces the highest number of human and
poultry cases of H5N1 HPAI worldwide and the disease is endemic in poultry in
Java, Sumatra, Bali and southern Sulawesi, and 12 and 31 of 33 Indonesian
provinces reported human and poultry H5N1 cases, respectively (Sedyaningsih
et al. 2008). The FAO-sponsored Participatory Disease Surveillance (PDS)
programme that combined participatory techniques and rapid field testing to
identify HPAI cases in backyard village production in Java, Sumatra and Bali
from 2007 helped with a better detection and reporting of cases (FAO-AIDE
news 55, 2008). In Nigeria, a new strain (clade 2.2.3) previously found only in
Europe (Italy), Asia (Afghanistan) and the Middle East (Iran) was detected for
the first time in 2008 (FAO-AIDE news 55, 2008). Countries in Africa were
regarded as the weakest link in the global efforts against H5N1 due to a poor
surveillance and diagnostic infrastructure that affected monitoring of poultry
populations, diagnosis and confirmation of cases, outbreak management and
public communication (Seck et al. 2007). Control of H5N1 HPAI, while varying
among veterinary services and regions, usually comprised stamping-out policy,
quarantine and movement restrictions, zoning, increased biosecurity including
minimising access of wild birds to poultry and to water and feed intended for
poultry, and enhanced surveillance in wild birds and poultry. Preventive or
emergency vaccination has also increasingly been used in disease endemic or
high risk areas (Brown et al. 2007, Satwitri Siregar et al. 2007, Sims 2007).
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1.3 Role of different species in ecology of avian influenza

1.3.1 Wild birds as reservoir hosts of avian influenza
The natural host species of influenza A viruses are wild aquatic birds, and all
subtypes and different HA/NA influenza combinations have been found in
waterfowl, shorebirds and gulls (Webster et al. 1992, Swayne & Suarez 2000,
Olsen et al. 2006). In particular, the Anatidae family of ducks, swans and geese
harbour the highest prevalence and diversity of avian influenza viruses. Avian
influenza viruses can be divided into two broad distinct lineages: (a) Eurasian
and (b) American reflecting a general ecological and geographical separation of
hosts. In a study of 6,767 avian influenza gene segments and 248 complete
viruses from migratory birds, only a small number of viral gene segments
present in the Eurasian avian influenza viruses (0.64%) or the American avian
influenza viruses (1.05%) clustered with strains from the opposing hemisphere
without any detectable whole genome transfer, underlining the limited virus
exchange between these lineages (Krauss et al. 2007).

Surveillance of wild waterfowl in Alberta, Canada since 1976 revealed that as
many as 61% of juvenile ducks and 27% of adult ducks annually congregating
at the marshalling area at the end of the breeding season in late summer and
prior to their southward migration became infected with influenza viruses. Fortyfour antigenic combinations of influenza viruses involving 12 different HA (H112) and all 9 NA subtypes were isolated in various wild duck species such as
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mallards and pintails during an eight-year period, and none of the infected birds
showed any disease signs (Hinshaw et al. 1980a, 1985). It is believed that the
high incidence of infection arose from a large density of susceptible juvenile
birds at pre-migration areas at the end of the breeding season. During southern
migration, the birds continued to shed the virus, and by the time they reached
the lower Mississippi and Louisiana in winter, the isolation rate had declined to
only 0.4 to 2% (Stallknecht et al. 1990a, Webster et al. 1992). The lower
isolation rates when the ducks have begun migration may be attributable to
developing flock immunity and dispersal of duck populations (Hinshaw et al.
1985).

Surveillance work in Northern Europe from 1998 also detected all
haemagglutinin except H14-15 and all neuraminidase subtypes in wild ducks,
geese, gulls or guillemots (Munster et al. 2005a, 2007). The overall prevalence
of influenza was over 2% but prevalence varied with bird species, age, timing
relative to migration and location of sampling; and prevalence in ducks and
geese could be up to 30% in a flock between late summer and early winter
when birds leave their breeding grounds for migration (Munster et al. 2005a,
2007). Wild ducks overwintering in Italy showed a lower virus prevalence of
6.1% (De Marco et al. 2003).

Surveillance of migratory ducks in North America and Europe showed that the
predominant subtypes and frequency of influenza isolations are not the same
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for different flyways and from year to year (Hinshaw et al. 1985, Stallknecht et
al. 1990a, Webster et al. 1992, Suss et al. 1994). Such variation in the
predominant strains probably reflects the limited mixing of hosts from different
flyways, and the spread to new susceptible juveniles, which can account for
higher isolation rates (Hinshaw et al. 1985). Nonetheless, the surveillance
showed that certain influenza subtypes occur more frequently. In North
America, haemagglutinin subtypes of H3, H4 and H6 were found to
predominate in both adult and juvenile ducks each year whereas other subtypes
were not found for prolonged periods of the surveillance (Hinshaw et al. 1985,
Sharp et al. 1993, Hanson et al. 2003). Similarly, H3, H4 and H6 subtypes were
commonly detected in Europe (Munster et al. 2007).

The newer haemagglutinin H14 and H15 subtypes have been isolated from
ducks in Russia and pelagic birds and ducks in Australia, respectively
(Stallknecht 1997). Unlike the majority of subtypes which could be found in wild
ducks, the H13 and H16 subtypes were found in gulls (Charadriiformes) but
rarely in other birds (Kawaoka et al. 1988, Munster et al. 2007). Studies have
shown that while half of the viruses isolated in gulls and shorebirds could infect
and replicate in ducks, the other half could not, suggesting that distinct gene
pools may be maintained in different bird reservoirs (Kawaoka et al. 1988).

Differences in virus prevalence in migratory bird species may be partly due to
ecology, behaviour and habitat. Dabbling ducks (10.1%), with mallards as the
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most extensively studied species, have been found to be infected more
frequently than other birds, such as diving ducks (1.6%), wood ducks (2.2%) or
geese (1.0%) (Hinshaw et al. 1985, Suss et al. 1994, De Marco et al. 2003,
Olsen et al. 2006). Dabbling ducks feed along surface waters that could be
contaminated with infective faeces; in contrast, diving ducks forage more often
in marine habitats, and geese graze in pastures and most nest solitarily (Olsen
et al. 2006). Further, high influenza prevalence in ruddy turnstones (within the
Charadriiformes) at Delaware Bay can be attributed to their seasonal
congregation for feeding on eggs from spawning horseshoe crabs during spring
in that area (Senne et al. 2006).

1.3.2 Virus persistence in nature
Several ecological pathways could allow avian influenza viruses to perpetuate
in nature.

Firstly, wild ducks returning to Canada from migration showed a 0.25% LPAI
virus isolation rate (Webster et al. 1992), which indicates maintenance of
infection in migrating ducks that could re-infect the general population as they
enter the breeding grounds. Consistent with this pathway is the continual
detection of virus prevalence in wild ducks throughout the various stages of
migration, including in overwintering sites in North America (Stallknecht et al.
1990a) and Europe (De Marco et al. 2003), and in the summer breeding
grounds in Alaska (Ito et al. 1995) and Siberia (Okazaki et al. 2000).
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Secondly, LPAI virus prevalence in migratory ducks in the North American
studies peaked seasonally in August and September, the timing coinciding with
the high-density congregation of immunologically susceptible birds at the premigration staging lakes. The frequency of influenza isolation was higher in
juvenile birds than in adult birds regardless of the year or place of sample
collection (Hinshaw et al. 1980a, 1985, Webster et al. 1992, Hanson et al.
2003). Similarly in Europe, juvenile ducks were more prevalently infected than
adults (Munster et al. 2007). The close interaction of susceptible birds at high
population densities might have facilitated faecal-oral waterborne transmission
of virus each pre-migratory season (Sharp et al. 1993). The congregation of
different migratory species at Qinghai Lake in China, with a large number of
susceptible birds, similarly led to a major H5N1 outbreak in the summer of 2005
(Chen et al. 2005, Liu et al. 2005).

Thirdly, LPAI viruses were isolated from lake waters in Alaska in autumn after
ducks had left for migration (Ito et al. 1995). Avian influenza viruses that were
excreted in the faeces during the late summer congregation could thus persist
in frozen rivers while ducks were absent (Webster et al. 1992).

Lastly, LPAI viruses could perpetuate and be maintained in domestic poultry. A
twelve-year surveillance in eastern Germany showed that while influenza
viruses could be isolated from wild ducks (8.7%) and various other wild
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waterbird species (6.6%), even higher isolation rates were found in domestic
duck populations kept on an open farm (38%) and as sentinel birds (37%)
(Suss et al. 1994).

1.3.3 Transfer of virus between wild birds and domestic poultry
Research has shown that low pathogenic viruses antigenically similar to a
virulent chicken virus had circulated in wild ducks on three separate occasions
between 1976 to 1982 prior to the H5N2 Pennsylvania outbreak in 1983
(Hinshaw et al. 1985). Based on sequence analysis, influenza viruses isolated
from wild mallards in Sweden and Netherlands were closely related to those
responsible for HPAI outbreaks of domestic poultry in Italy H5N2/1997, Italy
H7N1/1999-2000 and the Netherlands H7N7/2003 (Munster et al. 2005b).
Backyard poultry flocks and farmed poultry raised outdoors could easily come
into close contact with wild infected birds and act as a point of introduction of
avian influenza infection (Brown et al. 2006a). Co-mingling of wild waterfowl
and domestic ducks grazing on paddy fields may also create an opportunity for
virus transfer between wild birds and poultry (Gilbert et al. 2008).

Migratory waterfowl were thought to contribute to the annual incidence of low
pathogenic avian influenza infection in domestic turkeys in USA (Halvorson et
al. 1997). Minnesota poultry farmers have experienced multiple outbreaks of
LPAI of various subtypes since 1978 as a result of contact between seasonal
migratory ducks (September to November) and range-reared turkeys, until
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range-rearing was phased out in the late 1990s (Swayne & Akey 2005). Studies
found that the influenza infection in range or confined turkey flocks in Minnesota
followed a 6-8 week lag after the detection in sentinel ducks on marsh sites
within the vicinity. The delayed infection in farmed turkeys appeared to follow
and be related to increased wild waterfowl presence during the late summer
congregation (Halvorson et al. 1985). Similarly, in five previous H7 outbreaks in
Australia from 1976-1997, HPAI in chickens were presumptively linked to open
range farmed ducks or emus, or to common farm water sources frequented by
wild ducks (Westbury 1997, Selleck et al. 2003).

1.3.4 H5N1 HPAI in wild birds
H5N1 HPAI viruses have been isolated on several occasions from apparently
healthy birds including migratory mallard ducks prior to spring migration in Lake
Poyang, China in January and March 2005 (Chen et al. 2006a, Webster et al.
2007), two smuggled Thai crested hawk-eagles into Belgium in October 2004
(Van Borm et al. 2005), free-living tree sparrows in Henan Province of China in
2004 (Kou et al. 2005), and hunted wild birds in Lake Chany, Russia in 2005
(Brown et al. 2005, Feare 2007).

Isolations of H5N1 HPAI viruses from dead wild birds have also been reported
including grey herons, egrets, peregrine falcons, crested mynahs, common
magpies, oriental magpie robins, Japanese white-eyes, crested goshawks and
scaly breasted munia in Hong Kong from 2003-8 (Ellis et al. 2009, Smith et al.
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2009), and this indicates that wild birds can become infected and may pose an
infection risk to nearby poultry flocks (Webster et al. 2006a, Feare 2007). H5N1
viruses have also been isolated from dead crows and magpies during 2004
farm outbreaks in Japan and Korea (Kwon et al. 2005, Mase et al. 2005b), dead
captive caged birds in quarantine in England ostensibly imported from Taiwan,
2005 (Alexander 2007b), sick African hooded vultures in Burkina Faso, 2006
(Ducatez et al. 2007b), dead wild swan(s) at Cellardyke harbour in Scotland,
April 2006 and at UK’s Dorset swannery reserve, January 2008 (Defra 2008),
and from dead wild swans in Hokkaido, Akita and Aomori prefectures of Japan
in 2008 (FAO-AIDE news 53, 2008). The events in Qinghai Lake, China in late
April 2005 and subsequently in Central and South Asia, Siberia, Caspian and
Black Seas, Europe, Africa and the Middle East demonstrated that many bird
species are susceptible to H5N1 HPAI and virus transmissions have likely
occurred along migratory routes (Chen et al. 2005, Liu et al. 2005). Mute
swans, whooper swans, tufted ducks and pochards were among common
species found moribund or dead during these periods (Alexander 2007b).

Experimental infection studies of migratory waterbirds showed that vector
species like mallard ducks can carry and shed H5N1 HPAI virus without clinical
signs for long periods of time, whereas sentinel species like swans, geese,
laughing gulls and certain ducks (tufted ducks, wood ducks) shed virus
sometimes to high concentrations before death from infection (Brown et al.
2006b, 2008, Keawcharoen et al. 2008). The question of whether H5N1 HPAI
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viruses are now being maintained in migratory waterbirds continues. However,
despite extensive wild bird surveillance in Europe (Munster et al. 2007) and
North America (Krauss et al. 2007), H5N1 HPAI virus has not been isolated
from healthy migratory birds in these programmes.

1.3.5 Role of domestic ducks
Avian influenza viruses are able to replicate preferentially in the cells lining the
intestinal tract of wild and domestic ducks (without first replicating in the blood,
lungs or other internal organs) (Webster et al. 1978). Infected ducks show no
clinical disease and the viruses are excreted in high concentrations in the
faeces (107.8 EID50/g) into the water (Webster et al. 1978), producing in effect a
“virus soup” of contamination (Shortridge 1992). The period of virus excretion
normally occurs in the first one to two weeks of infection, with peak levels after
the initial three days (Hulse-Post et al. 2005, Sturm-Ramirez et al. 2005)
although juvenile ducks can shed virus in their faeces for as long as 30 days
(Hinshaw et al. 1980b). Experimental infection of ducks with H5N1 virus
showed that 102.25-3.75 EID50/g can be isolated from fresh faeces of ducks (WHO
2006 cites Hulse-Post unpublished data 2005).

Avian influenza has been demonstrated to be an intestinal, waterborne infection
of ducks with spread through the faecal-water-oral transmission route (Markwell
& Shortridge 1982, Shortridge 1992). Influenza viruses can retain infectivity in
faecal material for at least 30 days at 4°C and 7 days at 20°C (Webster et al.
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1978). In nature, avian influenza viruses have been isolated from faeces and
lake waters where wild ducks nested or gathered (Hinshaw et al. 1980a, Ito et
al. 1995, Okazaki et al. 2000). In river water, influenza viruses have been
shown to retain infectivity for over 30 days at 4°C and for 4 days at 22°C
(Webster et al. 1978). Survival of viruses in water depends on the virus strain,
water salinity, pH and temperature, with virus persistence greatest in cooler
freshwater habitats (Stallknecht et al. 1990b). Linear regression models
predicted that some strains could be infectious for up to 207 days at 17°C and
102 days at 28°C (Stallknecht et al. 1990c).

In Asia, the traditional husbandry practice of allowing free-grazing duck flocks to
consume leftover grains after the rice harvest, and seasonal flooding of ricepaddy fields, were identified as risk factors for influenza virus to persist and
disseminate (Shortridge 1992, Gilbert et al. 2006a). Spatial and statistical
analyses demonstrated a significant association between H5N1 outbreaks in
Thailand and Vietnam and the abundance of domestic ducks and rice-cropping
intensity (Gilbert et al. 2006a, Martin et al. 2006a, Gilbert et al. 2008). Ricepaddy fields provide a habitat for free-grazing domestic ducks and migratory
birds to feed and come into close contact, and for any virus shed to persist in
the water. Chicken numbers, however, failed to show as a consistently
significant predictor of disease presence (Gilbert et al. 2008). Studies in
Thailand in 2004 also showed that domestic ducks housed in “closed” houses
with high biosecurity did not become infected with H5N1 viruses. In contrast,
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domestic ducks raised in “open” house farms, free-grazing flocks in rice paddy
fields or in backyard flocks were frequently infected with H5N1 viruses (23.5%,
45.9%, 27-47%, respectively). Ducks in some of these flocks were apparently
healthy and did not show any disease signs, making clinical detection difficult
and were therefore an infection risk to other duck or chicken flocks (Songserm
et al. 2006a).

Ducks can thus play a role as a reservoir host for avian influenza virus because
of several attributes: firstly, ducks can become infected without succumbing to
disease; secondly, ducks are able to excrete high virus titres without showing
any clinical signs; thirdly, ducks are able to be co-infected, sustain different viral
populations and allow opportunities for reassortment; lastly, ducks excrete
viruses into ponds and lakes and contribute to virus persistence and spread.

1.3.6 H5N1 HPAI in domestic ducks
The biology of influenza viruses changed dramatically since late 2002 as the
H5N1 virus became highly pathogenic with neurotropic signs and lesions in
aquatic bird species during two waterfowl park outbreaks in Hong Kong (Ellis et
al. 2004a, Sturm-Ramirez et al. 2004). Previously, the 1997 H5N1 viruses had
only replicated to a limited extent in ducks and did not cause any disease signs
(Shortridge et al. 1998). HPAI in waterfowl had behaved like LPAI, despite
having multiple basic amino acids at the haemagglutinin cleavage site. H5N1
viruses, all highly pathogenic for chickens, have been recovered from
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apparently healthy ducks in southern China between 1999 and 2002 (Chen et
al. 2004). In contrast, studies of recent H5N1/Asia/2003-2004 isolates showed a
continuum of pathogenicity (IVPI scores 0.39 to 2.96 in ducks), from absence of
disease to high pathogenicity causing severe neurological dysfunction and
death in inoculated and in-contact ducks (Sturm-Ramirez et al. 2005). Swayne
& Pantin-Jackwood (2006) similarly found wide variation in pathobiology and
lethality in ducks for different H5N1 viruses; ranging from those causing
respiratory lesions without clinical signs to systemic infection, lesions and
death. Examination of H5N1 isolates (Martin et al. 2006a, Swayne & PantinJackwood 2006, Swayne 2007) showed that these isolates can be classified
into:(a) those that replicate locally in the respiratory tract or even fail to do so
e.g. 1997-2001 HPAI viruses such as A/HK/156/97 or A/Dk/HK/Y283/97,
(b) those that replicate systemically (skeletal muscle and brain tissue)
but cause no signs of disease e.g. A/duck meat/Anyang/AVL-01/2001,
(c) those that kill a percentage of ducks but without neurological signs of
disease e.g. A/CK/Korea/ES/03 or A/Thailand PB/6231/04, and
(d) those that kill most inoculated ducks and can cause neurological
signs of disease (ataxia, incoordination and trembling), e.g. A/Egret/Hong
Kong/757.2/2002, A/Vietnam/1203/04 or Gs/HK/739.2/02.

Unlike HPAI virus being uniformly pathogenic for chickens, virulence of H5N1
for ducks is further influenced by age of ducks at infection with certain strains
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causing high mortality in 2- but not 5-week old ducks (Pantin-Jackwood &
Swayne 2007).

Ducks that survive infection with 2003-4 H5N1 viruses shed virus of diminishing
duck pathogenicity for a prolonged period of up to 17 days (Hulse-Post et al.
2005); this is in contrast to the 5-7 day excretion for 1997 H5N1 isolates
(Shortridge et al. 1998). The viruses that were re-isolated during the latter
period were antigenically distinguishable from the input virus mixtures and were
no longer pathogenic to ducks; however, they remained highly pathogenic to
chickens (Hulse-Post et al. 2005), presenting an insidious threat for other
poultry. Challenge studies using a H5N1 virus isolated in late 2002 revealed
that virus shedding from the trachea in both inoculated and contact ducks was
more persistent and of higher titres than from the cloaca (Sturm-Ramirez et al.
2004). The findings that viral titres shed from the trachea of ducks were higher
than from the cloaca were similar for some recent post-2002 Asia isolates
(Sturm-Ramirez et al. 2005, Webster et al. 2006a, Pantin-Jackwood & Swayne
2007). That the recent H5N1 viruses replicate more efficiently in the upper
respiratory tract than in the gastro-intestinal tract of ducks suggests that the
faecal-oral route through water may no longer be the main transmission route.
Sturm-Ramirez et al. (2005) hypothesised that the main path of transmission
may have shifted from a faecal-oral route to an oral-oral route or even an
airborne route or a combination. It is not known, however, whether and how
such a change may result in altered transmissibility.
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1.3.7 Role of chickens, quails and other gallinaceous poultry
Different bird species have displayed different roles in the ecology of avian
influenza. Non-gallinaceous terrestrial birds such as pigeons, passerine or
psittacine birds exhibit different susceptibility and ability to carry and transmit
virus (Boon et al. 2007). The susceptibility of quails to H5N1 virus by aerosol or
faecal spread and the continued circulation of H9N2 and H6N1 in quails led to a
notion that quails may be the host of origin in the reassortment event that led to
the emergence of the H5N1/97 virus in Hong Kong (Webster et al. 2002).
Similarly, quails have been implicated as sources of infection in two separate
LPAI H7 outbreaks in Italy as virus had circulated undetected in breeder birds
(Capua & Marangon 2007). Quails are more susceptible to some goose H5N1
and duck H9N2 isolates than are chickens (Webster et al. 2002, Perez et al.
2003) and may be an intermediary host in the adaptation of aquatic viruses to
terrestrial poultry. Chickens, quails, turkeys, and other gallinaceous birds are
susceptible to HPAI infection, with systemic virus replication in multiple organs
and often rapid death. There are however rare exceptions, for example a 2004
Texan H5N2 virus would be considered a HPAI on the basis of having multiple
basic amino acids at the HA cleavage site but it was not pathogenic for
chickens (IVPI=0.0) (Senne 2007). In a pathogenesis study of seventeen avian
species using a 1997 H5N1 virus, galliformes died per-acutely (chickens), or
developed diarrhoea sometimes with neurological signs (other galliformes)
before succumbing and showing 75-100% mortality within 6.5 days of intranasal
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infection. By contrast, domestic ducks, gulls, house sparrows, starlings and
pigeons showed no or minimal virus replication, disease signs, and did not die
when infected with this virus (Perkins & Swayne 2003). However, observations
of susceptibility of gallinaceous poultry have been made under commercial farm
or experimental laboratory settings, but seldom under village field conditions. In
one survey, backyard chicken flocks were the most common type infected with
H5N1 HPAI while the relative risk for infection was the lowest in backyard
chickens compared to layers, broilers, ducks, quails or geese (Tiensin et al.
2005). Chapter 3 of the thesis reports on investigations of a possible role of
village chickens as reservoir host in the epidemiology and ecology of H5N1 in
Bali.

1.3.8 Pigs as “mixing vessel” for influenza viruses
The generation of an influenza virus with pandemic potential can occur in
several ways. One is the possibility of an avian virus directly adapting itself to
infect and transmit readily in humans. A second possibility is a reassortment of
both avian and human influenza viruses occurring in a human concurrently
infected with these two viruses. A third possibility is that an animal species that
is susceptible to both avian influenza and human influenza viruses might serve
as an intermediary host, of which the pig is one probable candidate although
direct evidence that genetic reassortment in pigs led to the genesis of human
pandemics is still lacking. Pigs can be infected with both avian and human
strains due to the presence of both α-2,3 and α-2,6 sialic acid receptors in the
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pig tracheal epithelium (Ito et al. 1998), and various reassortants have been
isolated from pigs. Pigs have been proposed as a “mixing vessel” in the
generation of reassortant pandemic strains (Scholtissek et al. 1985, Ludwig et
al. 1995). Several types of influenza A viruses – classical swine H1N1
(maintained for more than 70 years), avian-like H1N1 (since 1979), human-like
H3N2 (since 1969) and reassortant H1N2 – circulate in pigs in different parts of
the world (Brown 2000). The detection of avian influenza in pigs, e.g. H9N2 in
China (Peiris et al. 2001), and the finding of reassorted viruses between human
H3N2, classical swine H1N1 and avian viruses in American pigs (Zhou et al.
1999b), or of H3N2 human-like surface genes but with H1N1 internal avian viral
genes in Italian pigs (“avian-like” swine H3N2, Castrucci et al. 1993) and
subsequently children in the Netherlands (Claas et al. 1994) supported the role
of pigs as a “mixing vessel” for influenza viruses. Despite this, no viruses similar
to the 1957 and 1968 reassortant pandemic strains (avian surface genes but
human internal genes) have been recorded.

Virological surveillance in Hong Kong from 1998 showed that pigs in southern
China region have been exposed to influenza A viruses (H1N1, H3N2, more
recently H1N2 and less frequently H9N2) (T. Ellis, pers. comm.). H5N1 HPAI
virus has further been found in pigs in Fujian province, southern China in 2001
and 2003 (Martin et al. 2006b) and in Java, Indonesia in 2005 (Cyranoski
2005). Serological evidence of H5N1 infection has also been detected in pigs in
Vietnam in 2004 (8/3175 pig sera, Choi et al. 2005). Experimental infection
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studies indicated that while avian and human H5N1/2004 viruses were able to
replicate in the swine respiratory tract, inoculated pigs developed only mild
cough and fever, and no virus was transmitted to contact pigs (Choi et al.
2005). No observations have yet been made to indicate pigs contribute to H5N1
virus adaptation or transmission to humans.

1.3.9 H5N1 HPAI in mammals
H5N1 viruses have been able to cause disease and death in mammals. In
December 2003, two tigers and two leopards, fed on raw chicken carcasses
from a local slaughterhouse in an area where chickens were dying with
respiratory and neurological signs, died in a zoo in Suphanburi Province,
Thailand after experiencing high fever and respiratory distress. Subsequent
investigation isolated H5N1 virus in lung tissue samples from among these
felids (Keawcharoen et al. 2004). H5N1 infection was also reported on separate
occasions in a clouded leopard and a white tiger that died at a zoo near
Bangkok in early 2004 (Enserink & Kaiser 2004). In October 2004, 147 out of
441 captive tigers died of infection or were euthanized in a zoo in Chonburi
Province, Thailand. Investigation recovered H5N1 virus from sick tigers and
found evidence of transmission between tigers and through consumption of AIinfected chicken carcasses (Thanawongnuwech et al. 2005). Kuiken et al.
(2004) demonstrated that cats can be infected through direct respiratory route
inoculation, feeding of virus-infected birds or horizontal cat-to-cat contact
transmission. These infected cats excreted virus and showed signs of lethargy,
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fever, protrusion of third eyelid, conjunctivitis and laboured breathing. In these
infected cats, H5N1 virus not only replicated in the respiratory tract but also in
multiple extra-respiratory tissues, most often in the brain, liver, kidney and heart
(Rimmelzwaan et al. 2006). In Thailand, a domestic cat developed fever,
panting, convulsion and died from infection (with H5N1 virus isolation and
antigen present in organs), after consuming an infected pigeon carcass. A
domestic dog similarly developed fatal infection, with H5N1 virus isolation from
organs, following ingestion of a duck carcass from an area with reported H5N1
in ducks (Songserm et al. 2006b, 2006c). Antibodies to H5N1 have been found
in village dogs and cats in central Thailand (Butler 2006b, 2006c). Fatal
disseminated H5N1 infection was also reported in three captive Owston palm
civets (Chrotogale owstoni) in a Vietnamese wildlife reserve in 2005 (Roberton
et al. 2006). Disease caused by H5N1 HPAI in mammals was further reported
in Germany’s Baltic island of Ruegen (three domestic cats, one stone marten
Martes foina), Austria (three cats in an animal shelter), and Sweden (one mink
Martes vison) during 2006; these likely occurred from scavenging infected birds
(Pittman et al. 2007). H5N1 infection (“Qinghai-like”) was similarly detected in
domestic cats associated with bird deaths in Iraq (Yingst et al. 2006).

Natural H5N1 infections have not been found in macaques, mice or ferrets
although these mammals have been used as influenza study models in
experimental infections. Experimental infection of cynomologous macaques
with a 1997 human H5N1 isolate produced acute respiratory distress syndrome
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and fever associated with necrotising broncho-interstitial pneumonia.
Polymerase chain reaction test, virus isolation and immunohistochemistry
showed the respiratory tracts were the main target site leading to severe
alveolar damage and no virus-infected cells were found outside the respiratory
tract of these macaques (Rimmelzwaan et al. 2001). Studies in BALB/c mice
found distinct biological heterogeneities among H5N1/97 human isolates; a
highly pathogenic phenotype with systemic and highly lethal replication
including in the brain, and the other a low pathogenic phenotype with only
respiratory replication (Gao et al. 1999, Lu et al. 1999). Intranasal inoculation of
ferrets showed 2004 H5N1 human isolates from Asia were typically lethal,
replicated to high titres in the ferret respiratory tracts and multiple organs,
including the brain; the severity of disease (high fever, weight loss, anorexia,
diarrhoea and lethargy), broad tissue tropism and high lethality rates in ferrets
distinguished these virulent human isolates from most contemporary avian
isolates (Govorkova et al. 2005). Maines et al. (2005) also demonstrated in the
ferret model that human H5N1 isolates in 2004 exhibited increased virulence
compared with 1997 human isolates, which may reflect the higher human casefatality. There is no evidence however to suggest that mammals can play a
significant role in H5N1 transmission to humans, although such a chance
should not be disregarded in assessing potential risks.
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1.4 Molecular determinants of host range and pathogenicity

The molecular basis of host range, pathogenicity and virus transmissibility of
influenza virus in avian and mammalian species remains poorly understood and
knowledge of these determinants so far is briefly described.

1.4.1 Host receptor specificity
The haemagglutinin (HA) is the primary antigenic target for neutralising
antibodies and mediates virus attachment to host cell (receptor-binding site)
and subsequent entry by membrane fusion (fusion domain). Avian influenza
viruses preferentially bind to host cell glycoconjugate receptors with terminal
sialic acid linked to an adjoining galactose by the alpha-2,3 linkages
(SAα2,3Gal), such as those on the epithelial cells of duck intestines (Ito et al.
1998); while human influenza viruses of the 1957 H2 and 1968 H3 pandemics
recognise host cells with sialic acid linked to galactose by the alpha-2,6linkages (SAα2,6Gal) on human trachea epithelial cells (Neumann & Kawaoka
2006). Such receptor-binding specificity was thought to act as a barrier to
prevent avian viruses from replicating efficiently in humans and vice versa. The
epithelial cells of the pig trachea contain both types of receptors (Ito et al. 1998)
and therefore could potentially serve as a “mixing vessel” for reassortment of
these two viruses (Ludwig et al. 1995).
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For efficient replication and human-to-human transmission, an important
prerequisite was for the virus HA to switch affinity for human SAα2,6Gal
receptors (Matrosovich et al. 2000). In the case for human H2 and H3 viruses,
Gln226 and Gly228 found in the HA of avian viruses favours preferential binding
for SAα2,3Gal receptors while Leu226 and Ser228 in human viruses (numbered
222 and 224 in the H5 HA) increase affinity for SAα2,6Gal receptors. These
alterations of receptor-binding specificity were introduced early after the
transmission of avian HAs to humans, as observed in the earliest isolates of the
1957 and 1968 pandemic viruses (Matrosovich et al. 2000). For the human
1918 H1 virus, the avian-like Gln226 and Gly228 sequence was unchanged;
instead, Glu190Asp and Gly225Asp/Glu substitutions in the HA appear crucial
to allow adaptation to receptors with alpha2,6 linkages (Matrosovich et al.
2000). Transmission studies in ferrets found that two amino acid substitutions
Asp190Glu and Asp225Gly in the 1918 virus HA, which caused a switch from
human to avian receptor-binding specificity abolished respiratory droplet
transmission between ferrets (Tumpey et al. 2007).

The H5N1 virus A/HK/156/1997 from the index human case in Hong Kong
recognised SAα2,3Gal receptors but not SAα2,6Gal receptors, demonstrating
that the receptor-binding specificity of avian influenza virus alone had not
restricted its ability for initial avian-to-human transmission (Matrosovich et al.
1999). Similarly, the observation that H7N7 avian influenza could cross species
and cause a fatal human case suggests that receptor specificity (avian HA)
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alone is not the sole determinant of host range (Fouchier 2004). Matrosovich et
al. (2004) showed that the human respiratory epithelium contains a subset of
cells (ciliated cells) that express SAα2,3Gal receptors which may explain the
initial entry and replication of avian influenza viruses, although these cells may
be suboptimal for subsequent replication and efficient transmission in humans.
Using labelling techniques to detect different sialic acid linkages and influenza
virus attachment in tissues, two separate studies found human respiratory
bronchioles and alveolar epithelial cells mainly contain SAα2,3Gal receptors
(while epithelial cells in the human trachea and bronchi mainly express
SAα2,6Gal). This finding may explain why H5N1 virus could cross the species
barrier but only preferentially infect the deeper alveolar structures and not the
human upper respiratory tract thus limiting any potential human-to-human
transmission (Shinya et al. 2006, van Riel et al. 2006). These findings are
consistent with the pathological findings of human H5N1 infection which
showed severe pulmonary injury with histopathology of diffuse alveolar damage
(Beigel et al. 2005). Severe diffuse alveolar damage associated with bronchointerstitial pneumonia was also observed in the fatal human case of H7N7
infection in the Netherlands (Fouchier et al. 2004).

Changes at HA positions 226 and 228 have not been found in recent H5N1
human isolates (Li et al. 2004, Yamada et al. 2006), but some recent human
H5N1 isolates (Hong Kong 2003, Vietnam 2004, Thailand 2004) have dual
specificity and appeared to shift affinity from avian SAα2,3Gal towards human
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SAα2,6Gal receptor recognition. This was attributed to independent single
amino acid changes in the HA such as Ser227Asn (Gambaryan et al. 2006), or
Asn182Lys or Gln192Arg (Yamada et al. 2006); fortunately, these changes
have not yet resulted in efficient H5N1 transmission between humans.

Through analysis of tissue and glycan array binding, a recent study concluded
that, rather than a preference switch for the alpha2,6 linkage itself, recognition
of a structural glycan receptor topology determines any successful human
adaptation of H5N1 viruses – such as with the preferred binding of human
H1N1 and H3N2 viruses to long alpha2,6 receptors occupying an unique
“umbrella-like” topology in the human upper respiratory tract, than to alpha 2-3
and some alpha 2-6 receptors that occupy a cone-shaped space
(Chandrasekaran et al. 2008).

1.4.2 Cleavage site of the haemagglutinin
While receptor-binding specificity of HA influences host range, cleavability due
to multiple basic amino acids at the cleavage site of the HA surface glycoprotein
has been identified as a major determinant of high pathogenicity (Swayne &
Suarez 2000, Horimoto & Kawaoka 2005, Hatta et al. 2001). This was
demonstrated in the progression of virulence of avian influenza viruses in
poultry through acquisition of a highly cleavable HA in HPAI outbreaks in
Mexico in 1994 (H5N2), Italy in 1997 (H7N1), Chile in 2002 (H7N3), and
Canada in 2004 (H7N3) (Garcia et al. 1996, Banks et al. 2001, Hirst et al. 2004,
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Suarez et al. 2004). In mammals, a recombinant H5N1 virus without the
multiple basic amino acid motif in the HA was no longer virulent in mice (Hatta
et al. 2001). Apart from having multiple basic amino acids, the presence of a
carbohydrate side chain near the cleavage site can also affect virus
pathogenicity by shielding access of proteases to the cleavage site (Kawaoka et
al. 1984).

Studies on reconstructed 1918 virus, using gene segments retrieved from
archived lung materials and an Alaskan influenza victim buried in permafrost,
found that the 1918 virus was able to replicate in the absence of trypsin, caused
death in mice (with severe necrotising bronchitis and severe alveolitis without a
systemic spread) and embryonated chicken eggs, and displayed high growth in
human bronchial epithelial cells. The 1918 HA was shown to be essential for
virulence: replacement of this gene with a contemporary H1N1 virus through
reverse genetics made it non-lethal in mice. Uniquely, the replication and
virulence of 1918 virus was possible without multiple basic amino acids at its
haemagglutinin cleavage site, and this HA cleavage appeared to be mediated
through its NA activity, as it was shown a recombinant virus with only the NA
rescued from the 1918 virus also replicated in the absence of trypsin (Tumpey
et al. 2005).
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1.4.3 Neuraminidase
Once a virus has successfully replicated in a host cell, its progeny virions need
to be released from the cell. The virus neuraminidase (NA) facilitates the
release of virions from infected cells by destroying receptors on the host cell
membrane. Some recent H5N1 isolates, including the “Z” and “V” genotypes,
have a 20-amino acid deletion in the stalk of the NA gene (Guan et al. 2002b, Li
et al. 2004, Lee et al. 2005, WHO 2005a). Similarly, a 19-amino acid deletion in
NA stalk was observed with the 1997 H5N1 chicken and human viruses (the
latter transmitted from poultry viruses), as compared with wild aquatic bird
isolates (Matrosovich et al. 1999). How a shortened NA stalk may be involved in
the pathogenicity of H5N1 in humans is unknown, although the deletion may be
associated with adaptation of viruses from wild aquatic birds to land-based
poultry (Matrosovich et al. 1999). Similarly, in outbreaks of highly pathogenic
H7N1/1999 and low pathogenic H7N3/2002 in Italy, poultry isolates had a
respective twenty-two and twenty-three amino acid deletion in the NA stalk not
seen in wild bird precursor viruses (Banks et al. 2001, Campitelli et al. 2004).
Often associated with high pathogenicity virus in chickens is the acquisition of
additional glycosylation sites near positions 154-156 in the globular head of the
HA1, posing a steric hindrance which decreases the virus receptor-binding
affinity (Matrosovich et al. 1999, Banks et al. 2001, Li et al. 2004), and whose
presence may compensate for the effects of NA deletion in the process of
adaptation to land-based poultry (Matrosovich et al. 1999, Neumann &
Kawaoka 2006, Peiris et al. 2007). The function of these changes may be to
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facilitate the eventual conversion of an avian virus to human receptor specificity
(Matrosovich et al. 1999, Neumann & Kawaoka 2006).

1.4.4 Polymerase complex
The viral polymerase complex plays an essential role in viral replication in
infected cells. Changes in the polymerase complex were shown to determine
host range and pathogenicity. Salomon et al. (2006) demonstrated that mice
and ferrets survived inoculation of the lethal A/Vietnam/1203/04 when its
polymerase genes were replaced with a chicken strain’s. Replacement of the
polymerase genes of the 1918 influenza virus with a contemporary H1N1 strain
reduced its viral replication titres in mice and human bronchial epithelial cells,
as well as significantly lowering its lethality in mice (Tumpey et al. 2005). HulsePost et al. (2007) found A/Vietnam/1203/04 to be a heterogeneous mixture of
plaque isolates with variable pathogenicity, and demonstrated through reverse
genetics construction that residue substitutions of PA (Thr515Ala) and PB1
(Tyr436His) were individually linked to non-pathogenic phenotypes of H5N1
virus in orally-infected mallard ducks, and that the latter substitution was also
associated with attenuation in mice and ferrets. Gabriel et al. (2005) found
specific mutations in the polymerase genes that, in an additive manner,
correlated with enhanced polymerase activity in mammalian cells and high
virulence of a H7N7 variant in mice: PB2 (701Asn, 714Arg) and NP (319Lys).
Li et al. (2005) found that PB2 (701Asn) was one of the most important
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determinants to allow a H5N1 duck isolate from China to cross the species
barrier to replicate in mice.

Hatta et al. (2001) demonstrated that a single amino acid mutation (Lys-to-Glu)
at position 627 in the PB2 gene resulted in marked virulence attenuation of a
1997 H5N1 virus in mice while another mutant characterised by the reverse
E627K substitution was associated with high pathogenicity and systemic
replication in mice. The Glu-to-Lys substitution at position 627 had previously
been found responsible for the restoration of a PB2 single gene reassortant to
replicate in a mammalian cell line and thus determining the host range of
influenza A viruses (Subbarao et al. 1993). The fatal human case of H7N7 in
the Netherlands (Fouchier et al. 2004), a 1997 H5N1 human isolate (Hatta et al.
2001), some human H5N1 isolates in Southeast Asia (Li et al. 2004, Smith et al.
2006a), and most “Qinghai-like” avian and human isolates (Chen et al. 2005,
Liu et al. 2005, Chen et al. 2006b, Ducatez et al. 2007a, Salzberg et al. 2007)
contained a Lys at position 627 in the PB2 gene. Virus growth kinetics in cell
culture and pathological examination of infected mice showed that the nature of
the mutation at position 627 of PB2 does not affect cell tropism among cells in
different mouse organs, but increases the viral replication efficiency in mouse
cells in general (Shinya et al. 2004). Hatta et al. (2007) further showed that
H5N1 viruses with Lys at position 627 replicated more efficiently in mouse
respiratory tract particularly in the nasal turbinates, and in diverse cell types at
temperatures as low as 33°C, than those with Glu at the same position,
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suggesting that Lys at PB2-627 conferred the advantage of efficient growth in
the upper respiratory tracts of mammals. The E627K change is also among ten
amino acids in the polymerase proteins that have been identified to consistently
differentiate the avian consensus sequences from the sequences of the 1918
and subsequent human influenza viruses, which may represent changes critical
for avian influenza viruses to adapt to humans (Taubenberger et al. 2005).

The relative contribution of viral genes to influenza virus transmissibility
however remains poorly resolved: H5N1 reassortant viruses with H3N2 human
virus internal genes did not confer virus transmissibility in a ferret model (nor did
the human reassortant virus with avian internal genes acquire efficient
transmission) (Maines et al. 2006).

1.4.5 Non-structural protein
The NS1 protein of the influenza virus plays a role in virus pathogenesis by
counteracting the host interferon immune response (Neumann & Kawaoka
2006). A study demonstrated that pigs infected with a H1N1 recombinant virus
that carried the 1997 H5N1 NS gene experienced significantly greater and more
prolonged viraemia, fever and weight loss than with human H1N1 influenza
virus and the study also showed that the presence of glutamic acid at position
92 of the NS1 gene conferred the H5N1 virus resistance to antiviral effects of
host interferons and tumour necrosis factor α (Seo et al. 2002). However this
amino acid change has not been found in recent H5N1 human isolates (Peiris
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et al. 2007). Viruses containing the NS gene of 1997 H5N1 virus showed upregulatory transcription of pro-inflammatory cytokines, notably tumour necrosis
factor-α, in primary human macrophages (Cheung et al. 2002). The increased
induction of cytokines and the H5N1 resistance to anti-viral cytokine effects
could be synergistic for the continued replication of H5N1 viruses, leading to
cytokine dysregulation and disease pathogenesis in humans (Peiris et al. 2004,
Neumann & Kawaoka 2006). Another study associated the NS1 gene of the
Gs/Gd/1/96 virus that contained Ala149 with the ability to antagonise interferon
induction in chicken embryo fibroblast and to cause virulence in chickens (Li Z.
et al. 2006).

Large scale sequence analysis of avian influenza isolates revealed that the
carboxyl terminus of the NS1 protein of most avian H5N1 viruses, including the
2003-2004 human isolates, contained a sequence motif Glu-Ser-Glu-Val
(“ESEV”) that would mediate binding to host proteins bearing a PDZ domain
(Obenauer et al. 2006). PDZ domain-bearing proteins regulate cell signaling,
trafficking of membrane proteins, and maintain cell polarity and morphology.
NS1 from virulent H5N1 human isolates in 1997 contain another PDZ domain
ligand “EPEV” and from the 1918 pandemic H1N1 virus contained “KSEV”, but
such motifs were not present in low-pathogenic human strains. Functional
studies verified the binding interaction of these virus sequence motifs to PDZ
domains, supporting the hypothesis of a virulence determinant for these highly
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pathogenic viruses to disrupt many PDZ domain protein-mediated signalling
pathways that human NS1 proteins cannot (Obenauer et al. 2006).

1.4.6 Drug resistance mutations
The H5N1 clade 1 (Cambodia, Vietnam and Thailand, and in their Yunnan
precursors) and some clade 2.1 (Indonesia) genotype Z viruses are resistant to
the amantadines, through Leu26Ile and Ser31Asn mutations in M2 protein, but
clade 2.3.4 (“Fujian-like”) and clade 2.2 (“Qinghai-like”) viruses mostly remain
amantadine-sensitive (Li et al. 2004, Smith et al. 2006a, 2006b, Peiris et al.
2007, Abdel-Ghafar et al. 2008, Wang J. et al. 2008). A triple mutation (which
included Val27Ala mutation) was associated with amantadine resistance and
was reported in a 2007 Vietnam duck isolate (Dung Nguyen et al. 2008).

Le et al. (2005) reported oseltamivir-resistant viral clones with a His274Tyr
mutation in the viral neuraminidase were isolated from a 14-year old
Vietnamese patient who received prophylactic treatment, then therapeutic
doses of oseltamivir and survived. Another report described the emergence of
resistant His274Tyr virus during or shortly after therapeutic doses in two
Vietnamese patients who died, despite early oseltamivir initiation in one of them
(de Jong et al. 2005b). Abdel-Ghafar et al. (2008) reported that Clade 1 viruses
appear to be 15 to 30 times more susceptible to oseltamivir than clade 2 viruses
from Turkey and Indonesia. The study also noted the presence of oseltamivirresistant H5N1 viruses containing an N294S mutation in viral neuraminidase
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before treatment in two Egyptian patients with fatal disease. An elevated
presence of oseltamivir resistance (His274Tyr) in seasonal H1N1 influenza
viruses that can transmit person to person was reported in multiple countries in
the first half of 2008, including high frequency (25% or greater) in a number of
European countries. The potential of similar increases in resistance for H5N1
remains uncertain, given these H1N1 patients were not reported to have taken
oseltamivir beforehand nor have been exposed to those who had done so
(Anon. 2008c).
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1.5 Vaccination as a component of disease control

The goals of AI vaccination programs in poultry have included routine
vaccination to control clinical disease or egg production losses in endemic
areas; emergency vaccination during an epidemic; and prophylactic vaccination
when the risk of AI introduction is high (Swayne 2006c). In all cases the aim of
the vaccine is to protect against the disease, increase the resistance to
infection, reduce the number of susceptible birds and reduce or prevent virus
shedding. With HPAI viruses such as the current H5N1 strains that have
potential to cause severe human infections vaccination is generally used to help
control and eventual eradication of the disease. For this purpose vaccination
should be part of a science-based AI control strategy that includes enhanced
biosecurity with quarantine and movement controls, a depopulation plan,
controlled vaccination of at-risk poultry flocks, a suitable monitoring program of
flocks at risk and vaccinated flocks and an eventual repopulation plan (Swayne
2006c).

1.5.1 Use of vaccination in control of LPAI
Vaccines have been used in the control of many poultry diseases worldwide,
including avian influenza. For example, vaccines were used in the United States
to protect range-reared meat turkeys against avian influenza infection from
migratory waterfowl and breeder turkeys against swine influenza (Halvorson et
al. 1997, Swayne & Akey 2005). Vaccination was also used to control a H7N2
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LPAI outbreak in layer chickens in Connecticut, USA in 2003 (Swayne & Akey
2005). In Italy, vaccinations were carried out between 2000 and 2006 in layer
chickens and meat turkeys to contain or prevent H7N1 and H7N3 LPAI
outbreaks (Capua & Marangon 2007). In addition to emergency use during an
epidemic in USA or Italy, vaccinations were routinely used to manage H9N2
LPAI infections in endemic areas in the Middle East and Asia. The success of
vaccination for emergency or routine use would likely depend on if enhanced
biosecurity, surveillance and other disease control components were
concurrently instituted (CAST 2007).

1.5.2 Vaccination to control HPAI including H5N1
In the on-going H5N1 epidemics, vaccinations are carried out in Asia and Africa
to protect poultry in countries where infection is dispersed and stamping out
alone is not economically viable. These include countries like China, Egypt,
Indonesia, Cote d’Ivoire and Vietnam (CAST 2007). Prophylactic vaccinations
have been used in Europe on a case-by-case basis where there was high risk
of H5N1 incursion from wild birds, such as in northern Italy, France and the
Netherlands and in zoological birds (Brown et al. 2007).

Vaccination has previously been used to overcome H7N3 HPAI in poultry in
Pakistan in 1995 and 2000. Vaccination has also been used against H5N2
HPAI in Mexico during 1995, and while the campaign had successfully
eradicated HPAI in Mexico, inactivated whole virus vaccine and fowlpox H5
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recombinant vaccine were still being used to control H5N2 LPAI in Mexico,
Guatemala and El Salvador (Lee et al. 2004, CAST 2007).

When properly used, vaccination will protect poultry against clinical disease and
death; prevent, delay or reduce virus shedding from vaccinated birds if the birds
become infected; reduce virus transmission to other contact birds or into the
environment; and raise the resistance of vaccinated birds to field virus exposure
(Capua et al. 2004, Ellis et al. 2004b, van der Goot et al. 2005, Swayne 2006c).
Vaccination can also prevent virus replication and infection in the meat of
chickens and ducks exposed to HPAI virus (Swayne & Beck 2005, Beato et al.
2007). “Sterilising” immunity is, however, rarely achieved in practice as viruses
may still replicate in vaccinated birds and spread between birds silently without
clinical signs (Savill et al. 2006), but the minimum goal is to reduce virus
replication and shedding by a 100-fold at peak virus shedding (Suarez et al.
2006). Successful vaccination should also induce flock immunity and decrease
transmission level (to a level where the reproduction ratio <1) in order to break
the infection cycle and to ensure that no long-lasting infection chain can be
sustained (van der Goot et al. 2005). Transmission experiments in vaccinated
chickens using either H7N1 or H7N3 inactivated whole virus vaccine showed
that when challenged with H7N7 virus 2 weeks after vaccination, bird-to-bird
transmission was completely blocked (van der Goot et al. 2005). Experience in
Italy showed that emergency field vaccination of poultry holdings can reduce
the incidence of outbreaks such that the reproduction ratio is decreased from
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2.9 to 0.6 (Capua & Marangon 2007). In Hong Kong, vaccination was able to
help protect commercial farm chickens and interrupt virus transmission in the
face of a field outbreak in late 2002. Flock immunity was achieved (53.3% to
81.7% sero-conversion) approximately 18 days post vaccination and further
H5N1 deaths were prevented (Ellis et al. 2004b).

Vaccination has been used with success in certain poultry sectors, for example,
industrial farms with stringent biosecurity for protection of valued genetic birds
(grandparent or breeder stock) and commercial farms with good biosecurity for
insurance. Smaller commercial farms may vaccinate as a substitute for limited
biosecurity while still following a sound vaccination programme. In contrast to
the commercial poultry sector where vaccination is regularly observed, there
are little accounts of vaccines being efficaciously used in the village poultry
sector where free-roaming birds disperse and elude capture and where
cooperation from villagers is required to implement an effective programme in a
high turnover population.

1.5.3 Current and new approaches on HPAI (H5N1) vaccines
Recent field and experimental vaccines for H5N1 HPAI in poultry include (1)
inactivated, conventional whole virus vaccines with oil-in-water adjuvants
(Swayne et al. 2001, Ellis et al. 2004b, Capua & Marangon 2007); (2)
inactivated vaccines developed using reverse genetics (Tian et al. 2005,
Webster et al. 2006b, Middleton et al. 2007); (3) in vitro baculovirus-expressed

94

H5 subunit vaccines (Crawford et al. 1999; Swayne et al. 2001); (4) in vivo
vector-expressed vaccines including recombinant fowlpox virus, Newcastle
Disease virus or infectious laryngotracheitis virus vectors (Luschow et al. 2001,
Bublot et al. 2006, Qiao et al. 2006, Ge et al. 2007); and (5) DNA vaccines
(Kodihalli & Webster 1997). These vaccines have conferred clinical protection,
and eliminated or reduced viral shedding following HPAI virus challenge in
various experimental studies, but apart from the inactivated virus vaccines and
the recombinant fowlpox H5 vaccine there is only limited information on their
effectiveness in field vaccination programmes. Most of these studies were
carried out in chickens while those that were tested in ducks have also shown
protective efficacy. For example, Webster et al. (2006b) reported that a single
dose of inactivated oil-emulsion H5N3 reverse genetic vaccine was able to
protect ducks against lethal H5N1 challenge, while Tian et al. (2005) showed
that 2 doses of inactivated H5N1 reverse genetic vaccines induced at least 52
weeks of protective antibody titres in field-vaccinated ducks.

The influenza virus construct made by reverse genetics use a well
characterized human influenza A virus, A/Puerto Rico/8/34 (H1N1), that grows
efficiently in chicken embryos. Its internal genes have been cloned into
plasmids and the same technique is used to clone the HA gene and NA gene of
the vaccine target virus into plasmids. It is then possible in vitro to construct a
new virus with the target H and N surface proteins and internal PR8 genes. This
virus grows efficiently in chicken embryos. With the HA gene of HPAI viruses
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like H5N1 it is also possible to genetically modify the HA gene so it does not
express the multiple basic amino acid cleavage site. This procedure was used
to construct various H5 reverse genetics vaccines viruses (H5N1, H5N3 and
H5N9) without the HPAI cleavage site (i.e. LPAI) and which grow well in
chicken embryos for vaccine production. These vaccines are still produced as
inactivated whole virus with oil-in-water adjuvants. The advantages of this
technology over conventional whole virus vaccines is that they can be prepared
and move into production quicker than selecting and adapting a field virus for
high output chicken embryo culture and they can be constructed as LPAI virus
with less biosecurity risk (Tian et al. 2005, Swayne 2006c, Webster et al.
2006b, Middleton et al. 2007).

Recombinant virus vaccines, through genetic engineering of haemagglutinin
genes (cDNA inserts) into expression vectors offer a safe, rapid and clean
method without the risk of whole pathogen manipulation, or incomplete
inactivation and accidental release of virus during vaccine production (Duan et
al. 2007). Recombinant Newcastle Disease-based vaccines that expressed
haemagglutinin have another advantage of providing bivalent protection against
Newcastle Disease and avian influenza viruses in chickens, making them a
feasible control tool where both diseases occur or where there is a need for
mass delivery through drinking water, eye drop or aerosol spray in place of
individual, resource-intensive parenteral administration (Ge et al. 2007).
However, with both fowlpox H5 and NDV recombinant viruses expressing H5
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HA there is a major problem if the target population has been previously
exposed to these viruses. Either maternal-origin passive immunity or active
immunity in exposed birds to the vector virus will prevent or greatly reduce the
efficacy of these vaccines. Additionally, fowlpox virus vaccines are designed for
use in chickens and will not be effective in ducks. No studies of NDV-vectored
H5 vaccines have yet been reported in ducks.

Recombinant technology similarly allows viral haemagglutinin genes to be
safely engineered into a baculovirus vector, and to be expressed in insect cells
(Crawford et al. 1999; Swayne et al. 2001). HA is the primary antigenic site for
inducing neutralising antibodies and thus vaccination with HA protein vaccines
is able to generate protective immunity. Such in vitro expressed subunit
vaccines, unlike in vivo expressed vaccines, would not become of limited use in
non-permissive species for vector virus replication or in birds with pre-existing
immunity to the vector virus arising from maternal antibodies, infection or
vaccination. Previous research has shown that baculovirus-expressed proteins,
when given to day-old chickens at high dose (250 HA) in water-in-oil emulsion
adjuvant, generated consistent anti-H5 antibody responses, conferred clinical
protection and eliminated cloacal virus shedding (Crawford et al. 1999).
However, the use of baculovirus-expressed vaccines for H5N1 HPAI control in
ducks has not been reported and no data are currently available on the
protective efficacy of such a recombinant vaccine in ducks against H5N1 HPAI
infection.
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1.6 Aims of thesis

Clearly, the unprecedented geographical spread of H5N1 HPAI in Asia and
beyond, the disease endemnicity in many poultry areas, the perpetuation of the
virus in apparently healthy domestic waterfowl and in some instances, evidence
of virus survival in wild waterfowl, the unusual virulence of the virus for
waterfowl and mammals, and the continuing evolution of this avian influenza
virus are a threat to human health and a challenge for the global community.
With the purpose of contributing towards the concerted efforts in diagnosing,
controlling and understanding this disease, the thesis describes research
carried out on the following aspects:
•

Chapter 2, an evaluation of five antigen detection tests using H5N1 field
samples with an analysis on how these tests may be most appropriately
used for veterinary diagnosis in the field and their potential for use in
surveillance studies of village poultry in Bali relevant to Chapter 3;

•

Chapter 3, a study of H5N1 prevalence and a case-control investigation
of epidemiological risk factors that could affect H5N1 occurrence in
village poultry in Bali (Indonesia);

•

Chapter 4, a study of the characteristics of live bird markets in Bali,
including their role in disease spread, and the prevalence of pathogenic
poultry viruses in these markets;
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•

Chapter 5, a molecular epidemiology study of the isolates obtained from
the surveillance in Bali to estimate their inter-relationship with H5N1
viruses from Indonesia and other regions and

•

Chapter 6, on the basis of the identified need of an effective and safe
field vaccination against H5N1 HPAI in ducks in the region, an evaluation
of the efficacy of a baculovirus-expressed H5 vaccine in ducks through
challenge studies using a H5N1 strain that is highly pathogenic for
ducks.
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Chapter 2 Performance evaluation of five detection tests
for avian influenza antigen with various avian samples

2.0 Abstract (Avian Diseases 51:96-105, 2007)

In this chapter, we report on the evaluation of five influenza antigen detection
tests by avian influenza H5N1 virus–positive swab samples to estimate their
diagnostic sensitivity. The tests included two chromatographic immunoassays,
an H5 avianinfluenza–specific antigen detection enzyme-linked immunosorbent
assay (ELISA), an influenzaAantigen detection ELISA, and anH5 rapid
immunoblot assay. The results showed that the overall sensitivities of these
tests ranged from 36.3% to 51.4% (95% confidence interval ranging from 31.0%
to 57.0%), which were comparable to DirectigenTM Flu A antigen detection tests
but substantially lower than genome detection methods. Diagnostic sensitivity
performance is a function of the concentration of antigens in samples and the
analytical sensitivity of the individual test. The test sensitivities were significantly
higher for sick and dead birds by cloacal, tracheal, or tissue swabs than for
fecal swabs from apparently healthy birds, and these tests would not be
suitable for surveillance testing of clinically healthy birds. Furthermore, the
sensitivity for testing tracheal and cloacal swabs from waterfowl and wild birds
was not as good as for chickens. This was most likely to be associated with
variation in virus titers between specimens from different bird species. However,
the tests showed good sensitivities for testing brain swabs from clinically
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affected waterfowl species. The results indicate that these antigen detection
tests could be used for preliminary investigations of H5N1 outbreaks as a lowcost, simple flock test in sick and dead birds for the rapid detection of H5N1
infection. However, the relatively low sensitivity of the tests as individual bird
tests means that they should be used on optimal clinical specimens from
diseased birds, testing birds on a flock basis, or testing samples as close to the
onset of disease as possible before viral titers diminish. They should be
followed up by confirmatory tests, such as reverse transcription polymerase
chain reaction or viral culture, wherever possible but could assist in facilitating
rapid investigations and control interventions.

2.1 Introduction

Avian influenza viruses belong to the influenza A genus of the
Orthomyxoviridae family and consist of segments of negative sense, singlestrand ribose nucleic acid. Influenza A viruses can be subtyped on the basis of
the antigenic properties of the haemagglutinin (H1-H16) and neuraminidase
(N1-N9) surface glycoproteins. Avian influenza viruses can further be classified
on the basis of their virulence: the highly pathogenic avian influenza viruses
(HPAIs) cause high morbidities and mortalities compared with the lowpathogenic viruses. Birds of the order Galliformes (e.g., chickens) are more
susceptible to disease and death from HPAI viruses than birds of the order
Anseriformes (e.g., ducks, geese, swans) (Webster et al. 1992, Swayne &
Suarez 2000).
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The H5N1 HPAI virus has recently emerged as a major threat to global
agriculture, public health, and biodiversity. In 1997, H5N1 avian influenza in
poultry caused clinical disease in 18 humans in Hong Kong with six fatalities
(Claas et al. 1998, Subbarao et al. 1998). In February 2003, H5N1 was isolated
from two human cases in Hong Kong, with one fatality (Peiris et al. 2004). Since
late 2003, the H5N1 virus has caused waves of poultry disease outbreaks in
Southeast and East Asia and in 2005-06 spread to Central and South Asia,
Europe, the Middle East, and Africa. Human infections have been reported in
15 countries with an overall case fatality rate of more than 60% (WHO 2008).

H5N1 infection appears to be endemic in domestic poultry and wild birds in
many affected areas. Domestic waterfowl are believed to be an important
influenza reservoir that continues to infect other birds. Backyard smallholder
flocks and wild migratory birds are also implicated as an important source of
HPAI infection (Morris & Jackson 2005). The Food and Agriculture Organisation
(FAO), the World Organisation for Animal Health (OIE), and the World Health
Organisation (WHO) have all identified the need for early detection, transparent
reporting, and early introduction of control strategies as key components in the
fight against the infection.

Countries through much of the outbreak region are considered to be less
developed, and limited veterinary laboratory facilities are available to support
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early detection of suspected outbreaks. Rapid detection tests that are simple,
reliable, and relatively affordable could be used in these countries to allow
expedient H5N1 screening.

Experience in Hong Kong in H5N1 outbreaks from 2001 to 2003 had shown that
an existing rapid influenza A antigen detection kit developed for human use
gave accurate detection of influenza A virus in sick or dead terrestrial poultry
(chickens, pheasants, quail, chukar) and was very useful in instigating early
control activities (Dr. T. Ellis, pers. comm.). Similarly, an avian influenza antigen
detection test (Anigen) was used in Indonesia for field investigation and its
performance and ease of use have recently been reported (Boland et al. 2006).

Various new-generation antigen detection tests for influenza A- and H5 antigenspecific tests in poultry have been developed. Some of these are rapid
immunoassays that require no special equipment and can be performed readily
in the field. Others, such as enzyme-linked immunosorbent assays (ELISAs),
could be used to test large numbers of surveillance samples in district
laboratories with minimal equipment and at lower cost compared with molecular
diagnostic techniques or virus culture.

In this chapter, an evaluation was made of the ability of five commercial or inhouse influenza antigen detection tests to detect infection in known H5N1 virus
culture-positive swab samples collected in Hong Kong from poultry market
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avian influenza virus surveillance (Sims et al. 2003b), retail poultry market
outbreaks in May 2001 (Guan et al. 2002b), chicken farm and retail market
outbreaks in February-March 2002 (Sims et al. 2003b), waterfowl park
outbreaks, wild bird cases, and farm outbreaks in December 2002-January
2003 (Ellis et al. 2004a, 2004b).

2.2 Materials and methods1

2.2.1 Samples for the test evaluations
The reactivity of the two rapid chromatographic immunoassays (tests 1 and 2)
and two antigen detection ELISAs (test 3 and 4) were assessed using a panel
of 292 samples in viral transport media (VTM; Medium 199 plus 2002 U/ml
penicillin G, 1498 U/ml streptomycin, 1578 U/ml polymyxin B, 0.2 mg/ml
sulfamethoxazole, 51.3 USP U/ml nystatin, 0.05 mg/ml gentamycin, and 0.02
mg/ml ofloxacin antibiotics) as shown in Table 2.1. These samples were cloacal
swabs, combined tracheal and cloacal (T+C) swabs, faecal swabs, or tissues
(lung, brain, and others) from H5N1-infected birds (chickens, ducks, geese, wild
birds) collected by the Agriculture Fisheries and Conservation Department
during the H5N1 avian influenza outbreaks and routine surveillance in Hong
Kong. All of these samples had been confirmed as H5N1-positive by virus
culture with the use of allantoic cavity inoculation of 9-11-day-old specificpathogen-free chicken embryos, HA subtyping by H5 haemagglutination
1

The candidate and representatives of the test kit collaborators performed evaluation of the test
kits at AFCD. AFCD kindly collected and prepared the H5N1 samples used in the test panel.
104

inhibition (HI) testing according to standard World Organisation for Animal
Health procedures (Alexander 2004) and NA subtyping by N1 reverse
transcription polymerase chain reaction (RT-PCR) testing (Guan et al. 2002a).
Some specimens (see Table 2.1) had also been tested and were positive for H5
avian influenza in a nucleic acid sequence-based amplification (NASBA) test
(Collins et al. 2002), an RT-PCR test (Li 2001), or a real-time RT-PCR test
(Spackman et al 2002). These specimens included H5N1 viruses of genotypes
A, B, C, E, X, Y, Z, and Z+ isolated in Hong Kong from the diagnostic and
surveillance testing as shown in Table 2.1.

The samples had all been stored at -80ºC and were thawed and held at 4ºC
during the study. Because the quantity was limited in some of the samples (97
of 292), these samples were diluted twofold in VTM for the study. The diluted
samples represented samples from different species and time periods. The
comparisons of tests 1-4 were conducted at the same time, but because of
technical difficulties, test 5 had to be conducted at a later time after samples
had been re-stored at -80ºC and rethawed. At that time, the volume available
for use in test 5 was limited. This test could only be performed on 229 samples
where the solution remaining (with the swab intact in the vial) required another
dilution in VTM (1:2 dilutions for 201 samples and after addition of 200 µl of
VTM to the vial for 28 samples).
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The avian influenza antigen detection tests selected for the study included two
chromatographic immunoassays, Rockeby Avian Influenza Virus Antigen Test
Kit (test 1) and Synbiotics Flu Detect Influenza A immunoassay (test 2); an H5
haemagglutinin (HA) antigen detection ELISA (test 3) developed by the National
Institute of Diagnostics and Vaccine Development in Infectious Disease
(NIDVD; Xiamen University, Xiamen, China); an influenza A antigen detection
ELISA (test 4) developed by Commonwealth Scientific and Industrial Research
Organisation Australian Animal Health Laboratory (CSIRO AAHL; Geelong,
Australia); and an H5-specific dot ELISA developed by NIDVD (test 5). Tests 1
and 2 are commercially available, tests 3 and 5 are prototype kit tests from
NIDVD, and test 4 is an in-house ELISA from CSIRO AAHL. Brief details of
procedures used for the evaluation follow.

Test 1. Rockeby’s Avian Influenza Virus Antigen rapid immunoassay is a single
test immunochromatographic module with a loading well and a viewing slot
where control and positive bands are read. The test detects influenza A
nucleoprotein antigen. The sample (100 µl) was mixed with equal volumes of an
extraction buffer. Eight drops of the solution mixture (approximately 180 µl)
were added to the loading test well with the provided dropper. The results were
interpreted at 10 min. The presence of only the control band in the viewing slot
indicated a negative reading. The presence of the control band as well as one
other purple band at the appropriate position indicated a positive reading. The
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positive readings were graded +/- to 3+ (weakly positive to strongly positive)
according to the intensity of the positive band.

Test 2. Synbiotics’ Flu Detect rapid immunoassay uses monoclonal antibodies
that are specific to a conserved epitope of the nucleoprotein antigen. The
sample (150 µl) was dispensed into a small tube, and four drops (approximately
150 µl) of the extraction buffer were added. A test strip was inserted into the
tube such that the reagent pad on the strip was submerged in the solution
mixture. The results were interpreted at 15 min. The presence of only the
control line in the strip indicated a negative reading. The presence of the control
line as well as one other purple line at the appropriate position indicated a
positive reading. The positive readings were graded +/- to 2+ (weakly positive to
strongly positive) according to the intensity of the positive line.

Test 3. For the NIDVD H5 HA antigen ELISA test, the extraction buffer (50 µl),
followed by each sample, positive or negative control (100 µl), were dispensed
into microwells of the test plate that had been precoated with anti-H5-specific
monoclonal antibodies. The plate was incubated at 37°C for 60 min and
washed. The provided anti-H5 monoclonal antibody/horseradish peroxidase
(HRP) conjugate (100 µl) was then dispensed into each microwell and
incubated at 37°C for 30 min and washed. The test was developed with the
urea peroxide (50 µl) and 3,3’,5,5’-tetramethybenzidine solutions (50 µl) at 37°C
for 15 min, protected from light, and the reaction was stopped by 2 M sulfuric
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acid. Absorbance of the color changes was read by an ELISA plate reader at a
wavelength of 450 nm with reference wavelength set at 630 nm. For this test,
the cutoff value is determined by multiplication of the mean absorbance of three
negative controls times 2.1. If the mean absorbance of the negative controls
was lower than 0.05, the value of 0.05 was used in calculating the cutoff value.
Samples giving an absorbance greater or equal to the cutoff value were
considered positive while those with absorbance to cutoff ratio between 0.9 and
1.0 were deemed borderline/weak positive readings.

Test 4. For the CSIRO AAHL influenza A ELISA test, the polyvinyl chloride ‘‘U’’
well microtitre plates (Dynex Technologies, Chantilly, VA) were coated with the
optimally diluted polyclonal anti-influenza A antibody provided (anti-H7N7 avian
influenza virus harvested from egg yolk from inoculated hens) and incubated at
37°C for 1 hr, then washed with phosphate-buffered saline with 0.05% Tween
20. Next, the test samples (100 µl) were dispensed into the test plate. Similarly,
serially diluted positive control sample (H9N2 [Y280] virus SV-05-2522 1/10,
1/20, 1/50, 1/100, 1/500, 1/1000) and negative control (specific-pathogen-free
egg allantoic fluid at 1/10 dilution) were added to the control wells. The plate
was incubated at 37°C for 60 min and washed. Optimally diluted influenza A
nucleoprotein monoclonal antibody (100 µl) was dispensed into the plate and
incubated at 37°C for 30 min and washed. HRP-conjugated anti-mouse
immunoglobulin G conjugate (100 µl) was then dispensed into the plate,
incubated at 37°C for 30 min, and washed. The test was developed with
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3,3’,5,5’-tetramethy-benzidine substrate (100 µl) for 5 min, protected from light,
before 2 M sulfuric acid (50 µl) was added to stop the reaction. Absorbance of
the color changes were read by a plate reader at 450 nm with reference 630
nm. The cutoff value is determined from the mean absorbance of the negative
controls plus 0.1 of an OD unit.

Test 5. The NIDVD H5 dot ELISA was a prototype test kit for testing swabs,
homogenate aspirates, or allantoic fluid samples for the presence of H5 HA
antigen by mixing a 200-µl aliquot with eight drops of lysis buffer in a lysis
bottle. This mixture was mixed vigorously and then dispensed dropwise through
a filtered dropper top to the individual test well of the test unit containing a flow
control device sealed onto the nitrocellulose membrane. The solution was
allowed to absorb completely (≈25 min), then the flow controller was removed
and discarded. The membrane well was washed by a washing solution and
allowed to absorb through the membrane. This was followed by application of
four drops of HRP conjugated H5 HA-specific monoclonal antibody solution for
2 min, followed by two washing steps each, with wash solution allowed to
absorb completely through the membrane. Two drops of chromogen solution
was then applied and allowed to absorb completely through the membrane. The
results were read within 2 min. Positive samples gave a green ellipse within the
nitrocellulose membrane, and negative samples had no green chromogen
staining.
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Figure 2.1 Photographs of antigen detection test kits.
(Top to bottom: Tests 1, 2 and 5)
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2.2.2 Comparative assessment of the analytical sensitivity for the
influenza A antigen tests
The analytical sensitivity of the three tests (tests 1, 2, and 4) that were specific
for influenza A virus detection was evaluated by comparative testing with serial
10-fold dilutions of a low-pathogenic H6N2 avian influenza virus (A/Eurasian
Coot/Perth/ 2727/83) isolated in Western Australia (Prof. J. S. Mackenzie, pers.
comm.). Virus stock grown via inoculation of 10-day-old chick embryo allantoic
cavity had an infectivity titre of 106.8 50% embryo infectious doses (EID50)/0.1
ml. Tenfold dilutions of the virus stock from 106.8 to 10-0.2 EID50/0.1 ml were
tested in duplicate by each of tests 1, 2, and 4 at the Virology Laboratory of the
Animal Health Laboratories, Department of Agriculture, Western Australia.

2.2.3 Statistical analysis
The tests were compared for their ability to detect influenza A or H5 HA
antigens in specimens that had been confirmed as H5N1 virus-positive by virus
culture. The percentage of the H5N1 virus culture-positive samples that were
positive in the test was used as an estimate of diagnostic sensitivity to allow
comparative evaluation of tests. For simplicity, this was referred to in the text as
sensitivity. For each of the five tests, the sensitivity was calculated and the 95%
confidence interval [CI] was computed by the method of Wilson as described by
Thrusfield (2005).
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The overall test results and results for various subsets of the samples were
compared by chi-square (χ2) test. The observed χ2 value was considered
statistically significant if greater than the tabulated statistic at the conventional
5% level of significance (i.e., P ≤0.05). Comparisons involving cells with small
sample numbers were conducted by Fisher’s Exact test.
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2.3 Results

2.3.1 Comparative sensitivity of the antigen detection tests
The overall sensitivity and the 95% CIs of the five avian influenza virus antigen
detection tests for the H5N1 virus culture-positive samples are shown in Table
2.1. Additionally, the comparative sensitivity of each of the tests for individual
subsets of the samples from different farm or market outbreaks, wholesale or
retail market testing, different waterfowl outbreaks, or wild birds are also
provided.

Test 3 showed significantly higher sensitivity than test 1 (χ2 = 3.959, P ≤0.05),
test 4 (χ2 = 12.860, P ≤0.001), and test 5 (χ2 = 8.080, P ≤0.01), but differences
between tests 1, 2, 4, and 5 or between tests 2 and 3 were not significant (P
>0.05) for the panel of H5N1 virus-positive samples.

For tests 1-4, the sensitivity results for the 195 undiluted samples were not
significantly different from the results for the 292 samples (Table 2.2). Again,
with the undiluted samples, test 3 showed significantly higher sensitivity than
test 1, and test 2 also showed a significantly higher sensitivity than test 4.
Differences between tests 1 and 2, tests 1 and 4, and tests 2 and 3 with
undiluted samples were not significant. When the diluted samples tested by
tests 1-4 were compared with test 5, differences in sensitivities were not
significant.
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Table 2.1. Avian influenza H5N1 culture-positive samples examined and summary results of rapid antigen
detection tests.
Group

Chicken Farms, FebMar 2002 outbreak
Chicken Farms, Dec
02-Jan 03 outbreak
Wholesale market,
dead birds
Illegal imports, dead
birds

Species

Total

Genotype

Chickens

80

X, Y, Z

Chickens

34

Z

Chickens

16

B, Z

Chickens

5

Z

Genome
Directigen

Test 1

Test 2

Test 3

Test 4

Test5B

7/7 (N+)

15/19

50/80

52/80

59/80

46/80

31/80

(100.0%)

(78.9%)

(62.5%)

(65.0%)

(73.8%)

(57.5%)

(38.8%)

26/27 (RR+)

8/24

10/34

9/34

13/34

11/34

12/34

(96.3%)

(33.3%)

(29.4%)

(26.5%)

(38.2%)

(32.4%)

(35.3%)

detection A

2/2 (G+)
(100.0%)

nt

nt

nt

8/16

8/16

7/16

7/16

(50.0%)

(50.0%)

(43.8%)

(43.8%)

3/5

4/5

3/5

2/5

(60.0%)

(80.0%)

(60.0%)

(40.0%)

2 (+/-)/30

1 (+/-)/30

(6.7%)

(3.3%)

8/10

8/10

7/10

6/10

4/9

(80.0%)

(80.0%)

(70.0%)

(60.0%)

(44.4%)

6/6 (G+)
Retail market, faecal
dropping swabs

Chickens

30

A, B, C, X2,
Z

(100.0%); 0/2
(N+); 1/4

nt

(RR+) (25.0%)
Retail market, 2001

Chickens,

outbreak

etc.

10

A, E

5/5 (N+)
(100.0%)

nt

2 (+/-,+)
/30

0/30

(6.7%)

nt

nt

2/16
(12.5%)

2/2 (G+); 1/1
Retail market, dead

Chickens,

birds

etc.

35

X1, Z

(N+); 2/2

9/10

21/35

21/35

20/35

12/35

(RR+)

(90.0%)

(60.0%)

(60.0%)

(57.1%)

(34.3%)

0/2

(100.0%)
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Group

Species

Western Wholesale

Ducks,

market, live birds

Geese

Penfold Park

Geese,

outbreak, dead birds

duck

Penfold Park
outbreak, live birds

Kowloon Park
outbreaks, dead birds

Geese

Test 1

Test 2

Test 3

Test 4

Test5B

nt

nt

0/2

0/2

0/2

0/2

nt

Z+

nt

0/2

3/8

3/8

5/8

6/8

2/6

(37.5%)

(37.5%)

(62.5%)

(75.0%)

(33.3%)

5

Z+

nt

nt

0/5

0/5

0/5

0/5

59

Z

19/21 (RR+)

3/12

17/59

19/59

29/59

15/59

25/47

(90.5%)

(25.0%)

(28.8%)

(32.2%)

(49.2%)

(25.4%)

(53.2%)

8

Z, Z+

nt

0/3

3/8

4/8

4/8

1/8

2/6

(37.5%)

(50.0%)

(50.0%)

(12.5%)

(33.3%)

125/292,

129/292,

150/292,

106/292,

78/205,

42.8%

44.2%

51.4%

36.3%

38.0%

(37.3-

(38.6-

(45.7-

(31.0-

(31.7-

48.5)

49.9)

57.0)

42.0)

44.9)

Genotype

2

B

8

Waterfowl,
Greater

Genome
Directigen

Total

Flamingo

detection

A

1 (+/-) /5
(20.0%)

Heron,
egret,
Dead wild birds

blackheaded
gull

48/54 (89%)
Sensitivity – All
samples (95% Conf.
Interval %)

292

RR+, 13/15

35/70,

(87%) N+,

50.0% (38.6-

10/10 (100%)

61.4)

G+
A

N = NASBA (nucleic acid sequence-based amplification); G = RT-PCR (gel-based reverse-transcribed PCR); RR = real-time RT-PCR;
B

nt = not tested. All samples for Test 5 were tested at ≥1:2 dilution in virus transport medium. In Test 5, 24 of 229 samples tested were
invalid.
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Table 2.2. Sensitivities, measured as percent positive compared with virus
culture for rapid immunoassays and antigen capture ELISAs with
undiluted H5N1 samples, compared with total (undiluted plus 1:2 diluted)
samples. A
Result

Test 1

Test 2

Test 3

Test 4

Test 5

B

Virus
culture

Positive

102 (75)

108 (81)

144 (105)

92 (61)

78

292 (195)

23 (13)

21 (15)

6 (4)

14 (13)

-

-

167 (107)

163 (99)

142 (86)

186 (121)

127

-

125 (88)

129 (96)

150 (109)

106 (74)

78

-

42.8

44.2

51.4

36.3

Weak
Positive
Negative
Total
Positive
Sensitivity

100
38.0

(%)
A

(45.1) a

(49.2) ab

(55.9) b

(37.9) a

(100)

Test results for undiluted samples are given in parentheses. Sensitivities between results for

the 195 undiluted samples and for the 292 samples for tests 1 to 4 were not significantly
different (P >0.05). Sensitivity values with different lowercase letters are significantly different (P
≤0.05).
B

All samples tested by test 5 were diluted 1:2 or more in virus transport medium. Sensitivities

between all five tests were not significantly different compared with tests from diluted samples.

2.3.2 Effect of specimen type on test sensitivity
The data were analyzed to determine the effect of specimen type (faecal
sample, cloacal swab, T+C swab, lung swab, brain swab, or pooled tissues) on
the sensitivity of the antigen detection tests and whether sensitivity varied
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between test types. The analysis of the effect of specimen type on test
sensitivities is presented in Table 2.3. The individual test sensitivities for all
tests when testing faecal samples from retail market surveillance of healthy
birds (0%-12.5%) were significantly lower (p ≤0.05) compared with those for
cloacal swabs, T+C swabs, or tissue swabs from dead or sick birds (chickens
and waterbirds). Differences overall were not significant between the
sensitivities for testing cloacal swabs or T+C swabs, or separately between
cloacal swabs and T+C swabs for 167 chickens or 43 waterbirds for tests 1-4,
or for 113 chickens or 35 waterbirds for test 5.

The comparison of sensitivities and significance of their differences for cloacal
plus T+C swabs vs. tissue swabs (brain, lung, or pooled viscera) generally or
lung swabs specifically from dead birds are also shown in Table 2.3 and
demonstrate no significant differences for tests 1, 2, or 4. However, tests 3 and
5 showed significantly higher sensitivities for testing tissues compared with
cloacal plus T+C swabs. When comparisons were done between lung swabs
and cloacal plus T+C swabs from all dead birds—for chickens or for
waterbirds—differences were not significant for tests 1, 2, and 4 but showed
significantly higher sensitivities in tests 3 and 5 for lung swabs than for cloacal
plus T+C swabs.
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Table 2.3. Comparison of antigen detection test sensitivity with different
H5N1 specimens. A
Pooled
Test
Sensitivity
results

Cloacal

Faecal
B

C

samples

swabs

C

Lung

Brain

Pooled

swabs

swabs

viscera

T+C
swabs

Pos

2

42

57

11

13

0

Neg

28

47

64

21

2

5

6.7%aA

47.2%bA

47.1%bA

34.4%bA

86.7%cA

0.0%aA

Pos

1

44

57

15

12

0

Neg

29

45

64

17

3

5

3.3%aA

49.4%bA

47.1%bA

46.9%bA

80.0%cA

0.0%aA

Pos

2

40

68

26

14

0

Neg

28

49

53

6

1

5

6.7%aA

44.9%bAB

56.2%bA

81.3%cB

93.3%cA

0.0%aA

Pos

0

28

55

11

12

0

Neg

30

61

66

21

3

5

0.0%aA

31.5%bB

45.5%bA

34.4%bA

80.0%cA

0.0%aA

2

11

35

25

2

3

14

20

82

6

3

2

12.5%aA

35.5%aAB

32.7%aB

80.6%cB

40.0%

Test 1

Test 2

Test 3

Test 4

Test 5

D

Pos
Neg

A

E

60.0%acA

Positive includes those samples giving weak positive results. Within tests for different

specimens, sensitivities with different lowercase letters are significantly different (P ≤0.05);
between tests for the same specimens, sensitivities with different uppercase letters are
significantly different (P ≤0.05).
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B

Pos = positive; Neg = negative.

C

The faecal samples and seven cloacal swabs came from apparently healthy birds. All others

came from dead or sick birds.
D

All samples for test 5 were tested at ≥ 1:2 dilution in virus transport medium.

E

Ten of 15 brain swabs in test 5, invalid because the filter was blocked by the sample, were not

included in the analysis.

In some instances, results between tests on tissue swabs and cloacal or T+C
swabs from the same birds were completely different. For example, in one dead
wild black-headed gull, strong positive results were observed in tests 1-4 when
its brain and lung samples were tested, but the same bird showed negative
results (except a weak positive in test 2) with its T+C swab.

When the sensitivities for testing brain swabs (all collected from dead
waterbirds with encephalitis) were compared with those for cloacal plus T+C
swabs from all dead birds or from dead waterbirds, tests 1-4 showed
significantly higher sensitivities for brain swabs. The tests also gave strong
positive reactions for brain swabs. Tests 1, 2, and 4 also showed significantly
higher sensitivities for brain swabs compared with lung swabs from dead
waterbirds, but differences were not significant in the sensitivities for test 3
(data not shown).

For test 5, comparison of sensitivities for testing brain swabs with that for
cloacal, T+C swabs, or lung swabs was not valid because 10 of 15 brain swabs
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tested blocked the tissue filter used in this test. However, it was interesting to
note that in testing pooled tissues (lung, spleen, brain, and thymus) from five
rosybill pochard ducks, test 5 gave positive results in three of five samples but
tests 1-4 were negative for all these samples. Testing was not repeated to
validate this inconsistency between test 5 and the other tests due to lack of
sample remaining.

2.3.3 Effect of type of bird on test sensitivity
The sensitivities of the tests were compared between dead or sick chickens and
dead waterbirds, and the results are presented in Table 2.4. Tests 1-4 gave
significantly higher sensitivities for testing cloacal and T+C swabs from dead
chickens compared with those from dead waterbirds and also when sensitivities
for chickens were compared with those from ducks only (data not shown). The
difference in sensitivities was not significant for test 5. When all samples
(cloacal plus T+C and tissue swabs) from dead chickens and waterbirds were
compared, tests 1, 2, and 4 gave significantly higher sensitivities for chickens
than for waterbirds, but differences were not significant between chickens and
waterbirds for test 3 or 5.

When tissue swabs were compared between dead chickens and dead
waterbirds, tests 1 and 2 had significantly higher sensitivities for chickens, but
differences were not significant for test 3, 4, or 5 (Table 2.4). When lung swabs
specifically from dead chickens and dead waterbirds were compared, tests 1, 2,
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and 4 showed significantly higher sensitivities for chickens, but differences were
not significant for test 3 or 5 (data not shown).

When testing cloacal and T+C swabs from dead chickens, test 3 was
significantly more sensitive than tests 4 and 5, but not tests 1 and 2, and tests
1 and 2 were more sensitive than test 5. When testing cloacal plus T+C swabs
from dead waterbirds or tissues from dead chickens, differences were not
significant between any of the tests. However, when testing tissue swabs from
dead waterbirds, tests 3 and 5 were significantly more sensitive than tests 1, 2,
and 4.
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Table 2.4. Effect of bird type (dead chickens compared with dead
waterbirdsA) on the sensitivity of rapid immunoassays and antigen
capture ELISA tests. B
Dead chickens
Cloacal &

Tissues

Dead water birds
All

T+C

Cloacal &

Tissues

All

T+C

Test 1

91

9

100

8

15

23

Pos

76

4

80

28

24

52

Neg

54.5% aAB

69.2% aA

55.5% aAB

22.2% bA

38.5% bA

30.7% bA

Sensitivity
Test 2

92

10

102

9

17

26

Pos

75

3

78

27

22

49

Neg

55.1% aAB

76.9% aA

56.7% aAB

25.0% bA

43.6% bA

34.7% bAB

Sensitivity
Test 3

97

12

109

10

28

38

Pos

70

1

71

26

11

37

Neg

58.1% aA

92.3% cA

60.6% aA

27.8% bA

71.8% cB

50.7% aB

Sensitivity
Test 4

76

8

83

7

15

23

Pos

91

5

97

29

24

52

Neg

45.5%aBC

61.5% aA

46.1% aBC

19.4% bA

38.5% aA

30.7% bA

Sensitivity
C
Test 5

38

9

47

8

21

29

Pos

74

4

78

23

7

30

Neg

33.9% aC

69.2% bA

37.6% aC

25.8% aA

75.0% bB

49.2% aB

Sensitivity

A

In this paper, waterbirds predominantly (over two-thirds) comprise various species of ducks

but include other waterfowl species (geese and swans) and a few greater flamingoes, little
egrets, gray herons, and black-headed gulls.
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B

Within tests for equivalent specimens from different species, sensitivities with different

lowercase letters are significantly different (P ≤0.05); between tests for the same specimens,
sensitivities with different uppercase letters are significantly different (P ≤0.05).
C

All samples for test 5 were tested at ≥1:2 dilution in virus transport medium.

2.3.4 Effect of virus genotype on test sensitivities
The sensitivities of the five antigen detection tests against samples containing
various H5N1 virus genotypes are shown in Table 2.5. For H5N1 viruses of the
A, Y, Z, and Z+ genotypes, sufficient samples were available for testing, and
each of the five tests detected these genotypes. For the B genotype, sufficient
sample was available for tests 1-4, all of which detected this genotype. Minor
sensitivity variations between tests were observed within the Y and Z
genotypes. Test 5 (all samples diluted ≥1:2) showed apparently lower sensitivity
for genotype Y when compared with tests 2 and 3 but not with tests 1 and 4.
Test 3 showed apparently higher sensitivity for genotype Z when compared with
tests 1 and 4 but not with tests 2 and 5.
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Table 2.5. Comparison of the effect of H5N1 genotype on the sensitivities
of the antigen detection tests. A
H5N1
genotype

A

B

C

E

X, X1, X2

Y

Z

Z+

No.
B

C

Results

Test 1

Test 2

Test 3

Test 4

Test 5

Pos

8

8

8

6

5

Neg

7

7

7

9

7

Sensitivity

53.3% a

53.3% a

53.3% a

40.0% a

41.7% a

Pos

6

6

5

5

Neg

7

7

8

8

Sensitivity

46.2% a

46.2% a

38.5% a

38.5% a

Pos

0

0

0

0

0

Neg

1

1

1

1

1

Sensitivity

-

-

-

-

-

Pos

0

0

0

0

0

Neg

2

2

2

2

2

Sensitivity

-

-

-

-

-

Pos

1

0

3

1

0

Neg

4

5

2

4

2

Sensitivity

-

-

-

-

-

Pos

21

22

22

18

12

Neg

16

15

15

19

25

Sensitivity

56.8% ab

59.5% a

59.5% a

48.6% ab

32.4% b

Pos

84

88

105

69

58

Neg

119

115

98

134

79

Sensitivity

41.4% a

43.3% ab

51.7% b

34.0% a

42.3% ab

Pos

5

5

7

6

3

Neg

11

11

9

10

11

Sensitivity

31.3% a

31.3% a

43.8% a

37.5% a

21.4% a

tested

15

13

1

2

5

37

203

16

nt
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A

Within genotypes, test sensitivities with different lowercase letters are significantly different (P

≤0.05). Within-test differences in sensitivities for the different genotypes were not significant.
B

All tests detected genotypes A, B, Y, Z, and Z+ with similar sensitivity. — = Insufficient

samples were tested for genotypes C, E and X.
C

All samples for test 5 were tested at ≥1:2 dilution in virus transport medium.

nt = Insufficient specimen was available for testing.

There was also an apparent difference in the sensitivities of tests 1-4 when
testing samples of Z genotype viruses from the farm outbreaks in FebruaryMarch 2002 compared with those from waterbirds from the outbreaks in
Kowloon Park and wild birds in December 2002 and the chicken farm outbreaks
in late December 2002-January 2003 (Table 2.6). For tests 1-3, significantly
higher sensitivities were obtained for samples from the farm outbreaks in early
2002 compared with those from farm outbreaks in late 2002 to early 2003 or for
tests 1-4 compared with those from the waterbird outbreaks in December 2002.
For test 4, the sensitivity for the waterbird outbreaks was significantly lower than
that for the chicken farm outbreaks in December 2002-January 2003.
Differences were not significant in the sensitivities for test 5 between these
outbreaks.
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Table 2.6. Differences in sensitivities of the antigen detection tests for
viruses of different H5N1 Z genotypes between early and late 2002. A
Specimen

B

Results

Test 1

Test 2

Test 3

Test 4

Test 5

chicken,

Pos

22

23

28

20

15

tracheal &

Neg

13

12

7

15

20

cloacal

Sensitivity

62.9%abA

65.7%abA

80.0%aA

57.1%abA

42.9%bA

chicken,

Pos

7

6

8

9

7

tracheal &

Neg

22

23

21

20

22

cloacal

Sensitivity

24.1%cB

20.7%cB

27.6%cB

31.0%cA

24.1%cA

Pos

4

5

6

3

8

Neg

24

23

22

25

20

Sensitivity

14.3%cB

17.9%cB

21.4%cB

10.7%cB

28.6%cA

Dead
Farm
outbreak
(Feb-Mar
2002)
swabs
Dead
Farm
outbreak
(Dec 02 Jan 03)
swabs
Kowloon
Dead
Park
waterbirds,
waterbird
cloacal &
outbreak
T+C swabs
(Dec 02)

A

Between tests, sensitivities with different lowercase letters were significantly different (P

≤0.05); within tests, sensitivities with different uppercase letters were significantly different (P
≤0.05).
B

All samples for test 5 were tested at ≥1:2 dilution in virus transport medium.
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2.3.5 Comparative analytical sensitivity of the influenza A-specific antigen
detection tests
The results of the comparative analytical sensitivity titrations with H6N2 avian
influenza virus for tests 1, 2, and 4 are recorded in Table 2.7 and show that the
detection limit for test 2 (104.8 EID50/ml) and test 4 (104.8 EID50/ ml) were more
sensitive than for test 1 (105.8 EID50/ml).

Table 2.7. Comparison of analytical sensitivity for tests 1, 2, and 4 for
influenza A antigen detection with a low-pathogenicity avian influenza
virus (A/Eurasian Coot/Perth/2727/83).
HA titre

Virus titre

Test 1

A

Test 2

A

Test 4

(EID50/0.1 ml)

B

mean OD450

320

10

6.8

3+ (2/2)

2+ (2/2)

3.608 (3+)

32

10

5.8

2+ (2/2)

2+ (2/2)

3.350 (3+)

3.2

10

4.8

1+ (2/2)

2+ (2/2)

1.104 (2+)

0.32

10

3.8

-

1+ & wp

negative

10

2.8

-

-

-

negative

10

1.8

-

-

-

negative

10

0.8

-

-

-

negative

10

-0.2

-

-

-

C

A

Numbers in parentheses indicate results for duplicates.

B

Numbers in parentheses indicates interpretation of the ELISA OD450 results.

C

wp = weak positive (+/-).

0.139 (+/-)
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2.4 Discussion

The comparative evaluation of two rapid influenza A virus chromatographic
immunoassay tests (tests 1 and 2), an H5 HA-specific antigen detection ELISA
(test 3), an influenza nucleoprotein antigen detection ELISA (test 4), and an H5
HA-specific immuno-dot ELISA (test 5) for detection of antigen in H5N1 avian
influenza virus-positive samples showed that, overall, these tests performed
relatively similarly but only detected antigen in 36.3%-51.4% of virus-positive
samples depending on the test. The H5 HA antigen detection ELISA (test 3)
had higher sensitivity than one of the rapid immunoassays (test 1) and the
nucleoprotein antigen detection ELISA (test 4). It also appeared more sensitive
than the H5 HA-specific dot ELISA (test 5), but the latter test was only
evaluated with diluted samples.

When the evaluation panel of H5N1 virus-positive samples had initially been
collected and tested, a subsample was immediately tested by a rapid influenza
A antigen detection kit (Directigen Flu A, Becton Dickinson Microbiology
Systems, Cockeysville, MD) (Dr. T. Ellis, pers. comm.). The results of those
tests are included in Table 2.1 for comparison purposes. Although this panel
had been stored for some considerable time frozen at -80°C and thawed, four of
the antigen detection tests (tests 1, 2, 3, and 5) gave a similar overall sensitivity
to that of the Directigen test, and if the results of the 195 samples in the panel
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that were tested undiluted were also considered, all five tests had sensitivity
similar to Directigen.

The advantages of rapid immunoassays include their ease of use, particularly
under field conditions, with results available quickly after commencing the test
(15-20 min for tests 1 and 2 and 30 min for test 5). However, as seen in this
study, test sensitivities were not high, and negative results might need to be
interpreted with some caution. Antigen detection ELISAs like tests 3 and 4 can
be conducted in simple laboratories as bench-top procedures, but they require
a moderate level of facilities, technical expertise, and access to a
spectrophotometer to read the results. They take several hours to complete but
have the advantage of being able to test large numbers of specimens in
semiautomated systems relatively inexpensively. An additional advantage of
tests 3 and 5 in the context of H5N1 surveillance is that they are H5 avian
influenza-specific compared with tests 1, 2, and 4 and could be used to raise
alert levels early for H5N1 disease outbreaks.

For diagnostic and surveillance testing of diseases such as H5N1 HPAI,
especially for individual birds, test sensitivity needs to be as high as possible for
control programs to succeed. Virus culture is still the principal and gold
standard diagnostic test for diagnosis of avian influenza and is required for
confirmation of outbreaks (Alexander 2004). However, this testing requires
sophisticated facilities and equipment and a high level of biosecurity and is an
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expensive and relatively slow procedure. An alternative procedure for rapid
detection of avian influenza viruses is the RT-PCR or NASBA for specific
influenza virus RNA detection (Suarez 1997, Fouchier et al. 2000, Collins et al.
2002, Spackman et al. 2002,). These procedures have shown a relatively high
sensitivity for the detection of influenza RNA. For comparative purposes, the
results of influenza RNA detection tests (NASBA, real-time RT-PCR, or
conventional RT-PCR), which were conducted at the time of submission for
selected samples in the evaluation panel (Dr. T. Ellis, pers. comm.), are
included in Table 2.1 and clearly demonstrate a higher detection rate for RNA
detection tests than influenza antigen detection tests.

Although influenza antigen detection tests have relatively low sensitivity for
individual birds, they are relatively inexpensive compared with virus culture or
PCR tests and have the advantage of being able to be used in the field or at
small district laboratories closer to where outbreaks of avian influenza might
occur. Rapid influenza antigen detection tests can be considered as a flock
screening tool to facilitate rapid investigative and control interventions (Slemons
& Brugh 1997, WHO 2005b, Meijer 2006). Experience during H5N1 outbreak
investigations in Hong Kong was that testing a minimum of three sick or dead
chickens by the Directigen test gave at least one positive test for influenza A
antigen in all H5N1 outbreak farms or live bird market outbreaks (Dr. T. Ellis,
pers. comm.).
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With the variety of H5N1-positive samples in the evaluation panel, we were also
able to assess their performance for different types of clinical or pathologic
specimens, for different species of birds, and against different genotypes of
H5N1 virus.

All five antigen detection tests were too insensitive for detection of antigen in
fresh feces from terrestrial poultry in live bird markets or in cloacal swabs from
apparently healthy waterfowl in the Penfold Park outbreak and from waterfowl
wholesale market surveillance. Previous research has shown that influenza
viruses retain infectivity in faecal material for several days under ambient
temperatures and that high viral titres could be recovered from feces (Webster
et al. 1978, Shortridge et al. 1998). Because the retail chicken market samples
were collected from fresh faecal droppings from trays below poultry cages and
were transported at 4°C to the laboratory and stored at -80°C, the poor test
sensitivity was likely due to lower virus shedding and lower viral antigen load in
the specimens during preclinical infection rather than handling procedures.

The equivalent sensitivities for all five tests when testing cloacal swabs
(collected by health inspectors from individual chickens that died in retail poultry
market) and T+C swabs (collected by veterinary laboratory or field staff as part
of investigations of chicken farm outbreaks) from dead or sick chickens indicate
that cloacal swabs would be as useful as pooled cloacal and tracheal swabs for
testing purposes. This is of potential benefit in outbreak investigations in remote
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locations, where only cloacal swabs might have been collected by field staff.
With dead birds the influenza A antigen detection tests (tests 1, 2, and 4)
showed no difference in sensitivity between tissue swabs and cloacal and T+C
swabs, but the H5 HA-specific tests (tests 3 and 5) showed higher sensitivity
when testing tissue swabs than cloacal and T+C swabs, as well as when
comparing lung swabs with cloacal and T+C swabs from dead chickens or dead
waterbirds.

Tests 1 to 4 showed strong positives with significantly higher sensitivity when
testing brain swabs from H5N1-infected waterbirds with neurologic signs than
cloacal and T+C swabs from all birds or for tests 1, 2, and 4 than lung swabs
from all birds. For test 5, a problem was detected with the blocking of filters or
membranes in the test apparatus by a large proportion of swabs collected from
brain tissue. This will need to be addressed in the subsequent development of
this test. The waterfowl park outbreaks in Hong Kong were significant in the
recent history of influenza viruses because, for the first time, influenza viruses
were reported to be neurotropic and lethal for aquatic birds. In the waterfowl
park outbreaks, many waterbirds showed neurologic signs, including paresis
and paralysis. Pathologic findings showed lymphohistiocytic
meningoencephalitis or multiple necrotic foci in the neuropil in many birds (Ellis
et al. 2004a). Such neurotropic virulence in waterbirds had not been a feature of
H5N1 strains isolated pre-2002 (Shortridge et al. 1998, Guan et al. 2002a,
Webster et al. 2002). In transmission studies conducted with viruses isolated
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from Penfold and Kowloon Park outbreaks, high viral titres were recovered from
brains of infected mallards (104-106.5 EID50/ml) on the third and fourth day
postinfection (Sturm-Ramirez et al. 2004). This indicates that affected ducks
could be expected to have high H5N1 antigen loads and provides an
explanation for the higher sensitivities of the antigen detection tests when
testing brain swabs.

Analysis of the data also indicated significant differences in sensitivities, with
tests 1-4 giving significantly higher sensitivities for cloacal and T+C swabs from
chickens compared with those from waterbirds. The difference was not
significant for test 5, but this test was only evaluated on samples at ≥1:2
dilution, which might have reduced the antigen concentration in some chicken
samples below the detection limit. For tests 1, 2, and 4, the sensitivities were
also significantly higher for testing lung swabs from chickens than from
waterbirds.

The diagnostic sensitivity of avian influenza antigen detection tests ultimately
depends on two components: the concentration of the antigen present in the
diagnostic samples and the analytical sensitivity of the individual test.
Concentration of the viral antigens in samples is primarily correlated with the
virus titre of the sample. The peak levels of virus replicated in trachea and
cloaca from chickens and ducks experimentally infected with a range of H5N1
HPAI viruses between 1997 and 2004 can vary from 104.25 to 107.4 EID50/ml
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(trachea) and 102.03 to 104.5 EID50/ml (cloaca) for chickens compared with <101.5
to 106.2 EID50/ml (trachea) and 101.5 to 103.2 EID50/ml (cloaca) for ducks
(Shortridge et al. 1998, Tumpey et al. 2002, Webster et al. 2002, Chen et al.
2004, Ellis et al. 2005, Lee et al. 2005, Nguyen et al. 2005, Sturm-Ramirez et
al. 2005, Swayne & Pantin-Jackwood 2006). The period of peak virus
replication occurs in the first few days of infection, and chickens generally shed
substantially higher titres of virus from trachea and cloaca than ducks. This
could be anticipated because gallinaceous birds such as chickens are more
susceptible to H5N1 HPAI infections, undergoing systemic replication of virus in
multiple visceral organs and developing clinicopathologic changes with high
mortality rates (Perkins & Swayne 2001, Suarez et al. 1998, Swayne & Suarez
2000). In contrast, aquatic birds are considered the natural reservoir of
influenza viruses and to have natural resistance to avian influenza disease
(Webster et al. 1992). Before December 2002, H5 HPAI viruses did not produce
clinical disease in ducks (Alexander et al. 1986, Shortridge et al. 1998, Perkins
& Swayne 2002, Tumpey et al. 2002, Webster et al. 2002, Chen et al. 2004,
Nguyen et al. 2005). However, the H5N1 infections in waterbirds in Penfold and
Kowloon Parks in Hong Kong in December 2002 did cause HPAI (Ellis et al.
2004a). Nevertheless, in experimental challenge studies with these Hong Kong
waterfowl viruses and recent H5N1 viruses from Southeast Asia that cause
HPAI in waterbirds (Sturm-Ramirez et al. 2004, 2005), the virus titres shed from
trachea (104.8-105.7 EID50/ml) and cloaca (102.2-102.5 EID50/ml) of ducks also
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tended to be lower than corresponding titres shed in trachea and cloaca in
chickens.

H5N1 HPAI viruses cause systemic infection and replicate efficiently in lungs
and internal organs such as spleen, heart, and brain of infected birds (Suarez et
al. 1998, Perkins & Swayne 2001, Perkins & Swayne 2003, Sturm-Ramirez et
al. 2004), with virus titres in lung and internal organs as high, or higher, than
those recovered from trachea or cloaca (Tumpey et al. 2002, Lee et al. 2005,
Nguyen et al. 2005). The apparently higher antigen concentrations in the brain
swabs relative to cloacal or T+C swabs were able to be detected by tests 1-4 or
in the lungs by tests 3 and 5.

Genotype A and B viruses have the nucleoprotein (NP) gene of the same origin
and genotype Y, Z, and Z+ viruses all have another NP gene of the same origin
(Guan et al. 2002a, 2002b, Chen et al. 2004). Thus, tests 1, 2, and 4, which
detect NP antigen, recognize at least two distinct NP antigens with similar
sensitivities (Table 2.5). All of the H5N1 genotype viruses have H5 HA genes
related to A/Goose/Guangdong/96 (H5N1) (Guan et al. 2002a, 2002b, Chen et
al. 2004). Tests 3 and 5, which detect H5 HA antigen, again recognized the
different H5N1 genotypes with similar sensitivities. The reason for the minor
apparent variations in sensitivities between tests for Y and Z genotype viruses
was not able to be determined in this study but is most likely related to
variations in antigen load in some specimens and to antigen recognition by
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different monoclonal antibodies used in the different tests rather than any
genotypic variation. The numbers of samples for C, E, and X genotype H5N1
HPAI viruses were too small for meaningful analysis, but because these are
closely related to the other genotypes, it is highly likely that the antigen
detection tests are also appropriate for these genotypes. Similarly, the reason
for the apparent difference in sensitivity of the different tests within the Z
genotype H5N1 viruses from the February-March 2002 and the December
2002-January 2003 chicken farm outbreaks is unknown, but factors such as
variation in virus NP and H5 HA antigen loads relating to the virus titre in the
specimen or different level of antigen recognition by monoclonal antibodies in
the tests are likely to be responsible for variation in test sensitivities between
these Z genotype H5N1 outbreaks.

Analytical sensitivities reported in the literature for the Directigen influenza A
antigen detection test in birds range from 104.7 to 105.0 EID50/ml (Ryan-Poirier et
al. 1992, Cattoli et al. 2004, Woolcock & Cardona 2005). The detection limit for
tests 1, 2, and 4 for a low-pathogenic H6N2 avian influenza virus in these
studies ranged from 104.8 to 105.8 EID50/ml. Because these tests detect the
presence of nucleoprotein antigen that is common to all influenza A viruses, we
would anticipate that this detection limit would approximate that for H5N1 HPAI
viruses. The authors were not able to concurrently evaluate the detection limit
for the H5 avian influenza virus-specific tests (tests 3 and 5), but separate
evaluation was conducted by NIDVD through serial 10-fold dilution of an H5N1
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virus isolate from a bar-headed goose from Qinghai Lake in China (A/Barheaded Gs/QH/15C/2005), and the detection limit was expressed in terms of
HA units as 0.01 HA unit/0.1 ml for test 3 and 0.01 HA unit/0.2 ml for test 5 (Dr.
S. X. Ge, pers. comm.). This was approximately 1/30 the detection limit for tests
2 and 4 with the low-pathogenic avian influenza H6N2 virus (Table 2.7) and is
consistent with the higher influenza antigen detection rate shown by test 3 on
the panel of specimens tested in this study. Of course, major differences
existed between the antigens targeted in these tests, and the difference in
analytical and diagnostic sensitivity would be affected by differences in the H5
HA antigen concentration (tests 3 and 5) compared with the nucleoprotein
antigen concentration (tests 1, 2, and 4).

For field or small laboratory use of rapid influenza antigen detection tests, the
other important component of test evaluation is specificity. The advantage of
rapid testing will be far outweighed if the tests show a high rate of false
positives. This study did not evaluate specificity due to logistical and funding
constraints. However, data provided by the relevant kit producers showed that
all five antigen detection tests did not cross-react with panels of other avian
viruses from different virus families that could be endemic in poultry or wild bird
populations; tests 3 and 5 only reacted with H5 avian influenza viruses, and
tests 1, 2, and 4 reacted with avian influenza viruses of all 16 different HA
subtypes (Rockeby Biomed data on file; Lamichhane et al. 2006; Dr. P. Selleck,
pers. comm.; Dr. S. X. Ge, pers. comm.). Data provided on diagnostic
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specificity testing in virus-negative populations included 676 chickens and
ducks in Thailand or Western Australia (test 1, Rockeby Biomed data on file),
402 chickens, and 307 wild birds in the United States or Australia (test 2, Dr. C.
Lamichhane, Dr. E. Arzey, and J. Parkinson, pers. comm.), 77 chickens in
Australia (test 4, Dr. P. Selleck, pers. comm.), and 200 chickens in China (tests
3 and 5, Dr. S. X. Ge, pers. comm.). These birds had been confirmed as
influenza virus-negative by virus culture. Tests 1, 2, and 4 had no positive
reactors (specificity 100%), and tests 3 and 5 had one positive reactor
(specificity 99.5%). The data provided showed that the tests have good
diagnostic specificity, which would support their application for field or small
laboratory use as a screening test.

The antigen detection tests, including the rapid chromatographic immunoassays
and the dot ELISA and the antigen detection ELISAs, are tests that could be
used for preliminary flock investigations for the diagnosis of H5N1 outbreaks.
These tests offer a valuable role in testing cloacal or tracheal swabs from sick
or dead birds in the field or in small district laboratories in remote locations such
as in village production systems in Southeast Asia to raise the alert level with
disease control authorities if positive reactions occur. However, the relatively
low sensitivity of the tests as individual bird tests means that they should only
be used on optimal clinical specimens from diseased birds, for testing affected
birds on a flock basis, or for testing samples as close to the onset of disease as
possible before viral titres diminish. It should also be kept in mind that their
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sensitivity for waterfowl and wild birds is lower than for chickens and that they
are not appropriate for testing surveillance samples from healthy birds. These
tests should only be considered as screening tests to be followed up by
confirmatory tests, such as RT-PCR techniques or viral culture, wherever
possible, but they could assist in facilitating rapid investigations and control
interventions. From this study it was clear that rapid antigen testing would not
be suitable as a simple detection test for H5N1 virus in the surveillance planned
for village poultry or live poultry markets in Bali (Chapter 3 and 4). This
surveillance instead required resources to conduct virus isolation and RT-PCR
testing.
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Chapter 3 Investigation of the epidemiology of highly
pathogenic avian influenza (H5N1) virus in village poultry
in Bali

3.1 Introduction

H5N1 HPAI continues to evolve by mutations and reassortment of its 8 segment
genome (Li et al. 2004) and has become established into distinct sublineages in
domestic poultry and wild birds in different regions (Chen et al. 2006a, Salzberg
et al. 2007). Migratory birds are suspected of contributing to initial infection in
various localities (Morris & Jackson 2005, Gilbert et al. 2006b) but subsequent
local spread is believed to occur primarily through elements of the poultry trade
such as movement of live birds, poultry products, vaccines, contaminated
vehicles, cages and equipment, as well as through live poultry markets (Sims et
al. 2005). H5N1 remains endemic in poultry in a number of countries in
Southeast Asia since outbreaks first occurred in late 2003 and early 2004.
Among these countries, Indonesia is still facing a serious challenge as tens of
millions of poultry have died from the disease or have been culled and it has the
highest number of human cases with a case-fatality of 80%. There is clearly a
need to understand and investigate disease incidence and H5N1 virus
transmission pathways in the local poultry.
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H5N1 HPAI in poultry first occurred in Java, Indonesia in August 2003. Bali, as
one of the 33 provinces of Indonesia, first detected the disease in poultry in
October 2003 in the district of Karangasem and this was followed by outbreaks
in Jembrana, Badung, Klungklung, Tabanan, Bangli and other areas. Prior to
this epidemic, avian influenza virus of H5 subtype had not been isolated in Bali.
On the other hand, Newcastle Disease has been endemic in poultry in many
parts of Southeast Asia, including Bali and some pathotypes share overlapping
disease signs with HPAI. In August 2007, the first two human H5N1 cases in
Bali (both fatal), from the districts of Jembrana and Tabanan, were reported to
the World Health Organisation.

The 3 million inhabitants of Bali are spread over nine districts and 686 villages,
living in close-knit sub-village communities of extended families. The poultry
population is approximately 12 million comprising native village chickens, layer
and broiler chickens, fighting cocks, Balinese layer ducks, Muscovy ducks,
geese, quails and pigeons (Gde Putra & Santhia 2005). Thirty-three percent of
the poultry in Bali are village chickens and these are kept in family backyards in
close proximity to people. These village poultry are generally outdoors,
scattered and able to scavenge and come into contact with neighbourhood
poultry. Flocks in a household are usually of mixed age and immunity, and may
comprise different bird species, while newly introduced or hatched birds are
frequently not segregated from existing flocks. People movement and marketing
of poultry are equally difficult to control. It is under these village conditions that
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we carried out virological and serological surveillance for HPAI H5, and an
investigation of epidemiological factors that could influence H5N1 occurrence.

3.2 Materials & Methods2

3.2.1 Animal and Human Ethics Approvals
All animal handling and sampling was carried out with the approval of the
Murdoch University Animal Ethics Committee (Permit R2012/06). All interviews
for the survey questionnaires with village householders were carried out with
the approval of the Murdoch University Human Ethics Research Committee
(Permit 2006/268).

3.2.2 Virological and serological surveillance
To prepare for the study, three trips were first made in 2006 to request
collaboration from the Disease Investigation Centre in Denpasar (DIC) and the
Provincial and District Livestock Services (DINAS), and to enlist the support of
village communities. Following consultation with the above animal health
bodies, three districts were selected on the basis of logistical considerations,
including reasonable travelling time from the laboratory for sample collection,
provision of support staff and access to districts that had a reasonable number
2

The candidate organised planning of field study, budget and resource allocation, questionnaire
construction and translation and briefing interviewers. He was involved in field sampling in both
village communities and markets in Bali and sample testing at DIC. He carried out data entry,
verification and compilation, and statistical analysis (for Chapters 3 and 4). DINAS Bali and DIC
Denpasar kindly conducted interviews and sample collection and testing (virus isolation, PCR
and HI test).
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of affected villages since the initial epidemic which would be relevant in a virus
persistence study. The numbers of villages and approximate poultry population
in these districts were Tabanan (117, 3.3 million), Bangli (69, 2.0 million) and
Gianyar (69, 1.1 million) (Fig 3.1). A typical Bali village would have 7-12
communities (sub-villages) each containing between 40 and 100 households.

3,500,000
3,000,000
2,500,000
2,000,000
1,500,000
1,000,000
500,000
0

Village chickens

Layers

Broilers

Ducks

Other poultry

Fig 3.1. Poultry population by districts (Data source: DIC Denpasar, 2004).

Virological and serological sampling surveillance was performed in each of the
three districts in November-December 2006, and March, May and July 2007.
The respective district livestock services were requested to recommend villages
with recent or previous poultry outbreaks. Individual households who kept
poultry and which were accessible on foot were then selected in consultation
with their respective community heads. Occasionally, villagers were invited by
their community heads to bring their birds to the local community centre rather
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than the survey teams travelling door-to-door. Either way, there was a potential
risk of disease transmission through visits by the survey teams or from bringing
birds to a central location. This risk was minimised by ensuring boots were
cleaned between households and new gloves were worn for sampling.
Sampling commenced with initial selection of 2 villages per district, all
communities per village and a maximum of 27 households per community.
Sample size was derived using Table 1 from Cannon and Roe (1982) assuming
a population size of 200, a prevalence of 10% and 95% confidence for detecting
disease (Thrusfield, 2005). Because of the time required to interview
households, the sampling was subsequently revised to 2 villages per district, 3
communities per village and 20 village households per community. The village
communities covered in the sampling surveillance are listed in Appendix 1. A
map of the districts sampled in Bali is illustrated in Appendix 2.

Due to the logistics of gaining access to villages including permission required
from village and community heads and household owners, the uncertainty of
sufficient numbers present in a household flock and the difficulties of catching
free-ranging birds, the actual number sampled was lower than that initially
forecasted. Throat-and-cloacal swabs and serum samples were taken from
each household poultry flock, with up to 5 chickens and 5 ducks collected from
each household if the birds were available and could be caught. Swabs were
deposited in 5 ml tubes containing VTM and pooled by poultry species in a
household before being transported to the laboratory in an esky on the same
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day. The swabs were then stored at -80ºC. Virus isolation was conducted within
a fortnight of collection. The pooled swabs were tested at the Virology
Laboratory of the DIC by allantoic cavity inoculation in 9 to 11 day-old SPF
embryonated chicken eggs. Rapid embryonic death and evidence of
haemagglutination activity in harvested allantoic fluid was examined for using
the procedures described in the OIE Manual of Standards for Diagnostic Tests
and Vaccines (Alexander 2004). Haemagglutinating isolates were subtyped by
the Haemagglutination Inhibition (HI) test using procedures described in the
OIE Manual of Standards for Diagnostic Tests and Vaccines (Alexander 2004)
with reference H5 antisera supplied by the Veterinary Research Institute of
Bogor (Balitvet), Indonesia. Isolates were also characterised by real-time RTPCR for H5 and M genes as described by Heine et al. (2007) and positive
isolates were forwarded to the Commonwealth Scientific and Industrial
Research Organisation Australian Animal Health Laboratory, Geelong (CSIROAAHL) for H5N1 confirmation. Serum samples collected from poultry were
individually tested for antibody levels to an Indonesian H5N1 avian influenza
virus by the standard HI test procedures (Alexander 2004), using positive
control serum and reference H5N1 viral antigen, both supplied by Balitvet. To
determine vaccine coverage, the proportion of serum samples with antibody to
H5N1 virus with an HI titre ≥ 1:16 was calculated for each community where
birds had been vaccinated in the preceding year. The average vaccine
coverage was the mean of the results from these communities.
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3.2.3 Questionnaire survey
Data regarding farming practices were collected through questionnaire
interviews carried out in 2007. The questionnaire was translated into Indonesian
and administered by staff from both the Provincial Livestock and Health
Services who were briefed and advised on the contents of the questionnaire. A
pilot trial of the questionnaire interview was carried out on a sample of 186
village householders in December 2006 before the actual interviews in 2007
and the final version of the questionnaire was prepared. An English translation
of the final version of the questionnaire is attached as Appendix 3. The
questionnaire comprised of structured, closed and open-ended questions and
addressed potential risk factors for the introduction of diseases into household
poultry flocks, including the presence of different poultry and animal species,
feed and water source for poultry, household occupation if they were engaged
in poultry market, farm or trader activities, as well as source(s) of purchase, and
trading practices of live poultry. The questionnaires also sought information
regarding each household flock’s vaccination history, and the respondent’s
hygiene practices in the last one month. Interviewers were also asked to assess
and grade the poultry production system into Sectors 1-4 according to flock
structure and level of biosecurity (Sawitri Siregar 2007). To help ascertain past
disease prevalence, villagers were prompted by photographs of HPAI-diseased
birds and asked if their flocks had a history of poultry disease involving sudden
deaths, appearance of swollen head and bluish combs, difficult breathing,
haemorrhages beneath the skin, diarrhoea, or trembling or incoordination
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during the preceding year. The interviews were carried out by one of the three
Indonesian and Balinese speaking interviewers trained as discussed above
while the remaining three to four team members were catching birds and
carrying out bird sampling in village households. The interviews took 15-20
minutes and the interviewers were requested to ask respondents additional
questions (see appendix 3) on their views on possible sources of poultry
diseases, poultry carcass disposal practices and sources of information on bird
flu if time permitted.

3.2.4 Epidemiological analysis of questionnaires
A total of 518 survey responses from the visits in March, May and July 2007
were considered for quantitative analyses. These were from 26 village
communities where comprehensive answers to all or most questions were
consistently recorded (Appendix 1). Four responses were left out of
subsequent analyses as the disease status was not reported. Data were
entered into Microsoft Excel 2003 and subsequently transferred to SPSS for
Windows version 15.0. The candidate carried out data entry. Data from each
questionnaire were double checked by the candidate against the Excel entries
before saving the data and starting on the next questionnaire.

Due to the low numbers of case households based on H5N1 virus surveillance
alone and the difficulty to serologically differentiate between vaccinated and
infected poultry, the analysis used reported occurrence of fatal disease in
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multiple birds by villagers to the interviewers to determine probable cases and
controls (Normile 2007). Two models were used for analysis of the data.

Model A:
A case was defined when a villager had observed and/or reported any poultry
mortalities in the preceding year indicative of HPAI, ND, or a disease unknown
to the villager. A household was also considered a case if in the previous 12
months (up to and including the present survey) its flock had tested positive for
H5N1 virus by virus isolation.

Model B:
A modified definition for a case was also used whereby households that had
had deaths reported by the villagers to be ND, based on their knowledge of the
disease, were classified with the control group.

The questionnaire data were categorised to determine the percentage of
answers in the different relevant groups for the question prior to conducting
statistical analysis. Outliers were identified and the original questionnaires were
checked to confirm the accuracy of the excel data. A selection of 5% of
questionnaires was made randomly and the entered data confirmed with the
answers for these questions.
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Cross-tabulation and Pearson’s χ2 for independence between cases and
controls were carried out for each categorical variable. For variables with any
cell value less than 5, a Fisher’s exact test was used for statistical analysis.
Continuous data were examined for normality and equal variances using a
Bartlett’s test. Data that were normally distributed and with equal variances
were analysed by an ANOVA and data that were were not normally distibuted
or with unequal variances were analysed by Kruskal-Wallis ANOVA. A total of
32 variables (29 discrete, Table 3.3; 3 continuous, Table 3.4) were analysed by
univariable analysis. Pearson correlation coefficient (r) statistics were
performed to determine the relationships between variables.

Variables with p≤0.25 from the univariable analyses (9 for model A, Table 3.3
and Table 3.4; 12 for model B, Table 3.5) were then used for the construction of
multivariable logistic regression models to identify risk factors associated with
cases, using the case definitions described above for Model A and Model B. In
these models variables with a p> 0.10 were excluded. A backward method of
elimination was used using likelihood ratio statistic (Dohoo et al. 2003). The
model construction was validated by determining the change in the deviance as
each variable was removed. The presence of interaction between the factors
was checked by adding individual cross-product terms after the variables in the
final model had been identified. The fit of the model was assessed using the
Hosmer-Lemeshow goodness-of-fit test and calculating the coefficients of
determination (R2 ) of the final reduced set of variables (Dohoo et al. 2003). To
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account for any potential clustering of cases within communities, and as SPSS
is not able to calculate a random effects logistic regression model, the data
were also analysed using Egret version 2.0.31 (Cytel Software Corporation)
with) community offered as a random effects factor.
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3.3 Results

3.3.1 Virological surveillance
Flocks were sampled from 84 different communities in 18 villages in the districts
of Tabanan, Bangli and Gianyar. A total of 45 communities were sampled in
2006 and 15 of these were resampled in 2007 along with 39 new communities.
The virus surveillance recovered seven H5 avian influenza virus isolates from
village chickens (5), native duck (1) or Muscovy duck (1) pooled samples in
apparently healthy village poultry, from a total of 5836 chickens (1733 pools)
and 1487 ducks (411 pools) sampled (Table 3.1). Based on sample
identification matched with the questionnaire responses, none of the household
flocks where these viruses were isolated had received H5 avian influenza
vaccination in the preceding 12 months.
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Table 3.1. Results of virological surveillance in village households,
November 2006 to July 2007 in the districts of Tabanan, Bangli and
Gianyar of Bali.
Number of H5
Surveillance

Chicken swabs

Duck swabs
positive pooled

period

(native & Muscovy)
samples

1

Nov & Dec 2006

Individual

Pooled

2380

A

B

A

Individual

Pooled

750

673

194

1 (chicken)

1098

313

451

117

0 sample

1176

344

144

40

(45 communities)
2

March 2007
(18 communities)

3

May 2007
(18 communities)

4

July 2007

2 (chicken),
2 (duck)

1182

326

219

60

5836

1733

1487

411

2 (chicken)

(18 communities)
Total samples

5 (chicken),
2 (duck)

0.09%

A

0.29%

0.13%

0.49%

Individual swabs from the same species from the same household were pooled to a maximum

of 5 swabs per pool.
B

These H5 positive isolates were re-tested at AAHL. H5N1 viruses were confirmed for 3

chicken and 1 duck isolates; H5 sequence but no viable virus was obtained from the July 2007
isolates after shipment. One duck isolate could not be re-tested as it was not found in the
shipment received at AAHL.
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3.3.2 Serological surveillance
Of the 54 communities visited in 2007, households from 33 communities
contained poultry that had been vaccinated in the preceding twelve months
(excluding two communities that were vaccinated on the day of survey). The
proportion of birds with antibody titres ≥1:16 in H5N1 HI tests was determined in
these communities from the serum samples collected (Fig 3.2), and the
estimate for the average vaccine coverage was 28.9% (95% CI 27.1-30.7%).

Number of communities

9
8
7
6
5
4
3
2
1
0
0-10

>10-20

>20-30

>30-40

>40-50

>50-60

>60-70

>70-80

>80-90 >90-100

Percentage of poultry with H5 antibody titres greater/equal to 1:16

Fig 3.2. H5 antibody responses in 33 communities that had practised
vaccination.

A total of 260 of 518 households in the three districts contained poultry that had
not been vaccinated. From these, 34 chicken serum samples (village chickens
and fighting cocks) from 24 households gave weak positive (1:8) or positive H5
HI test results (≥1:16, Geometric mean titre (GMT) 29) that could not be
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accounted for by either a history of preceding H5 vaccination or through the
practice of buying chickens from other villages that might have been
vaccinated. This was cross-checked by matching serological results with
information from the questionnaire responses for these households (Table 3.2).

Table 3.2. H5 antibody profiles by HI tests of 34 unvaccinated chickens
that showed presence of H5 antibody during the village surveillance.
GMT
Titre 8

Titre 16

Titre 32

Titre 64

Titre 128
(≥1:16)

Chicken sera

A

A

11

9

9

4

1

29

Numbers of individual chicken sera from some 24 self-reared chicken flocks in households

apparently without a history of H5 vaccination. A total of 96 chicken sera were sampled from
these flocks.

3.3.3 Respondents’ background
Of the 518 questionnaire surveys considered for quantitative analysis, most
respondents (396, 76.4%) were male and the majority had either completed
primary school or received no formal education (290, 56.0%). The majority
(440, 84.9%) of survey households raised native village chickens (range 1-200
birds, median 6 birds); a proportion of households also kept broiler chickens
(6.2%), layer chickens (0.6%), fighting cocks (45.9%), native layer ducks
(mostly Balinese, 23.2%), Muscovy ducks (7.3%), song and pet birds (25.1%),
quail (0.2%), geese (0.6%), as well as pigs (33.0%), cattle (29.5%), dogs
(50.2%) and cats (13.7%). The total numbers of poultry and birds in these
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households were 9226 birds: 50.6% village chickens, 33.0% native ducks, 7.5%
fighting cocks, 4.4% song and pet birds, 1.8% broiler chickens, 1.8% Muscovy
ducks, 0.7% layer chickens, 0.1% geese and quail. Household flock sizes are
shown in Figure 3.3.

70%

60%

% households

50%

Village chickens
Broilers

40%

Layers
Fighting cocks

30%

Ducks
Song & petbirds

20%

Others
10%
0%
1 to 10 birds

11 to 20 birds

21 to 50 birds

51 to 100 birds

>100 birds

Fig 3.3. Household flock sizes and distribution of poultry types in village
households of 518 respondents.

3.3.4 Univariable analyses of questionnaire response
From the questionnaire responses, 80 cases and 434 controls were determined
from the 518 respondents (after excluding four with unknown disease status)
using the case definition for Model A. Results of analyses of household
variables by cases (Tables 3.3, 3.4) show the following variables with p≤0.25:
village chickens present (p=0.081), use of factory-prepared feed (p=0.030),
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feeding kitchen leftovers (p=0.045), use of well water for poultry (p=0.111),
poultry access to river/gutter water (p=0.240), poultry access to “outdoor water”
(p=0.003), buying chickens (0.224), selling poultry to collectors (p=0.002), and
poultry production system (p=0.016).

Using the case definition for Model B, with cases reported as ND classed as
controls, there were 65 respondents classified as HPAI cases and 449
classified as controls. Results of univariable analyses found the following
variables with p≤0.25, i.e. ducks present (p=0.124), both chickens and ducks
present (p=0.180), cats present (p=0.109), factory-prepared feed (p=0.089),
poultry use of well water (p=0.112), poultry access to river/gutter water
(p=0.168), poultry access to “outdoor water” (p=0.009), buying chickens
(p=0.120), buying chickens from markets (p=0.247), selling poultry to collectors
(p=0.009), selling poultry to neighbours (p=0.223), and poultry production
system (p=0.022) (Table 3.5).
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Table 3.3. Cross-tabulation of categorical household variables by poultry
flock cases and results of the univariable analysis, using an original case
classification for Model A.
Variables

Cases (%)

OR

95% CI

P-value

Village chickens

73 (16.7)

2.04

0.90-4.61

0.081¹

No village chickens

7 (9.0)

Native ducks or Muscovy ducks

25 (17.7)

1.25

0.74-2.09

0.405

No native or Muscovy ducks

55 (14.7)

Fighting cocks

34 (14.4)

0.85

0.52-1.37

0.505

No fighting cocks

46 (16.5)

Chickens and ducks (mixed rearing)

22 (17.7)

1.23

0.72-2.12

0.443

Either chickens or ducks or none

58 (14.9)

Song birds or pet birds

17 (13.1)

0.77

0.43-1.37

0.365

No song or pet birds

63 (16.4)

Pigs

31 (18.1)

1.33

0.81-2.17

0.257

No pigs

49 (14.3)

Cats

14 (20.0)

1.43

0.75-2.72

0.271

No cats

66 (14.9)

0.45

0.22-0.94

0.030¹

0.81

0.39-1.68

0.571

1.70

1.01-2.85

0.045¹

Ownership of poultry & livestock

Feed for poultry
Factory feed

9 (8.7)

No use of factory-prepared feed

71 (17.3)

Self-mixed feed (e.g. rice, bran, corn,

70 (15.3)

wheat, cassava, etc.)
No use of self-mixed feed

10 (18.2)

Kitchen leftovers

26 (21.3)

No use of kitchen leftovers

54 (13.8)
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Variables

Cases (%)

OR

95% CI

P-value

Grazing paddy field (i.e. if ducks

2 (15.4)

0.77

0.16-3.70

0.543

0.86

0.54-1.40

0.552

0.60

0.32-1.13

0.111¹

1.59

0.73-3.48

0.240¹

1.83

0.36-9.23

0.361

1.28

0.63-2.59

0.488

2.14

1.30-3.54

0.003¹

1.39

0.38-5.04

0.414

1.38

0.82-2.32

0.224¹

1.18

0.72-1.92

0.512

E

present)
No grazing of ducks when present

23 (19.2)

Drinking water for poultry
Tap water

36 (14.6)

No use of tap water

44 (16.5)

Well water

13 (10.9)

No use of well water

67 (17.0)

River or gutter

9 (22.0)

No access to river water

71 (15.0)

Spring water

2 (25.0)

No use of spring water

78 (15.4)

Collected rain water

11 (18.6)

No use of collected rain water

69 (15.2)

“Outdoor water”

31 (23.8)

No access to “outdoor water”

49 (12.8)

E

Occupation of respondent/ family
Work in poultry industry (commercial

3 (20.0)

E

farm, market or as trader)
No occupation in poultry industry
Buying chicken practices

76 (15.3)

A

Buy chickens

54 (16.9)

Self-rear chickens

24 (12.8)

Buy chickens from markets

34 (16.7)

Not buy from markets

44 (14.5)
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Variables

Cases (%)

OR

95% CI

P-value

Buy chickens from collectors

10 (17.9)

1.22

0.59-2.54

0.587

Not buy from collectors

68 (15.1)

Buy chickens from neighbors, other

12 (16.9)

1.14

0.58-2.24

0.702

1.25

0.73-2.12

0.412

0.92

0.38-2.28

0.864

3.30

1.46-7.45

0.002¹

1.43

0.75-2.72

0.271

0.77

0.17-3.45

0.534

1.02

0.61-1.70

0.947

0.47

0.25-0.88

0.016¹

households or farmers
Not buy from neighbours etc

66 (15.1)

Selling poultry practices
Sell poultry

23 (17.8)

Not sell poultry

57 (14.8)

Sell poultry to markets

6 (14.6)

Not sell to markets

74 (15.6)

Sell poultry to collectors

10 (35.7)

Not sell to collectors

70 (14.4)

Sell

poultry

to

neighbors,

other

14 (20.0)

households or farmers
Not sell to neighbours etc

66 (14.9)

Sell poultry to other individuals (e.g.

2 (12.5)

E

game hobbyists)
Not sell to others

78 (15.7)

Others
Not clean poultry cages and faeces

26 (15.4)

Clean cages etc in last one month

52 (15.2)

Poultry production system, Sector 3
Poultry production system, Sector 4

B

13 (9.3)
67 (17.9)

A

Responses for duck buying practices were not completed in 433 of 518 (83%) of surveys.

B

Category for poultry production system is either Sector 3 traditional low-biosecurity farming or

Sector 4 backyard roaming poultry. Responses of Sector 3 with Sector 4 component are
classified as Sector 4. No responses were of Sectors 1-2.
2

¹ Variables with χ test, p≤0.25

E

Fisher’s exact test (one-sided significance).
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Table 3.4. Comparison of flock sizes of main poultry types between cases
and controls, for Model A.
Mean (95% CI)
Bird numbers

Cases *

Control

P-value

Village chickens

8.11 (6.39-9.83)

9.21 (7.92-10.50)

0.486

Native & Muscovy ducks

2.46 (1.23-3.69)

6.95 (3.31-10.60)

0.301

Fighting cocks

1.13 (0.72-1.53)

1.39 (1.19-1.59)

0.301

* Cases: reporting significant mortalities in poultry (including HPAI, ND and others)

Table 3.5. Summary of univariable analyses of household variables where
p≤0.25, using a modified case classification for Model B. *
Variables

Cases (%)

OR

95% CI

P-value

Native ducks or Muscovy ducks

23 (16.3)

1.54

0.89-2.66

0.124

No native or Muscovy ducks

42 (11.3)

Chickens and ducks

20 (16.1)

1.47

0.83-2.61

0.180

Either chickens or ducks or none

45 (11.5)

Cats

13 (18.6)

1.72

0.88-3.35

0.109

No cats

52 (11.7)

Factory feed

8 (7.7)

0.52

0.24-1.12

0.089

No use of factory-prepared feed

57 (13.9)

Poultry use of well water

10 (8.4)

0.57

0.28-1.15

0.112

No use of well water

55 (13.9)

Poultry access to river/gutter water

8 (19.5)

1.77

0.78-4.02

0.168

No access to river/ gutter water

57 (12.1)

Poultry access to “outdoor water”

25 (19.2)

2.05

1.19-3.53

0.009

No access to “outdoor water”

40 (10.4)

Buy chickens

46 (14.4)

1.58

0.89-2.81

0.120
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Variables

Cases (%)

Self-rear chickens

18 (9.6)

Buy chickens from markets

30 (14.7)

Not buy from markets

34 (11.2)

Sell poultry to collectors

8 (28.6)

Not sell to collectors

57 (11.7)

Sell

poultry

to

neighbors,

other

12 (17.1)

OR

95% CI

P-value

1.36

0.81-2.31

0.247

3.01

1.27-7.15

0.009

1.53

0.77-3.03

0.223

0.45

0.22-0.90

0.022

households or farmers
Not sell to neighbours etc

53 (11.9)

Poultry production system, Sector 3

10 (7.1)

Poultry production system, Sector 4

55 (14.7)

* Cases: As for Model A with the exclusion of household-reported ND
Controls: As for Model A but with the inclusion of household-reported ND

Pearson correlation tests highlighted a moderate negative correlation between
Sector 3 poultry production system and village chickens present (r= -0.507,
p<0.001), and “outdoor water” and Sector 3 poultry production system (r= 0.308, p<0.001), and a moderate positive correlation between “outdoor water”
and feeding kitchen leftovers (r= +0.302, p<0.001). “Outdoor water” was a
collective grouping for different responses on source of poultry drinking water
that included stagnant puddles, field water, never providing water, plus river or
gutter water and as it also correlated with an outdoor production system, this
variable was not selected for inclusion in the logistic regression analysis.

3.3.5 Logistic regression analysis of questionnaire response
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Regression analyses were able to be conducted with 507 of the 518 responses
due to missing data for one variable (‘buy chickens’) from 11 respondents. Two
models with different case classifications were constructed using logistic
regression (Table 3.6). No significant interaction effects were found in the
variables in either of the final models. The results indicated that Model A was
better-fitting based on the Hosmer-Lemeshow statistics; however both were of
low R2 suggesting that there were also other risk factors not identified through
our analyses. Selling poultry to collectors was the most significant risk factor for
disease occurrence (OR 3-4, 95%CI 1.4-8.6, p<0.01) in the logistic regression
analyses. When software approaches (Egret logistic regression with random
effects) were run to account for clustering, a valid random effects model could
not be generated due to the information matrix not being positive.
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Table 3.6. Factors associated with poultry flock cases identified through logistic regression analyses,
based on two different case classifications (Model A and Model B).
Variables in final step

Sell poultry to collectors

Model A

A

Model B

B

Wald test

OR (95%

coefficient

(d.f.)

CI)

1.31

9.05 (1)

3.69 (1.58-

Not sell to collectors
Poultry prod. sector 3

-0.76

5.19 (1)

Poultry prod. sector 4
Buying chickens

0.47

2.81 (1)

Not buying chickens
Constant

-1.95

0.003

B

Wald test

OR (95%

coefficient

(d.f.)

CI)

1.24

7.17 (1)

3.46 (1.40-

8.64)

8.60)

1.00

1.00

0.47 (0.24-

0.023

-0.86

5.16 (1)

0.42 (0.20-

0.90)

0.89)

1.00

1.00

1.60 (0.92-

0.094

0.60

3.75 (1)

1.83 (0.99-

2.76)

3.36)

1.00

1.00

0.142

0.000

-2.26

64.89

0.104

2

0.032

0.030

2

0.055

0.057

Significance 0.986, 3 d.f.

Significance 0.597, 4 d.f.

Cox & Snell R
Nagelkerke R

Hosmer-Lemeshow Test
A

61.29 (1)

P-value

B

P-value

0.007

0.023

0.053

0.000

B

Model A was constructed using the original case classification and Model B the modified classification.
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3.3.6 Summary of survey response to descriptive questions
On vaccination history, 124 (24%) respondents said all of their poultry had been
vaccinated; 132 (25%) said only some had been vaccinated; 260 (50%) said
their poultry had not been vaccinated; and 2 did not know. Incomplete
vaccination was attributed to the difficulties in catching free-roaming village
birds. Households who had no birds vaccinated reported that birds were not
vaccinated because the families were busy at the time, they were not aware of
a programme, their birds were too young or too few for vaccination, or new
birds were purchased after the last round of vaccination. On hygiene practices,
124 (24%) respondents did not usually wash their hands with soap and water
after touching poultry or poultry faeces, 36 (7%) had prepared, assisted in the
preparation of or cooked sick birds, and 40 (8%) had consumed under-cooked
poultry meat or eggs in the preceding month. On disease reporting, 63 (90%) of
71 cases had not been reported to local officials or community heads, 9 cases
did not respond.

During the questionnaire interviews 358 respondents were also asked
additional questions on likely sources of poultry diseases, such as bird flu. Of
these, nearly half (156, 44%) did not know of any sources and stated that their
poultry had never been sick or that the poultry disease had occurred without
warning. Of the others, neighbourhood poultry (135, 38%) and new poultry from
markets (88, 25%) were commonly believed to pose a poultry disease risk.
Other factors (20, 6%) mentioned included: change in weather and season (10),
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river water, or poultry carcasses in the river (3), use of chicken faeces as crop
fertilisers (2), fighting cocks (2), poultry collectors (1), ducks from other
provinces (1), and contaminated feed or water (1); two interviewees did not
respond. On disposal practices, the majority (306, 85%) of respondents said
they would dispose of dead birds by burning or burial, 39 (11%) respondents
said that they would dispose of dead birds into rivers, 18 (5%) would dispose of
dead birds in plantation or rubbish places, 3 would cook birds for family, 5 said
their birds had not died and 2 did not respond. Most of the respondents
indicated that they had heard information about HPAI from several sources,
including television or radio (308, 86%), local officials (33, 9%), newspapers
(24, 7%), community leaders (12, 3%), neighbours or friends (11, 3%), or others
(13, 4%). Only 37 (10%) said they did not know of the disease and one did not
respond. Responses to these questions were not included in the logistic
regression analysis.
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3.4 Discussion

Individual themes are discussed under the relevant sub-headings below:

3.4.1 Case definition and inapparent infections
The surveillance programme conducted in village poultry in Bali detected a low
H5 virus prevalence in clinically healthy birds in village households with an
isolation rate in chickens of 5/5836, 0.09% (95%CI, 0.01-0.16%) and in ducks of
2/1487, 0.13% (95%CI, 0.00-0.32%) given that at least one bird in a positive
sample pool was infected. Virological surveillance carried out in 2005 involving
38 villages across Bali and some 600 birds where samples were also sent to a
reference laboratory in Hong Kong failed to detect any avian influenza virus (Dr
Santhia, pers. comm.). It is possible that sample handling (collection and
transportation) might have affected the isolation rate or that virus prevalence in
normal village poultry is low. In the present study, village chickens and ducks
were observed to be clinically healthy at the time of sampling. Potentially these
birds could have been in the incubation stage prior to developing disease, or
may have been inapparent subclinical carriers. However, no reports were
received of outbreaks in these communities immediately following sampling,
suggesting that subclinical infection was probable. In addition, there was H5 HI
antibody in individual chickens from flocks that apparently had not had any
preceding vaccination or which had not had new introductions of chickens.
Comparison of cumulative mortalities in Bali also indicates that village chickens
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appear overall to be at lower risk than commercial chickens (unpublished data,
village chickens 0.6%, layers 32.6%, χ2 p<0.001; Gde Putra & Santhia 2005).
While more specific detailed data were not available for further analysis, these
suggest that virus transmission may be inefficient due to lower bird-to-bird
contact under village conditions, allowing some chickens to survive infection
and develop H5 antibodies or become subclinically infected. It is also possible
that vaccine use in chickens may explain this observation but none of the
household flocks concerned where the H5N1 viruses were isolated had
received H5 avian influenza vaccination. There is also an alternative possibility
that the chickens may have been previously infected with some strains of LPAI
viruses that have modulated the lethality of H5N1 disease in gallinaceous
poultry (Khalenkov et al. 2009) although we were not aware of widespread
occurrence of LPAI in Bali. The majority of our survey households raised native
village chickens (84.9%) and fighting cocks (45.9%). Some households also
kept small numbers of broiler chickens (6.2%) and layer chickens (0.6%). Our
findings underline the need to carry out further research to clarify if village
chickens might carry H5N1 HPAI virus while remaining apparently healthy and
the role of such asymptomatic village chickens in the persistence and
transmission of H5N1.

This study investigated risk factors associated with outbreaks of highly
pathogenic poultry diseases such as H5N1 HPAI in village poultry in Bali. Given
the low level of H5N1 virus-positive cases in poultry in these households, a
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case definition of highly pathogenic poultry disease based on observed
mortality in household flocks, with the description of clinical signs consistent
with signs reported for H5N1 HPAI infection in poultry (Swayne & Suarez 2000)
was used. The assumption of the risk models developed is that villagers
distinguished between the sudden mortalities in a flock of chickens or
waterfowls with H5N1 HPAI and the pattern of spread and progression
(including neurological signs) of virulent Newcastle Disease through flocks that
had established a degree of immunity, particularly in older birds (Normile 2007).
In addition, a seasonal pattern of virulent ND outbreaks has been observed in
Bali with outbreaks occurring at times of climatic stress at the interface between
the wet and dry season (Dr Sukerni of Bali Provincial DINAS, pers. comm.). In
the disease risk model A, no attempt was made to differentiate between
mortalities from H5N1 HPAI and virulent ND, but in some cases the course and
nature of the disease in poultry, the season and the pattern of the disease
spread through the village were consistent with what has been known for
virulent ND cases in these villages before the H5N1 HPAI epizootic in
Indonesia. In the alternate iteration of the disease risk model (Model B) the
cases of probable virulent ND were moved from the cases to controls for the
analysis. In this regard, while acknowledging that these two poultry diseases
cannot be accurately differentiated without laboratory verification, the risk factor
analysis was developed on the basis of best probability from interviews with
villagers as to whether a household flock had had virulent poultry viral disease
(either HPAI or ND), or had most likely had HPAI. The risk factor study using
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personal interviews in individual village households was supported by disease
investigation findings that indicated HPAI (H5N1) virus, not just ND virus, was
present during 2006-2007 in these districts (Fig 3.4, analysis of data from DIC
and DINAS).

600
500
400
300
Stamping-out then
followed by Vaccination

Participatory
Disease
Surveillance

200
100
0

Total poultry mortality

Numbers of outbreak villages (total 686 villages)

Fig 3.4. Epidemic curve of HPAI (H5N1) outbreaks in Bali, 2003-7 (data
source: DIC & DINAS).

There were a number of limitations in conducting field studies within a village
environment. The lack of previous laboratory testing in the village households to
distinguish poultry diseases and validate cases and controls, and having to rely
mainly on the householder interviewed account of flock history, was a key
deficiency in this analysis. This limitation in not having a scientific confirmation
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for the household flock history makes the accuracy of the case definition less
certain and could have also led to a low R2 in the logistic regression and the
inability to yield valid results through a random effects model. The assumptions
that villagers can always and accurately distinguish between H5N1 HPAI and
virulent ND can affect the quality of the data and introduce a measurement bias.
The construction of different questions on villager experience with poultry
disease (by showing photographs of HPAI-diseased birds) was intended to
cross-check household flock history; however the absence of other sources of
data or independent observers meant that there could still be interviewer bias in
categorisation of poultry diseases. In addition, the selection of villages was
based upon the recommendations of the Livestock Services, the sampling of
individual households was based on recommendations by the community head,
and the fact that samples could only be collected from birds which could be
caught introduced an important selection bias into this study. In addition,
identifying the vaccination status of sero-positive village birds through
questionnaire information was not ideal and future trials could be planned to
incorporate use of vaccines with heterologous neuraminidase allowing the use
of neuraminidase inhibition (NI) testing to differentiate antibody titres induced by
infection from those subsequent to vaccination. Finally, due to the difficulties of
travelling and undertaking interviews in local languages under field conditions in
Bali, only 518 / 1080 (48%) of the questionnaires were fully completed. As with
all field studies, in retrospect there are study issues that are often not apparent
until after the research has been conducted.
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3.4.2 Transmission risks from poultry traders
Based on the logistic regression analyses, sale of poultry to collectors was
significantly (p<0.01) associated with the presence of highly pathogenic poultry
disease. Live poultry in Bali are marketed through a network of brokers and
collectors who commute between villages on motorbikes or delivery trucks
carrying open cages to gather poultry from household flocks, poultry markets or
farms, collecting up to a few hundred birds each time. These birds are kept
temporarily at the collector’s premises before being re-sold to poultry markets,
other traders, slaughterhouses, or to local villagers. Unsold birds are also taken
back from the markets. Poultry collectors replenish their stock several times a
week, sometimes from multiple sources and localities (interview data). The
collection operations are complex, unique and variable but are uniformly driven
by business opportunities that facilitate the rapid and wide dispersal of poultry,
and the possibility of mixing of infected and healthy birds. The movement of
collectors, as well as poultry delivery trucks that carry purchased birds in open
cages, can serve as a means of fomite transmission (discussed below).
Considerable numbers of collector yards are scattered among village
communities in Bali and these contribute as a multiplier in local disease spread.
For instance, in Tabanan district, there are approximately 2 to 4 collectors in
every village with up to 400 collectors servicing the local communities directly
as well as ten poultry markets in the district (Dr Arya of Tabanan District DINAS,
pers. comm.).
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The home sale of birds to poultry collectors was a risk factor for disease
transmission in both regression models. Avian influenza viruses replicate in the
intestinal tract of birds and are spread primarily by faecal-oral transmission and
faeces have been shown to retain infectivity for 7 days at 20°C (Webster et al.
1978). H5N1 isolates from 1997 have been shown to persist for 4 to 7 days at
25°C in wet faeces, and viruses isolated recently (2003-2004) 4 to 6 days at
37°C (Shortridge et al. 1998, Webster et al. 2007). Previous research also
implicated fomites as a means of avian influenza disease transmission through
the movement of farm and market personnel or vaccination crews (Glass et al.
1981, Westbury 1997, Kung et al. 2007, Normile 2007), sharing of equipment,
or contact through poultry crates or trucks delivering feedstuff and litter
(Webster et al. 1986, Marangon et al. 2005). By notable comparison, sales of
poultry to neighbours or other households were not shown to be of significant
risk in this study. These findings are consistent with field observations that
collectors in Tabanan district, attracted by the high poultry concentration, good
road communications and business opportunities for selling poultry in this
district and elsewhere, may play a role in initiating frequent disease outbreaks
(Dr Arya, pers. comm.). The current study suggests that the role of poultry
traders in the spread of H5N1 HPAI should be further investigated, given that
similar trading systems exist in other parts of the region (Morris & Jackson
2005). The dissemination of Newcastle Disease virus also involves the
movement of faeces-contaminated human clothing, equipment, crates, vehicles,
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feed, fertilisers, poultry products, as well as trade in infected live poultry
(Alexander 2001).

3.4.3 Risk from live poultry movement
Purchase of live poultry has previously been associated with outbreaks of H5N1
in poultry in a Cambodian village (Vong et al. 2005). Our logistic regression
analyses found buying chickens to be a significant factor (p<0.1). From
information obtained through our interviews, highly pathogenic poultry disease
in some household flocks had occurred following the purchase of birds from
poultry markets or collector’s yards, with subsequent spread to adjacent
households. Movement of fighting cocks for game hobbyists or for ceremony as
a prologue to major temple festivities can also occur. The increase in HPAI
cases during the third quarter of 2007 appeared to follow the local Balinese
festival of “Galungan-Kuningan” (27 June-7 July 2007) when poultry demand
and poultry movements increase substantially, as poultry are used for offerings
in the festival (Fig 3.4). The detection of cases in 2007 probably also reflects
the increased disease reporting achieved through an FAO Participatory Disease
Surveillance-and-Response (PDS-R) initiative with local communities (FAOAIDE news 42, 2006). With poultry being indispensable for traditional Balinese
ceremonial offerings, hobby, consumption, or as gifts, trading and movement of
live birds will remain an important means of disease transmission.

3.4.4 Risk associated with disposal of dead birds and trading sick birds
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When questioned about disposal of dead birds 11% (39/358) of respondents in
the survey said that they disposed of dead birds by throwing them into rivers.
Disposal of birds in such a manner could pose a risk to neighbouring household
flocks downstream. In river water, influenza viruses have been shown to retain
infectivity for 4 days at 22°C (Webster et al. 1978). Exposure to virus through
contaminated drinking water remains a possibility, especially for unconfined
poultry which were also able to find water from puddles and in fields. The
practice of disposing of dead birds in rivers and fields rather than by burial or
burning, or selling sick or at-risk birds is probably more common than
acknowledged (Spradbrow 1993, CIVAS 2006). In the latter scenario, salvage
of surviving birds or immediate disposal of sick birds at the first signs of clinical
disease in a flock, amplify and disseminate infection through the market chain
(Peiris et al. 2007, Sims 2007).

3.4.5 Role of ducks in transmission pathways
Ducks have been recognised as an ecological reservoir of diverse avian
influenza viruses and a “Trojan horse” of H5N1 infection for other poultry
(Hulse-Post et al. 2005). In our survey, the numbers of ducks farmed, or
herding ducks to graze harvested rice fields did not appear to be a significant
variable. Many of the duck flocks contained less than 100 birds, were provided
prepared feed and were usually kept under semi-intensive systems in
confinement yards, although they may be released to roam the backyard
compound then returned to confined pens at night. Further research will be
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needed to determine the role of ducks in H5N1 HPAI transmission pathways
under the extensive duck-raising system in Bali, and to see if this contrasts with
the transmission risk associated with domestic duck flocks as observed in
southern China (Shortridge & Stuart-Harris 1982, Chen et al. 2004), Thailand
(Songserm et al. 2006a, Gilbert et al. 2008), Vietnam (Gilbert et al. 2008), and
possibly other areas in Indonesia (CIVAS 2006).

3.4.6 Other risk factors
General deficiencies in disease reporting have been observed in many rural
communities of Asia and elsewhere, particularly with respect to the reporting of
minor poultry losses (Sims 2007). The source of many flock infections would
remain unknown because of the low level of disease reporting and consequent
failure to investigate. The low R2 in the current analyses indicates other possible
risk factors that were not considered in the models. To gain further
understanding of the complex transmission dynamics in the ecology of H5N1 in
village poultry, the views of local district veterinarians and village community
leaders were solicited through open discussions in an attempt to identify other
potential risk factors for HPAI in village poultry. These factors include purchase
of live poultry from poultry markets as well as from collector yards, illegal
movement of poultry from other provinces, fighting cocks returning from
competitions, cross-district movement of grazing ducks, spread from
neighbouring households, and use of poultry manure as crop fertilisers. It is
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probable that many cases which were not identified through the regression
models could be attributable to these factors.

3.4.7 Villager attitudes to hygiene measures with respect to H5N1
The survey showed that television and radio broadcasts, whether as general
media reports or risk messages about HPAI, remained an effective
communication tool in reaching the rural communities. However it was also
found that a proportion of respondents did not usually wash hands with soap
after touching poultry or poultry faeces, or had prepared, assisted in the
preparation of or cooked sick birds, or had consumed half-cooked poultry meat
or eggs. Knowledge, attitudes and practices surveyed elsewhere also reflect
that despite knowledge of HPAI and personal protection measures, some rural
dwellers still undertake at-risk poultry handling behaviour (Ly et al. 2007). Other
studies have found public risk perceptions of avian influenza differ by region
and may correspond with proximity to the outbreak and prior experiences (de
Zwart et al. 2007). Our survey was carried out before the first human case in
Bali, so an investigation into drivers of risk practices and human exposure is
even more pertinent now.

3.4.8 Effectiveness of vaccination coverage and the H5 vaccination
programme
The universal value of avian influenza vaccination, given the risks of recurrent
infections, has been widely recognised but for vaccination to be a successful
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means of disease control, it requires a comprehensive control package that
includes the use of vaccines of assured quality, adequate vaccination coverage,
monitoring for vaccine efficacy and field infections (Swayne 2006c, Capua &
Marangon 2007). The serological surveillance conducted in this study found low
vaccination coverage (Fig 3.2) and is consistent with the findings from the
survey where the majority of respondents indicated that either their poultry had
not been vaccinated, or that only part of their flock had been vaccinated. This
highlighted the challenges faced in providing adequate vaccine coverage at
regular intervals to sustain immunity in a dynamic population with a rapid
turnover. Low coverage and infrequent vaccination of backyard poultry (e.g. one
or two rounds per year in the study area in Bali), compared to regular and
effective vaccination used in the commercial, intensive sector, reflect the overall
challenges of maintaining commitment and resources on a scale required for an
extensive poultry system (EFSA 2007, Sawitri Siregar et al. 2007). In
comparison to containment of previous avian influenza outbreaks in primarily
commercial sectors in North America (Senne 2007) and Europe (Capua &
Marangon 2007), strategies for control of the current HPAI in village backyard
poultry of SE Asia will require additional measures. For example, vaccines need
to overcome the considerations of exposure to tropical temperatures, must be in
a form that can be administered to individual free-roaming village poultry ideally
without the birds requiring to be caught, as well as confidence of and
acceptance by villagers (Spradbrow 1993, Sawitri Siregar et al. 2007). While
disease control cannot afford to wait for a perfect vaccine solution, research is
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currently underway to improve vaccination strategies (EFSA 2007). Providing
resources to deliver the vaccination and improve the coverage, plus an
extension package addressing the needs of rural communities, will contribute to
a sustained vaccination service (Spradbrow 1993, Sawitri Siregar et al. 2007).
At the time of writing, extension programmes to encourage reporting of disease,
cooperation to catch birds for vaccination, proper disposal of sick and dead
birds, and keeping birds caged, have been developed and target various
stakeholders and community groups.

3.4.9 Conclusion
In conclusion, this study in Bali recovered H5N1 virus at a low prevalence in
village poultry and suggests a possible role of asymptomatic village chickens
and ducks in the persistence and transmission of H5N1 infection. Further
studies are required to clarify if village chickens are a dead-end-host or are a
real risk for H5N1 spread. The present study also identified risk factors that
could be associated with the dynamics of virus transmission for poultry
diseases such as H5N1 HPAI or virulent ND. The complexities of highly
pathogenic poultry diseases serve to highlight challenges faced in diagnosing
and controlling H5N1 in this region. The importance of village poultry for many
communities as a source of income, protein and as a traded commodity to meet
medical, educational, social and religious needs is strongly acknowledged, and
it is in this poultry sector (sector 4) that the H5N1 epizootic also needs to be
successfully overcome.
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Chapter 4 Live bird markets – can they spread avian
influenza viruses?

4.1 Introduction

Live bird markets are common in Asia and allow consumers to purchase live or
freshly killed poultry for human consumption. Since 1997, H5N1 HPAI, along
with other subtypes of avian influenza, have been repeatedly isolated from
apparently healthy or dying birds in live bird markets across Southeast and East
Asia: Hong Kong 1997, 2001, 2002-3 (Webster 2004); southern China 2004-6
(Chen et al. 2006a, Smith et al. 2006b) and Vietnam 2001 (Nguyen et al. 2005).
Exposure to live poultry by visiting either a retail poultry stall or a market selling
live poultry was identified as a significant risk factor for H5N1 disease in
humans during the 1997 Hong Kong outbreak (Mounts et al. 1999). At the
height of the 1997 outbreak, H5N1 was isolated from approximately 19.5% of
chickens, 2.4% of ducks and 2.5% of geese in the poultry markets, and
domestic poultry in the markets was identified as the most likely source for
human infection (Shortridge 1999). In North America, it has been established
through the use of molecular and epidemiological investigations that live poultry
markets are the ‘missing link’ in the recurrent transmission of H5N2 (Webster et
al. 1986, Senne et al. 1992) and H7N2 (Senne et al. 2005) virus to domestic
poultry flocks outside the markets.
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Genetic sequence analysis of the 1997 H5N1 virus indicated it to be a triple
reassortment with putative precursor viruses from goose, quail and teal origins
that were co-circulating in Hong Kong markets (Guan et al. 1999, Hoffman et al.
2000). The progressive accumulation of basic amino acids favouring a highly
cleavable H7N2 virus in live bird markets in the USA (Senne et al. 2005) also
suggests that these markets offer a breeding ground for virus re-assortment,
evolution and emergence of new virus strains. Uncontrolled poultry trade in
poorly regulated live bird markets has generally been associated with high
disease risk since the H5N1 epidemic started in Asia (Sims et al. 2005).

The island of Bali, like other parts of Indonesia and other countries in Asia,
continues to be affected by H5N1 HPAI. The first H5N1 poultry cases in Bali
were reported in October 2003 and the initial epidemic wave peaked in
February 2004 but was quickly controlled through mass vaccination and culling
of poultry. However, reports of poultry mortalities, particularly in backyard
village poultry, continued. The reason for disease endemnicity is unclear but is
probably related to the continuous virus dissemination through the market chain
of small-holder flocks, middlemen, traders and market sellers and the difficulties
in sustaining adequate separation of birds and vaccination coverage for
backyard village poultry.

There are live bird markets in every district of Bali. Each market ranges in size
from a few sellers to more than 50 stalls. Market facilities are either permanent
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cage structures or sheltered platform space, while in some markets sellers
congregate with baskets of poultry in open areas in the market premises for
trade. Markets may be open every day of the week or every three days under
Balinese customs, therefore allowing the same sellers to rotate their birds for
sale between markets with different opening days.

To investigate the role of live bird markets in the spread of avian influenza virus,
we studied the characteristics of live bird markets in Bali. This work reports on a
questionnaire survey of market sellers in 2008, and surveillance for the
presence of pathogenic poultry viruses (Avian Influenza and Newcastle Disease
viruses) in markets in Bali in September 2007 and in February 2008.

4.2 Materials and methods3

4.2.1 Animal and Human Ethics Approvals
All animal handling and sampling was carried out with the approval of the
Murdoch University Animal Ethics Committee (Permit R2012/06). All interviews
for the survey questionnaires with market sellers were carried out with the
approval of the Murdoch University Human Ethics Research Committee (Permit
2006/268).

4.2.2 Virus surveillance

3

The contributions of the candidate and his collaborators were mentioned in Chapter 3.
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Surveillance of poultry from live bird markets across Bali for virus was carried
out in September 2007 (12 markets) and February 2008 (14 markets). These
markets were located in the districts of Denpasar, Gianyar, Tabanan, Bangli,
Badung, and Klungkung and were the larger or more active ones recommended
by the DIC Denpasar. The live bird markets surveyed in the district of Denpasar
were “Kereneng”, “Satria”, “Badung” and “Kumbasari”, in Gianyar were
“Gianyar”, “Sukawati” and “Ubud”, in Tabanan were “Kediri” and “Dauh Pala”, in
Bangli were “Kayuamba”, “Baleagung” and “Kintamani”, in Badung were
“Beringkit” and “Mengwi” and in Klungkung were “Klungkung”, “Galiran”. Poultry
sellers refer to those with a permanent stall at the markets, as well as those
who sold the birds in hand-carry baskets within the market premises. Market
selection was based on advice from both the Director and the Virologist from
the Disease Investigation Centre of Denpasar (DIC), using their knowledge of
the poultry market chain, the districts involved in the H5N1 HPAI outbreaks in
Bali and the logistics of reaching markets. The poultry markets open early in the
morning and only remain open for several hours. As collection of virology
samples and administration of the questionnaires had to be conducted while the
market was opened a maximum of 20 sellers per market were approached to
allow sample collection and interviewing for the questionnaire. In the markets
visited the range in numbers of sellers was from 8 to 50 with the median of 15.
For logistical reasons, in terms of time spent talking to sellers to get their
agreement and due to the virus isolation capacity of the laboratory, 5 birds per
species were randomly selected from each seller. Throat and cloacal swabs
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were taken from individual birds. Swab samples were pooled by market stall,
poultry species and visit (5 swabs per pool). At the request of DIC staff
additional convenience samples were collected from viscera from 6 chicken
meat sellers in Kediri Market (#9 in Table 4.1). Pooled visceral samples were
collected from up to 3 birds and one pool was processed and tested from each
of the sellers. The pooled swabs were tested by allantoic cavity inoculation in 9
to 11 day-old SPF embryonated chicken eggs at the DIC, as described in
Chapter 3. Haemagglutinating isolates were subtyped by the Haemagglutination
Inhibition (HI) test using procedures described in the OIE Manual of Standards
for Diagnostic Tests and Vaccines (Alexander 2004), with reference H5 and
Newcastle Disease antisera supplied by the Veterinary Research Institute of
Bogor, Indonesia. Samples were also tested by real-time RT-PCR for H5 and M
genes as described by Heine et al. (2007). Influenza isolates were then referred
to the Australian Animal Health Laboratory, Geelong (AAHL) for confirmation.
Samples received at AAHL were tested directly, as well as cultured in 9 to 11
day-old embryonated SPF chicken eggs before HA-positive allantoic fluids were
tested, by real-time RT-PCR for H5 HA and H7 HA and M genes. Any Mpositive allantoic fluid which was negative for H5 and H7 PCR tests was tested
by HI against reference sera to the other influenza subtypes and by
Neuraminidase Inhibition (NI) test to determine its subtype (Dr Kim Halpin, pers.
comm.).

4.2.3 Questionnaire survey in markets
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Data regarding market practices were collected through questionnaire
interviews carried out in February 2008 with poultry sellers in 14 markets. The
questionnaire was translated into Indonesian and administered by two
Indonesian and Balinese speaking staff from the DIC, Denpasar who were
briefed on the contents of the questionnaire. A pilot trial of the questionnaire
interview was carried out on a sample of 20 sellers in one market in September
2007 before the final version of the questionnaire was prepared and the
interviews were conducted in February 2008. An English translation of the
questionnaire is attached as Appendix 4.The interviews took from 10-15
minutes and while the interviews were conducted the 3 or 4 other members of
the team collected virological swabs or approached other sellers to ask them to
be participate in the questionnaire interviews. As the sellers were only present
early in the morning and were very busy, the survey questions focused on
market operation, sources of market birds, bird collection practices, disposal of
unsold birds and sick birds, and market cleaning and personal hygiene
practices. If time permitted and the sellers were willing an additional question
[#6 (i)] was asked about which districts their most recent batches of birds had
come from (if known). The candidate entered all data from the market
questionnaires into Microsoft Excel 2003, then data in the file was doublechecked against the questionnaire before saving and starting the next
questionnaire. The questionnaire responses were categorised to the different
groups relevant for each question and then summary statistics of market chain
activities were calculated.
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4.2.4 Seeking expert opinion from veterinary staff
Opinions were sought through open discussions with six veterinary staff
involved in bird sampling or interviews of market sellers at the end of the survey
period for their views on live bird markets and the risk of disease from these
markets. All except one were veterinarians and all held management positions
in the DIC, with background and experience in virology, microbiology,
epidemiology or pathology. They were asked if they considered live bird
markets to pose a disease risk and how markets might contribute to disease
spread. Their responses to these questions were categorized and summarized.
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4.3 Results

4.3.1 Virological surveillance
A total of 870 chickens, 415 ducks (mostly native layer ducks) and 5 geese
were sampled from 12 markets in September 2007 as well as 30 song bird
cages. In February 2008, 695 chickens, 358 ducks, 5 geese, 80 pigeons and 50
song birds were sampled from 14 markets. The list of the markets sampled, the
number of birds sampled and the virological results are shown in Table 4.1.

One pool of cloacal and throat swabs from live ducks collected in September
2007 from market 2 tested positive for H3N8 and four pooled samples from live
ducks collected from the same market in February 2008 tested positive for
H3N2 (1), H7N1 (1) or H3N8 (2). In addition, a pooled sample from live
chickens from market 6 and a visceral sample from chickens from market 9
collected in September 2007 tested positive for an H5 virus at DIC, but neither
could be confirmed when stored isolates were later consigned to AAHL.

Thirteen pooled cloacal and throat swabs from live chickens or ducks were
positive for Newcastle Disease (ND) viruses. In addition, one pooled visceral
sample from chickens in market 9 collected in September 2007 tested positive
for ND.
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All other swab samples from geese, songbirds and pigeons collected in
September 2007 and February 2008 were negative for AI and ND viruses.
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Table 4.1. Results of virological surveillance from pooled cloacal and
throat swabs from live bird markets in Bali, September 2007 and February
2008.

Market

September 2007

February 2008

Chickens

Chickens

(“name”)

Ducks

Ducks

(Native &

(Native &

Muscovy)

Muscovy)

Market 1

AI

- (70)

- (70)

- (55)

- (50)

“Mengwi”

ND

- (70)

1 (70)

- (55)

- (50)

Market 2

AI

- (85)

1 (110) *

- (75)

4 (60) *

“Beringkit”

ND

1 (85)

- (110)

- (75)

- (60)

Market 3

AI

- (150)

- (20)

- (80)

- (5)

“Kayuamba”

ND

2 (150)

- (20)

- (80)

- (5)

Markets 4/5

AI

- (100)

- (10)

- (70)

- (10)

“Kereneng”

ND

- (100)

- (10)

- (70)

- (10)

Markets 6/7

AI

- (70)

- (40)

- (55)

- (50)

“Badung”

ND

4 (70)

1 (40)

1 (55)

- (50)

Market 8

AI

- (55)

- (20)

- (55)

- (20)

“Gianyar”

ND

- (55)

- (20)

- (55)

- (20)

Market 9

AI

- (80)

- (25)

- (40)

- (55)

“Kediri”

ND

2 (80)

1 (25)

- (40)

- (55)

Market 10

AI

- (80)

- (40)

- (60)

- (20)

“Dauh Pala”

ND

- (80)

- (40)

- (60)

- (20)

Market 11

AI

- (140)

- (60)

N.A.

N.A.

“Baleagung”

ND

- (140)

- (60)

“Satria”

“Kumbasari”
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Market

September 2007

February 2008

Chickens

Chickens

(“name”)

Ducks
(Native &

(Native &

Muscovy)

Muscovy)

Market 12

AI

- (40)

- (20)

“Sukawati”

ND

- (40)

- (20)

Market 13

AI

N.A.

N.A.

“Galiran”

ND

Market 14

AI

“Klungkung”

ND

Market 15

AI

“Kintamani”

ND

Market 16

AI

“Ubud”

ND

Total

AI

0 (870)

ND

9 (870)

positives

A

Ducks

N.A.

N.A.

- (80)

- (68)

- (80)

- (68)

N.A.

N.A.

-

-

N.A.

N.A.

- (80)

- (10)

- (80)

- (10)

- (45)

- (10)

- (45)

- (10)

1 (415)

0 (695)

4 (358)

3 (415)

1 (695)

0 (358)

N.A.

N.A.

* Only avian influenza isolates confirmed and typed by CSIRO-AAHL, Geelong are reported in
the table. Results shown are the number of positive pools by virus culture in 9-11 day old
chicken embryos. Numbers in parentheses denote numbers of individual birds sampled. N.A.
indicates Not visited. Markets 4/5 and markets 6/7 are in close proximity and swabs collected
from these markets were processed as one batch, thus combined data is reported in the table.
A

The following were also sampled and were tested negative--

Market 2, Sep 2007: Geese (5); Feb 2008: Geese (5).
Market 5, Sep 2007: Songbird cage-swabs (30); Feb 2008: Pigeons (5), Songbirds (25).
Market 14, Feb 2008: Pigeons (75), Songbirds (25).

4.3.2 Questionnaire interview responses on market characteristics
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One hundred and ninety four (194) market poultry sellers in fourteen markets
were interviewed. In 12 of 14 live bird markets visited multiple poultry types
were being sold. In two markets, only fighting cock or pigeon sellers were
present, with pet bird being sold at shops in a nearby area. Seventy six percent
(148/194) of sellers sold birds of a single type, with only 46 (24%) sellers selling
birds of more than one type. The respondents sold the following bird types:
village chickens (61), broilers (44), aged layer hens (27), fighting cocks (11),
Balinese layer ducks (68), Muscovy ducks (3), cockerels (4), geese (1), pigeons
(19) and songbirds (10). Each poultry seller would sell approximately 30 to 50
birds per market day, however this increased to up to several hundred per day
during festive periods.

Fifty-five sellers (28%) obtained birds (chickens and/or ducks) from village
households, 43 (22%) from commercial farms, 88 (45%) from other collectors,
14 (7%) from other markets and 10 (5%) sold their own birds (Table 4.2). In
total, 81 (42%) market sellers engaged in primary collection activities as they
bought birds from village households and/or commercial farms. Collection of
birds to sell was usually performed once to several times a week. Thirty percent
of questionnaire respondents (58/194) replied to the additional question about
the district of origin of their new sale birds. Of these 43/58 (74%) indicated that
all marketed birds originated from only one district, and15/58 (26%) indicated
that birds were from two or more different districts. These districts were not
always the ones that the markets were located in.
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Table 4.2. Sources of market birds in the Bali market study.
Sources

Village households

Numbers,

Market chain movement

Suppliers

market

per seller

sellers

(in the last

(% total)

month)

45 (23%)

Majority of sellers (42) collect birds at village

1 to 20

households; a few householders send birds

(median 5)

to markets.
Commercial farms

37 (19%)

Majority of sellers (27) collect birds at farms;

1 to 15

several farmers send birds to markets or

(median 3)

premises of sellers.
Other collectors

80 (41%)

Majority of other collectors (62) send birds

1 to 20

to markets; several other collectors send

(median 3)

birds to premises of sellers or sell at
collector yards.
Other markets

9 (5%)

Sellers visit other markets to buy birds.

1 to 2
markets

Self-raised birds

7 (4%)

Sellers bring birds from home.

Mixed sources (from

16 (8%)

These 16 sellers obtain birds from village

more than one

households (10), farms (6), collectors (8),

above)

other markets (5) and/or through self-

multiple

rearing (3).
Sellers surveyed

194
(100%)
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Ten of the 16 markets visited were open daily, 5 opened once every three days
and 1 opened on two fixed days a week. Some sellers in markets that opened
daily also sold birds at other markets on some days. In total, 79 (41%)
respondents sold birds at other markets, 113 (58%) did not and 2 did not
respond. People who sold birds at multiple markets did so at two to four
markets.

The majority of sellers (169, 92%) said they checked birds to ensure their new
birds were healthy, only 15 (8%) relied on knowing their suppliers or did not
check as they purchased birds in batches. Many sellers (122, 63%) reported
that they always separated newly acquired and old (unsold) birds at the
markets. In contrast 72 (37%) did this only occasionally or did not separate
birds at all.

Most (125, 64%) sellers brought unsold birds home at the end of trading (3 of
these slaughtered unsold broilers for sale as meat); 66 (34%) left them in the
markets; one brought some birds home and left some at the market; one did not
have any unsold birds; one returned birds directly to his dealer source.

Approximately two thirds of sellers (127, 65%) indicated that their stalls were
cleaned and washed one to several times a week, 19 (10%) indicated cleaning
was only done one to several times a month while 48 (25%) respondents never
cleaned or washed their stalls. However, there appeared to be a variable
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response even across stalls from the same market because there were different
interpretations of “cleaning and washing” as some considered this as sweeping
the market area or spraying disinfectant, and others considered the cleaning of
carry baskets they used for holding birds as cleaning.

Only 34 (18%) respondents said their birds became sick and died, possibly due
to HPAI or Newcastle Disease, during the preceding year, while 158 (81%) did
not, and 2 did not know. One seller was reported to have sold his remaining
survivor birds through the market. When sellers were asked about disease
reporting, 169 (87%) respondents would not immediately report to local
authorities (market or village community leaders) if their birds died, 18 (9%)
would and 7 (4%) gave no response or did not know.

When sellers were asked to describe how they handled sick market birds, 29
(15%) respondents commented that they never had had any sick market birds,
19 (10%) said they would let them be, and 11 (6%) respondents stated they
would discard the birds. The remaining respondents would bring the birds home
(34, 18%), isolate the birds (28, 14%), provide medicine (68, 35%), or slaughter
these birds (23, 12%). Birds that were slaughtered because of illness would
then be re-sold as carcasses, cooked as pig feed or disposed of. Three sellers
said they would sell sick birds at a reduced price.
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Only 19 (10%) respondents had prepared, assisted in the preparation of or
cooked sick birds. Forty percent (77) of respondents said they would usually
wash their hands with soap after touching poultry, 104 (53%) sometimes did so
while 13 (7%) never did. Discussions with the interviewers clarified that these
responses to questions on hand-washing referred to washing hands after
finishing the market selling but not washing hands every time they handled
individual birds in the markets. None of the poultry sellers observed in the
markets during the survey wore any personal protective gear such as gloves or
masks.

4.3.3 Expert opinions on market disease risk
Expert opinions solicited from six veterinary staff involved in either bird
sampling or interviews indicated that all regarded live bird markets as high risk
places for disease transmission. These veterinary staff cited the following as
probable contributory factors towards disease risk in markets: having birds from
different locations and sources (4), poor biosecurity (3), co-mingling of birds of
different species (1), poor market hygiene (1), having poultry sellers move
between markets (1).

194

4.4 Discussion

In this study, it was found that sellers in live bird markets in Bali obtained birds
from many suppliers and different sources (Table 4.2). Half of them purchased
birds from other collectors or markets, each with their own associations of
collectors and suppliers. In a study to trace the movement of an H5N2 virus in
USA, it was similarly found that birds going to live bird markets came from a
variety of sources, and that birds from each supplier could themselves be
assembled from many others (Trock 1997). Disposal of sick birds or salvage
selling of apparently healthy survivors can contribute towards the rapid and
widespread dissemination of infection throughout the market chain (Peiris et al.
2007). In the village surveillance study carried out in Bali between November
2006 and July 2007 (Chapter 3), the H5 isolation rate in chickens was 5/5836,
0.09% (95%CI, 0.01-0.16%) and in ducks was 2/1487, 0.13% (95%CI, 0.000.32%). In the present study, we recovered H3 and H7 Avian Influenza and
Newcastle Disease viruses from poultry in live bird markets in Bali. While
Newcastle Disease is endemic in poultry in Southeast Asia, migratory wild birds
are the natural reservoirs of avian influenza viruses of various LPAI subtypes
(Olsen et al. 2006) and it is probable that the H3/H7 AI-infected ducks in our
market study had acquired infection from wild birds feeding on leftover rice in
the same habitat following a paddy field harvest (Gilbert et al. 2008). Although
no H5N1 was isolated from this study of markets, previous surveillance carried
out in late 2005 isolated H5N1 virus from 8 ducks and 1 chicken in two of three
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live bird markets visited (Dr Santhia, pers. comm.). Birds held over in market
stalls, or in sellers’ premises to be brought back to markets again, allow virus to
perpetuate in the market environment and constantly infect newly introduced
and susceptible birds (Webster et al. 1986). Previous experience with H5N2
and H7N2 infections of birds in markets has demonstrated the difficulties in
eradicating market infection even after many attempts (Senne et al. 1992,
Senne et al. 2005). Infected birds in markets may then unknowingly escape
detection or be purposively re-sold and returned to village communities.

The failure to recover H5N1 HPAI viruses from market birds on both study
occasions was unexpected given that viruses had been isolated from birds from
similar live bird markets in a previous 2005 surveillance programme and virus
had also been recovered from birds in villages in 2007 as described in Chapter
3. The lack of H5N1 recovery could be due to a high turnover rate of birds sold
in these markets. Nonetheless, as other avian influenza and ND viruses were
recovered, it is also plausible that some market sellers may have hidden or
removed sick birds on being aware of the government sampling teams.

In this study improved responses could have been achieved by more precisely
defining and communicating “cleaning and washing” activities required of
market stall facilities, and by asking closed, multiple choice questions on
“handling of sick market birds”. Interviews to seek “expert opinions” could have
covered a wider and more comprehensive subject range and incorporated both
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open-ended and closed questions. Potential selection and interviewer biases,
as discussed in Chapter 3, would also apply for the market study. Finally, the
research activities should ideally have also included interviews with purchasers
of poultry, poultry collectors and dealers, and village-level sellers, to acquire a
thorough understanding of the poultry market chain. However, this was not
logistically possible for this study.

While poultry move from households and farms to markets and between
collectors and markets, other studies have demonstrated a secondary risk from
the movement of people, their vehicles, cages and other fomites in the counterflow direction of the chain. The outbreaks of H5N2 (1983 and 1985), H7N2
(1996-2004) in North-eastern United States and H5N1 (2002) in Hong Kong
were all linked to live poultry markets, with movement of market personnel,
recycled poultry crates or transport vehicles considered as important
transmission risks (Webster et al. 1986, Senne et al. 2005, Kung et al. 2007). In
this study, we found that 2 of every 5 market sellers surveyed were primary
collectors themselves, establishing a direct movement link between markets
and village or farm flocks even without other intermediaries. Live bird markets in
Bali may be open daily or customarily, once every three days. Our study found
that sellers may sell birds in multiple markets, and sellers frequently rotate
between daily and customary markets or between customary markets on
different days. Further investigation on the role of multiple market sellers in the
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transfer of possibly infected birds and contaminated cages and equipment, and
the potential for these factors to assist disease spread, is needed.

Sero-epidemiological studies in Hong Kong following the 1997 outbreak found
H5 sero-positivity amongst 10% of poultry stall-holders although no human
cases at that time were documented among these workers (Bridges et al.
2002). The current study indicated that poultry sellers in Bali are at risk of
exposure to any avian influenza viruses circulating in the market environment
but it remains unresolved as to why, despite the lack of personal protection, the
infrequency of washing hands during working hours, and the occurrence of
high-risk practices such as handling of sick and dead birds by this population
group, reports of clinical H5N1 disease in market sellers are rare (Bridges et al.
2002, Peiris et al. 2007).

The study by Kung et al. (2003) showed that when retail poultry markets in
Hong Kong were emptied, cleaned and disinfected for one day a month, the
virus isolation rates of H9N2 were reduced immediately after the rest day. The
study by Bulaga et al. (2003) of 109 live bird markets in New York and New
Jersey in 2001 found LPAI in 59.6% of markets and showed that markets that
closed for at least one day a week and markets that performed daily cleaning
and disinfection had the lowest risk of being avian influenza positive. Garber et
al. (2007) reported on risk factor analysis of 78 live poultry markets surveyed in
2005 in the United States and found that less frequent cleaning and disinfection
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and being open daily were associated with repeated presence of LPAI H5/H7
viruses.

Closing down traditional live bird markets will have significant socio-economic
consequences as there is still culinary preference for live birds and for fresh
meat across many parts of Asia. However, live bird markets, as a continuing
source of avian influenza infection, require sound risk management strategies.
After the H5N1/1997 outbreak in Hong Kong, aquatic and terrestrial poultry
were completely segregated with respect to production, transportation,
distribution and marketing, with live ducks and geese removed from retail
markets from 1998 onwards. In 2001, quails were subsequently segregated
from other market poultry in live bird markets as they carried certain strains of
H9N2 viruses that contained essentially the same internal genes that were
present in the H5N1/1997 viruses that infected humans during the 1997
outbreak. Mandatory rest days on which all retail market stalls were required to
sell remaining birds and thoroughly clean and disinfect their stalls were also
established to break any cycle of infection (Kung et al. 2003; Sims et al. 2003;
Webster 2004). Other measures put in place included farm and market
biosecurity, such as (a) registration of supply farms, (b) clinical and serological
monitoring of birds before market entry, (c) replacement of wooden cages in
markets with plastic ones that could be easily cleaned, (d) washing of plastic
poultry cages before returning to farms, and (e) disinfection of vehicles prior to
returning to farms (Sims et al. 2003).
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From the experiences with avian influenza risk management in the live poultry
marketing system in places like Hong Kong and North America, it is considered
that gradually putting in place consistent cleaning, washing and disinfection
practices for market facilities, cages and vehicles, together with measures such
as empty market days, partitioning of different poultry species, safe disposal of
carcasses and waste, changes for a better traceability to poultry entry into
markets and communication programmes can enhance the control of H5N1
avian influenza.

In conclusion, this study in Bali found that live bird markets aggregate birds of
different species, with variable health status and from different geographical
origins. Birds are traded along a business chain of village households, farms,
collectors, dealers, and markets. Commingling of different avian species in
close proximity and high densities in live bird markets, as well as the movement
of birds and fomites through the chain, allows infections such as H5N1 to
persist, amplify and be disseminated, with the concomitant risk of further virus
evolution that could result in development of new viruses with influenza
pandemic potential.
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Chapter 5 Circulation of different H5N1 virus groups in poultry in
Bali from 2004 to 2007

5.1 Introduction

Since H5N1 HPAI was first detected in poultry in Bali, Indonesia in late 2003,
the disease had spread to most districts in Bali and mass culling of birds began
in early 2004. The stamping out measure was supported with mass vaccination
which successfully reduced but did not stop disease occurrence (Gde Putra &
Santhia 2005). H5N1 HPAI viruses continued to circulate in Bali and other parts
of Indonesia and this was attributed primarily to the transmission via poultry
movement within the country. Phylogenetic analysis showed that H5N1 viruses
isolated in Indonesia formed a distinct sublineage (clade 2.1) (Chen et al.
2006a, Smith et al. 2006a) and were believed to have descended from
progenitor viruses in southern China (Wang J. et al. 2008). H5N1 viruses within
Indonesia further evolved into distinct groups corresponding to different
geographical regions, for example viruses from Bali in 2004 grouped under
clade 2.1.1 which also comprised virus strains from Java, Flores and west
Timor (Smith et al. 2006a).

Between late 2006 and early 2008, the research team from Murdoch University
(Western Australia), in collaboration with the Disease Investigation Centre
(Denpasar) and Dinas Bali Provincial Livestock Services, carried out
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surveillance for H5N1 virus in village household poultry in three districts and in
16 live bird markets in Bali as reported in Chapter 3 and 4. A number of H5N1
HPAI viruses were isolated from this surveillance and this chapter reports on
the further characterisation of these viruses by molecular analysis of the viral
haemagglutinin and neuraminidase genes and by comparison with other H5N1
viruses from Indonesia and other regions. The aim was to determine the
relationship between H5N1 isolates from village poultry in Bali in 2006 and 2007
with H5N1 viruses from other parts of Indonesia and elsewhere. Establishing
this relationship may help to understand transmission pathways of H5N1
viruses in Bali and also provide valuable information on virus strains that were
circulating with the aim of optimising diagnostic tests and development of
optimal vaccines for H5N1 HPAI control programs.

5.2 Materials & Methods4

5.2.1 Viruses isolated from village and market surveillance in Bali
The sampling strategy and the results for the surveillance in villages and
markets were reported in full in Chapters 3 and 4 respectively. Briefly, the virus
surveillance in villages recovered HPAI (H5N1) virus from village chicken (5),
native duck (1) or Muscovy duck (1) pooled samples, from a total of 5836
chickens and 1487 ducks sampled in villages. In markets, a total of 1565
chickens, 773 ducks and a smaller number of pet and songbirds were sampled.
4

The candidate carried out sequence alignment and phylogenetic analysis of the Bali isolates.
DIC Denpasar and AAHL kindly conducted virus isolation/PCR and virus sequencing.
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Two pooled samples from markets initially tested H5-positive on egg inoculation
and RT-PCR at DIC Denpasar but could not be confirmed when stored samples
were later consigned to the reference laboratory. The viruses used for this
molecular study were from the village surveillance and two poultry outbreaks in
Bali in 2007 (Table 5.1).

5.2.2 Genomic characterisation of the village H5 isolates
The samples collected from villages and markets were first processed for virus
isolation in 9- to 11-day-old embryonated chicken eggs at the Virology
Laboratory at the Disease Investigation Centre (Denpasar) and any
haemagglutinating isolate was tested for influenza A and H5 type by
Haemagglutination Inhibition testing and real-time Reverse TranscriptionPolymerase Chain Reaction (RT-PCR) on an ABI PRISM® 7300 Real Time
PCR System (Applied Biosystems) using the methods described in Chapters 3
and 4.

Positive H5 avian influenza samples were forwarded from DIC Denpasar to the
Australian Animal Health Laboratory (AAHL) for confirmation and sequencing of
the HA and NA. Samples received at AAHL were tested directly, as well as
cultured in 9 to 11 day-old embryonated chicken eggs before HA-positive
allantoic fluids were tested, by real-time RT-PCR for H5 HA and common M
genes on an ABI PRISM® 7500 Real-Time PCR System (Applied Biosystems).
For sequencing, viral RNA was extracted from virus-infected allantoic fluids by
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use of the RNeasy Mini Kit (Qiagen) and conventional RT-PCR was performed.
Pairs of gene-specific primers were used to amplify overlapping segments
spanning the entire HA or NA gene. The PCR-amplified DNA products were
gel-purified with QIAquick Gel Extraction Kit (Qiagen). The amplicons were then
sequenced in both directions using the Big Dye Terminator v3.1 Cycle
Sequencing kit on a capillary sequencer ABI PRISM® 3100 Genetic Analyser
(Applied Biosystems). The sequence data were edited and assembled into a
consensus contig of the entire HA or NA with LaserGene 7.0 (DNASTAR,
Madison, WI). The primer sequences as well as the PCR and sequencing
protocols are available from AAHL upon request.

5.2.3 Molecular analysis of H5N1 virus sequence data
Molecular analysis of HA and NA genes was undertaken with the H5N1 isolates
obtained from the Bali village surveillance (2006-7) and from poultry outbreaks
during 2007 in Bali. The analysis also included gene sequence data from a
virus isolated from poultry H5N1 outbreaks in Bali (Bangli Province) in 2004 that
was deposited in Genbank previously (Ck/Bangli Bali/BBPV6-1/04, Smith et al.
2006a). Sequence identity matrix for nucleotides and amino acids were
determined using Bioedit 7.0 software (Hall 1999). To estimate evolutionary
divergence, pairwise comparison of each isolate from Bali 2006-2007 was
performed with the 2004 virus to determine the ratio (ω) of the non-synonymous
distance (dN) and synonymous distance (dS) using the Pamilo-Bianchi-Li
method method in MEGA4 software (Tamura et al. 2007).
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For phylogenetic analysis, we collected HA gene sequences of other H5N1
viruses that were available in the GenBank National Center for Biotechnology
(NCBI) database. The database sequences along with our query HA gene
sequences were aligned using ClustalW, which is incorporated into the MEGA4
software. Partial sequences were removed and aligned sequences were
trimmed to exclude missing data at both 5’ and 3’ ends. The aligned HA
nucleotide sequences were used to construct a phylogenetic tree using
Neighbor-Joining in MEGA4 [Maximum Parsimony in MEGA4 and Maximum
Likelihood in Phylip 3.68 (Felsenstein 2008) showed similar tree topologies].
The evolutionary distances were computed using the Tamura-Nei model
associated to the gamma distribution. The analyses used
A/Goose/Guangdong/1/1996 as the reference virus. Robustness of the nodes
was evaluated by bootstrapping (1000 replicates). Only bootstrap values ≥50%
are shown. The analysis was based on nucleotides 1 to 1659 for Figure 5.3a,
nucleotides 49 to 1707 for Figure 5.3a inset and nucleotides 1 to 1695 for
Figure 5.3b. The branches were labeled according to H5 HA clades by the
WHO/OIE/FAO unified nomenclature (Anon. 2008d).
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5.3 Results

Table 5.1 lists the H5N1 viruses from Bali examined for this study. Of the five
chicken isolates from the surveillance in villages, A/Chicken/Bangli-BBVet
VI/387ab/2007 was a pool of two positive isolates from flocks in a larger family
unit. In this pool which was forwarded to the reference laboratory, only H5 HA
sequence was obtained but virus was not recovered. Of the two duck isolates,
one (Muscovy duck) was not available for sequencing at AAHL as it was not in
the shipment received at AAHL. In addition, two H5-positive samples from the
surveillance in markets, identified by virus isolation in chicken embryos and by
RT-PCR tests at DIC Denpasar, could not be re-isolated at the reference
laboratory and no sequencing could be conducted. The epidemiological history
of household flocks was obtained through a questionnaire interview survey
described in Chapter 3. The isolates from the surveillance in villages were from
apparently healthy village poultry flocks: none of the household flocks where
these viruses were isolated had received a recent H5 avian influenza
vaccination, but these households or their neighbours had had a history of
poultry deaths. The isolates from poultry outbreaks were during a period where
transmission to humans also took place. A 2004 chicken isolate from Bali was
included for comparison.
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Table 5.1. H5N1 viruses from Bali examined in the molecular study.
Isolate

Date

Epidemiological information

sampled
A/chicken/Bangli

2004

Bali/BBPV6-1/2004
A/chicken/Gianyar-

Accession number DQ493005 (NA)
December 2006

BBVet VI/687/2006
A/chicken/Bangli-BBVet

Accession number DQ497655 (HA)

Village poultry surveillance;
no reported disease in household or neighbours

May 2007

VI/245/2007

Village poultry surveillance;
no reported disease in household, but history of
some chicken deaths in neighbours in the
preceding week

A/duck/Bangli-

May 2007

BBVetVI/246/2007

Village poultry surveillance;
history of some chicken deaths in household
and neighbours in the preceding week

A/chicken/Tabanan-

May 2007

Village poultry surveillance;
history of some chicken deaths in household

BBVet VI/307/2007

and neighbours two months before
A/chicken/Bangli-BBVet

July 2007

VI/387ab/2007

Village poultry surveillance;
history of chicken deaths in household and
neighbours five months before; one neighbour
had chicken deaths in the preceding week

A/chicken/Tabanan-

August 2007

Poultry outbreak.

September 2007

Poultry outbreak.

BBVet VI/461/2007
A/chicken/Bangli-BBVet
VI/555ab/2007
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Figure 5.1 provides the sequence comparison of HA of isolates from Bali. The
isolates obtained during 2006-2007 showed a nucleotide sequence similarity of
95.9-100% and an amino acid sequence similarity of 96.6%-100% for the HA.
These isolates contained multiple basic amino acids at the HA cleavage site
indicating HPAI pathotype. The HA cleavage site sequences
“PQRERRRKKR/GLF” (for Ck/Gianyar/687/06, Ck/Bangli/245/07,
Dk/Bangli/246/07 and Ck/Tabanan/307/07) or “PQRESRRKKR/GLF” (for
Ck/Bangli/387ab/07, Ck/Tabanan/461/07 and Ck/Bangli/555ab/07)
distinguished between these viruses. In addition, the amino acid changes in
HA1 of A86T, N94S, T140S, R162K and V200I and in HA2 of M533I
(numbering from HA1) were observed with the second group of isolates. The
first group, on the other hand, showed mutations in HA2 of N476D, I482V and
T513I that differed from the second group and also the 2004 virus. In addition,
within the group 1 isolates, Ck/Gianyar/687/06, Ck/Bangli/245/07 and
Dk/Bangli/246/07 showed a number of further synchronous mutations that
distinguished them from Ck/Tabanan/307/07. These changes were reflected in
the positions of the isolates on different branches of the phylogenetic tree (Fig
5.3a).

All the Bali isolates contained glutamine (Q), Gln222 and glycine (G), Gly224
(highlighted, Figure 5.1) which favour binding to host cell glycoconjugate
receptors with terminal sialic acid linked to an adjoining galactose by the alpha2,3 linkages (SAα2,3Gal), considered to be specific influenza A receptors in
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avians . The HA sequences also did not show any alterations with respect to
residues Glu186Asp (E186D) or Gly221Asp/Glu (G221N, G221E) (Matrosovich
et al. 2000), or Asn182Lys (N182K) or Gln192Arg (Q192R) (Yamada et al.
2006), or Ser223Asn (S223N) (Gambaryan et al. 2006) that may also influence
adaptation for SAα2,6Gal receptors, considered as specific receptors for
influenza A viruses in humans. The mutation Ser129Leu (S129L) at the
receptor –binding site reported for some Indonesian viruses (Smith et al. 2006a)
was not present in these isolates. Polarised sites with asparagine (N)/
unspecified amino acid (X)/serine (S) or threonine (T) conformation (residues
NXS or NXT) indicate potential N-linked glycosylation sites and were present at
seven sites beginning position 11, 23, 154, 165, 286, 484 and 543. The analysis
showed one glycosylation site at positions 154-156 (highlighted, Fig 5.1) was in
the globular head of HA1 which is a common feature of terrestrial poultryadapted viruses (Matrosovich et al. 1999, Li et al. 2004). In addition, the A86T
mutation in the second group provided a new potential glycosylation site (NPT).

Figure 5.2 provides the sequence comparison of NA of the 2006-2007 isolates
from Bali with the 2004 Bali isolate and A/Goose/Guangdong/1/1996. The
isolates obtained during 2006-2007 showed a nucleotide sequence similarity of
96.0-100% and an amino acid sequence similarity of 95.3%-100% at the NA.
The NA stalk of the Bali isolates had a 20-amino acid deletion (positions 49-68),
similar to other viruses belonging to the “Z” genotype (Li et al. 2004), which is
also a feature of virus adaptation to terrestrial poultry (Matrosovich et al. 1999).
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None of the Bali isolates contained substitutions for oseltamivir-resistance, i.e.
His275Tyr (H275Y) (Le et al. 2005) or Asn295Ser (N295S) (Abdel-Ghafar et al.
2008) (N1 subtype numbering, Fig 5.2).

Phylogenetic analysis of our HA sequences was made with representative
H5N1 viruses from Indonesia (Fig 5.3a) and then with representative H5N1
viruses from other regions (Fig 5.3b). The results showed the Bali 2006-2007
viruses (▲) belonged to clade 2.1 but they were distinct from the original
viruses found in Bali in 2004 (●) which are classified as clade 2.1.1 under the
WHO/OIE/FAO nomenclature (Anon. 2008d). The viruses Ck/Gianyar/687/06,
Ck/Bangli/245/07, Dk/Bangli/246/07 and Ck/Tabanan/307/07 grouped closely
with contemporary poultry viruses related to a 2005 chicken virus
(Ck/Madiun/BBVW1420/05) in a cluster that appears distinct from clade 2.1.2
and clade 2.1.3 (Anon. 2008d). The other viruses Ck/Bangli/387ab/07,
Ck/Tabanan/461/07 and Ck/Bangli/555ab/07 grouped with contemporary
poultry viruses related to a 2005 chicken virus (Ck/Murao Jambi/BBPV-II/05)
and a 2006 duck virus (Dk/Indramayu/BBPW109/06) and these viruses also
clustered with a number of human isolates within clade 2.1.3 (Anon. 2008d).

The dN/dS ratio (ω) did not indicate positive selection in the virus surface genes
between 2004 and 2006-7 as the values for ω ranged from 0.145 to 0.260 (for
HA) or 0.088 to 0.389 (for NA).
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Figure 5.1. Amino acid sequence alignment of the HA genes from H5N1 isolates from Bali, Indonesia.
Arrows indicate the start sites of HA1 and HA2. Glycosylation site positions 154-156 and positions Gln222/Gly224 in avian viruses that
favour preferential binding for SAα2,3Gal receptors are highlighted.
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Figure 5.2. Amino acid sequence alignment of the NA genes from H5N1 isolates from Bali and from Gs/Gd/96.
Positions 275 and 295 that do not contain substitutions for oseltamivir resistance are highlighted.
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Figure 5.3a Phylogenetic tree of HA genes of representative Indonesia viruses.
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Fig 5.3a inset

Bootstrap values ≥ 50% are indicated at branch junctions; evolutionary distance is shown to
scale; number to the right represent H5 HA clade number. The inset showed separate analysis
of the HA of A/feline/Indonesia/CDC1/2006 (∆).
▲ H5N1 poultry in Bali 2006-2007; ● H5N1 poultry in Bali 2004; О H5N1 human in Indonesia
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Figure 5.3b Phylogenetic tree of HA genes of representative H5N1 viruses.
Bootstrap values ≥ 50% are indicated at branch junctions; evolutionary distance is shown to
scale; number to the right represent H5 HA clade number. ▲ H5N1 poultry in Bali 2006-2007
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2.2

2.1

5.4 Discussion

The virus surveillance for H5N1 virus in village household poultry and live
poultry markets in Bali from late 2006 to early 2008 isolated H5N1 HPAI viruses
from apparently healthy chickens and ducks from villages. The sequence
analysis of the HA and NA genes of these viruses reported in this chapter was
conducted in part to determine if the H5N1 viruses isolated from asymptomatic
chickens are the same as viruses from outbreaks of Bali in 2007. One of the
viruses isolated from asymptomatic chickens (A/chicken/Bangli-BBVet
Dps/387ab/2007) clustered very closely with the two viruses from outbreaks in
Bali in 2007 and the other viruses from asymptomatic chickens and a duck
clustered closely with H5N1 viruses from outbreaks elsewhere in Indonesia
from 2005 to 2007.

The origin of the H5N1 viruses causing asymptomatic infection in the village
chickens or ducks was considered. It is possible that under village conditions
where poultry flocks are scattered and freely roaming, transmission of virus was
inefficient and that these village chickens and ducks might have survived flock
infection or been exposed via low levels of environmental contamination but
become subclinically infected and shed virus for a limited time period. Failure to
cull all surviving birds after an outbreak in a flock or to carry out thorough
cleaning or disinfection of premises can be a risk for further virus transmission.
In addition to previous studies on the role of apparently healthy domestic ducks
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as a carrier of H5N1 infection (Hulse-Post et al. 2005, Songserm et al. 2006a,
Gilbert et al. 2006), our field findings suggested that asymptomatic village
chickens could contribute to the persistence of H5N1 viruses and potentially be
involved in their transmission to susceptible poultry to initiate new outbreaks.

The H5N1 isolates in our surveillance and from poultry outbreaks from 2006-7
in Bali were HPAI virus based on molecular criteria but they contained two
different amino acid motifs at the HA cleavage site. The first,
“PQRERRRKKR/GLF”, was the characteristic motif found with most previous
viruses from Indonesia. The second was “PQRESRRKKR/GLF” with an R→S
mutation at position -6 not previously seen in the haemagglutinin cleavage sites
of any other virus clades (Table 5.2). Our phylogenetic analysis indicated that
these Bali viruses grouped under two significantly separate taxa (99-100%
bootstrap values). One grouped under clade 2.1.3 under the WHO/OIE/FAO
nomenclature (Anon. 2008d), the other appeared to be a distinct clade
designated, for convenience, as 2.1.x (Fig 5.3a). Both clades were distinct from
the 2.1.1 viruses in Bali in 2004 and these taxa also contained contemporary
poultry viruses from geographical areas beyond Bali. Of interest, group 2 Bali
isolates clustered more closely with other poultry viruses (Ck/Murao
Jambi/BBPV-II/05, Dk/Indramayu/BBPW109/06), isolates from a number of
human cases and a cat from Indonesia in clade 2.1.3 (Fig 5.3a). The novel
cleavage site and amino acid changes in HA1 at positions 86, 94, 140, 162 and
200 appeared to be common features for this subgroup (although several of
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these mutations can also be found with the ‘older’ 2.1.3 and individual 2.1.x
isolates; results not shown). Investigation of a larger pool of viruses and reverse
genetic substitution studies could show if the novel cleavage site or individual
amino acid changes, either together or in combination, were mutations that may
help H5N1 virus to cross the species barrier from poultry to mammals.
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Table 5.2 Comparison of HA cleavage sequence examples of major H5
clades. 1
Virus

2

3

Clade

HA cleavage site amino acid sequence

Gs/GD/1/96

0

P

Q

R

E

R

R

R

K

K

R

Ck/TH/1/04

1

P

Q

R

E

R

R

R

K

K

R

Ck/Bangli/1/04

2.1.1

P

Q

R

E

R

R

R

K

K

R

Dk/Ma/1358/05

2.1.2

P

Q

R

E

R

R

R

K

K

R

Ck/Gianyar/687/06

2.1.x

P

Q

R

E

R

R

R

K

K

R

Ck/Bangli/387ab/07

2.1.3

P

Q

R

E

S

R

R

K

K

R

Ms/GM/R65/06

2.2

P

Q

G

E

R

R

R

K

K

R

Gs/GX/345/05

2.3.2

P

Q

R

E

R

R

R

-

K

R

Dk/FJ/1734/05

2.3.4

P

L

R

E

R

R

R

-

K

R

Ck/YM/7/04

2.5

P

Q

R

E

-

R

R

K

K

R

Gs/HK/3014.8/00

3

P

Q

R

E

R

R

R

K

K

R

Gs/FJ/bb/03

4

P

Q

R

E

R

R

R

K

K

R

Dk/GX/1378/04

5

P

Q

R

E

I

R

R

K

K

R

Ts/HN/4/04

6

P

Q

R

E

R

R

R

K

K

R

Ts/HN/1/04

7

P

Q

R

E

R

R

R

K

K

R

Ck/HN/16/04

8

P

Q

R

E

R

R

R

K

K

R

Md/JX/1653/05

9

P

Q

R

E

R

R

R

K

K

R

1

Individual virus variations in cleavage site sequence may also exist within each clade.

2

The full names of the viruses are shown in Figure 5.3b; Abbreviations are Ck=Chicken,

Dk=Duck, Gs=Goose, Ms=Mute swan, Ts=Tree sparrow; FJ=Fujian, GD=Guangdong,
GM=Germany, GX=Guangxi, HK=Hong Kong, HN=Henan, JX=Jiangxi, Ma=Madiun,
TH=Thailand, VN=Vietnam, YM=Yamaguchi. Underlined viruses are isolates of this study.
3

Bolded amino acids highlight differences with Gs/GD/1/96.
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The presence of multiple groups of H5N1 viruses in Bali from 2004 to 2007
showed that H5N1 continued to persist, evolve and circulate in poultry in Bali or
be re-introduced from other parts of Indonesia. However, there was no
indication that a stepwise drift under positive selection had occurred during this
period. Instead, H5N1 viruses from 2004 and 2006-7 in Bali belonged to
different genetic groups. Most probably, these viruses have had multiple
precursors that accumulated mutations and evolved from different geographical
locations, host species, farming or marketing systems. Thus, unlike for instance
in South Korea or Japan where recent outbreaks in poultry in late 2006 and
early 2007 were caused by H5N1 genotype viruses that were quite distinct from
the H5N1 genotypes causing the 2003-2004 outbreaks (“Qinghai-like” versus
earlier “V” genotype viruses, Lee et al. 2008), H5N1 viruses from Bali during
2006-7 probably had origins in other parts of the country and these had
displaced the 2004 viruses. This most likely had happened through the
movement of infected live birds and poultry products, contaminated equipment,
cages, vehicles and people between farms, markets and households in different
locations. A previous study had found exchange of genes between the different
groups of the clade 2.1 Indonesia H5N1 viruses (Lam et al. 2008) but there was
no evidence to indicate that a reassortment event with viruses circulating in
regions outside Indonesia had occurred. Continued virological surveillance in
poultry and wild birds, supported by genome analysis, would be needed to
clarify the evolution of the H5N1 virus.
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Our genetic characterisation and phylogenetic analysis of the 2006-2007 Bali
isolates showed that isolates from surveillance of apparently healthy birds
clustered with poultry viruses from outbreak cases and were not in a separate
clade of their own. While the isolates from the apparently healthy birds may
have emerged from the outbreak viruses, it is also possible that outbreaks in
susceptible birds may occur from exposure to viruses from apparently healthy
birds. This is consistent with the hypothesis that asymptomatic village chickens
and ducks were probably not dead-end hosts but potential H5N1 carriers and
can become a transmission risk for poultry and humans. Our analysis also
showed that isolates from human cases were closely related to those from
ducks or chickens for example, Indonesia/CDC/596/06 and
Dk/Madiun/BBVW1358/05 or Indonesia/CDC836/06 and Ck/Garut/1631-51/06.
This provides compelling evidence that direct or indirect exposure to virusinfected poultry remained the source of human infection. Similarly, the close
genetic association between the cat isolate (Butler 2006c) and avian viruses
from Indonesia as shown in the phylogenetic tree suggests an epidemiological
link between the two. Natural infection of cats with H5N1 had been reported in
Indonesia and elsewhere (Songserm et al. 2006b, Anon. 2007b, Weber et al.
2007) and experimental infection demonstrated that cats can be infected
through direct respiratory route inoculation, feeding of virus-infected birds or
horizontal cat-to-cat contact transmission (Kuiken et al. 2004).
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In conclusion, this study investigated seven H5N1 poultry viruses from Bali in
2006-2007 by molecular analysis of the viral haemagglutinin and neuraminidase
genes. We found that these viruses belonged to genetically different groups
from the ones in Bali at the start of the H5N1 epidemic in 2004. These more
recent isolates had probably emerged from continuing poultry movement and
trade activities and one of these groups also clustered closely with
contemporary human isolates. The viruses for our study were obtained from
virological surveillance of apparently healthy, backyard village birds yet they
carried the characteristic HPAI molecular pathotypes and shared close
phylogenetic relationships with viruses from poultry outbreaks. The findings
reported in this chapter indicate that village chickens and ducks may become
subclinically infected with H5N1 viruses that were closely related to concurrent
outbreak viruses. Further investigation is needed on the role of asymptomatic
village birds as reservoirs of infection in the ecology of H5N1 HPAI.
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Chapter 6 Efficacy of a recombinant baculovirus-expressed vaccine
in protecting ducks against a highly pathogenic H5N1 virus

6.1 Introduction

In many village communities in Southeast Asia, ducks are reared in large
numbers as an adjunct to rice farming. The traditional husbandry practice of
grazing duck flocks to consume leftover grains after rice harvest was identified
as a risk factor for avian influenza virus including H5N1 to persist and
disseminate (Gilbert et al. 2006a, Songserm et al. 2006a). Although our
analyses did not identify ducks as a significant risk variable in the previous
chapters, other researchers have shown that apparently healthy ducks may
harbour H5N1 virus and shed virus (for up to 17 days), thus becoming a
potential source of infection for other poultry (Hulse-Post et al. 2005).
Therefore, controlling infections in ducks is vital to the goal of managing H5N1
virus at source. A new recombinant H5 subunit vaccine using a baculovirus
expression system was recently developed in Singapore. Baculovirusexpressed vaccines have the advantage that they are produced in cell cultures
to give high antigen yields without having to use embryonated chicken eggs and
they do not require handling of live viruses in a high-biocontainment facility.
Thus, the vaccine can potentially be produced in H5N1-affected countries, for
example in Southeast Asia, for local disease control without needing expensive
infrastructure. In this study, we investigated the protective efficacy of the
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recombinant H5 vaccine following H5N1 HPAI challenge and in comparison
with a commercial inactivated H5N2 vaccine that has been successfully used in
field settings in chicken farms and ducks in recreation parks in Hong Kong since
2003. The challenge study was performed in ducks to gain some parameters on
antibody response, protection against disease and mortality and reduction in
virus shedding so that the use of such recombinant vaccine in ducks in village
communities can be considered.

6.2 Materials and Methods5

6.2.1 Animal ethics and biosafety approvals
All animal experimentation was carried out with the approval of the institutional
Animal Ethics Committee of the University of Hong Kong (HKU) and in
compliance with the biosafety requirements of the high biocontainment BSL3+
facility at the State Key Laboratory for Emerging infectious Diseases at HKU.

6.2.2 Vaccines and virus
The construction of the recombinant baculovirus-expressed H5 vaccine was
carried out at the Temasek Life Sciences Laboratory, Singapore (Prof. Jimmy
Kwang, pers. comm.) as described in Lu et al (2007). Briefly, HA genes were
5

The candidate proposed and sought collaboration for the vaccine study. TLL provided the H5
vaccine and AVA the funding. The research was carried out at HKU and the candidate was
involved in the experimental design and setup, including with vaccination and challenge of birds,
calculation of challenge dose, virus endpoint and antibody titres and statistical analysis. HKU
kindly provided facility management and laboratory support for vaccination and virus challenge
of birds, HI test and virus isolation.
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amplified from H5N1 viruses by RT-PCR and the resultant cDNA was inserted,
through promoter-controlled expression cassettes, into baculovirus vectors
before infecting insect cells. The vaccine product was obtained from the
supernatant of infected insect cells and purified by ultracentrifugation. For this
study, the baculovirus vaccines contained recombinant haemagglutinins from
three different H5N1clade 2.1 virus strains. The concentration of
haemagglutinin antigen was expressed in terms of its haemagglutinin titre
calculated by standard procedures as described (Alexander 2004). The vaccine
efficacy was tested using high-dose (28 HA titre) or low-dose (24 HA titre)
concentrations of the baculovirus H5 haemagglutinin antigen. Adjuvanted
vaccine formulations were prepared by mixing proteins with an equal volume of
commercial, water-in-oil adjuvant (MontanideTM, SEPPIC, Paris, France).

H5N1 HPAI viruses that are highly pathogenic in chickens and galliformes may
not be highly pathogenic in ducks, as some viruses only affect the respiratory
tract with mild clinical signs. For this challenge study, we selected
A/Vietnam/1203/04 H5N1 (VN/1203/04) (clade 1) as this virus had been shown
in previous studies to be highly pathogenic for ducks. Virus from the same clade
as the vaccine viruses and that had been shown to be lethal to ducks was not
available in this BSL3 laboratory. Sturm-Ramirez et al. (2005) determined that
the IVPI=2.85 for VN/1203/04 in 4-week-old Pekin ducks and Swayne (2007)
ranked this virus in the most severe category on mortality and pathobiology in
intranasally inoculated 2-week-old ducks. HA amino acid sequence similarity
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between the challenge VN/1203/04 and the vaccine virus strains were 94 - 95%
at the HA1. The virus was propagated in the allantoic cavity of 10 day-old SPF
chicken embryonated eggs and stored at -70ºC. To determine virus titre, an
aliquot of the virus stock was titrated in four 10 day-old chicken embryonated
eggs at serial, half-log dilutions, observing for chicken embryonic death and
assessment of allantoic fluid for haemagglutination activity. Based on the Reed
& Muench (1938) method, the titre of the virus stock was determined to be 107.6
EID50/ml.

6.2.3 Source of ducks
Batches of Pekin-hybrid day-old ducklings were supplied by the Luv-a-Duck
farm in Nhill, Victoria, Australia after obtaining approval for importation from
quarantine authorities in Hong Kong and meeting health certification
requirements. The farm was certified free from HPAI and Newcastle Disease
Virus and Australia is free of duck plague (duck virus enteritis) and duck virus
hepatitis. Pre-export serological testing, with negative results, using
Haemagglutination Inhibition (HI) tests for H5 and H7 antibody, was carried out
for 14 parental layers per batch up to 4 days prior to or during the period of egg
incubation. Ducklings were transported to Hong Kong by air on the day after
hatching.

6.2.4 Duck accommodation for vaccination and challenge studies
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Ducks were housed in enclosures within an animal holding room at Hong Kong
University after arrival and prior to the start of the vaccination protocol in order
to acclimatise them to the surroundings and feed. Corn straw and wood
shavings bedding, a water tub with continuous running water for bathing and
drinking, and heating lamps were provided in the enclosures. Ducks were given
ad lib commercial feed and were health-checked daily.

The challenge studies were carried out in the high biocontainment BSL3+
facility of the State Key Laboratory of Emerging Infectious Diseases at Hong
Kong University (hereinafter referred to as “the facility”). Upon transfer to the
facility, the ducks were housed as vaccine groups in cages with absorbant
beddings and the cages were placed in Class 3 negative-pressure, flexible film
isolators ventilated with HEPA-filtered air. Feed and water were replenished
daily and room lighting was on a 12-hour cycle. Animals were individually leg
banded for identification. Researchers wore positive air pressure respirators
and protective suits in the facility at all times.

6.2.5 Determination of duck challenge dose
To estimate the appropriate virus dose required for the challenge in ducks, 21
7-week-old ducks were first challenged with serially diluted VN/1203/04 virus:
107.6 EID50/ml (6 birds), 106.6 EID50/ml (5 birds), 105.6 EID50/ml (6 birds) and 104.6
EID50/ml (4 birds). The virus was administered by the following routes: 100µl
intra-orbitally, 100µl intranasally and 300µl orally, thus each bird received a total
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500µl volume containing between 104.3-7.3 EID50 of virus depending on the
dilution. All inoculated birds died within 7 days. The 104.3 EID50 virus dose was
selected as the challenge dose for the first experiment. As this is a relatively low
challenge dose in terms of chicken challenge studies with inactivated whole
virus H5 vaccines (Swayne et al. 2001), a ten-fold increase to a 105.3 EID50 virus
challenge dose was used for the second experiment where the recombinant H5
vaccine was compared with the inactivated H5N2 virus vaccine.

6.2.6 Vaccination and H5N1 challenge procedures
In the first experiment, three groups of ducks were immunised subcutaneously
at the nape of neck with the recombinant H5 vaccine. Two age groups of
ducklings were available for the first experiment and these were randomly
allocated to vaccine groups. The vaccination protocol used two vaccinations
three weeks apart, the priming dose given at 1- or 3-weeks of age, followed by
a booster dose at 4- or 6-weeks of age. The vaccine groups were high dose
with adjuvant (HDA, 5 birds), high dose without adjuvant (HD, 5 birds) and low
dose with adjuvant (LDA, 6 birds). The vaccine volumes given were 0.2ml HA
protein, mixed with an equal volume of either commercial adjuvant or
phosphate buffered saline accordingly. An additional unvaccinated group (6
birds) was included as the control. Four weeks post-booster (at 8- or 10-weeks
of age), vaccinated and control ducks were challenged in the facility with the
previously determined dose of VN/1203/04. Birds were anaesthetized by
inhalation of isoflurane before being inoculated with a 500µl volume containing
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104.3 EID50 VN/1203/04 virus (100µl intraorbitally, 100µl intranasally, 300µl
orally). The unvaccinated control and LDA groups were housed in separate
isolators and the HDA and HD groups were separately housed in a larger
isolator complex consisting of two compartments linked by a connecting
chamber. Clinical signs and mortality were observed daily for 11 days and
swabs were taken daily from the oropharynx & cloaca and titrated for infectivity
using Madin-Darby canine kidney (MDCK) cells.

In the second experiment, as the post-vaccination HI antibody response to
recombinant H5 vaccine was weak and the challenge was to be at a higher
virus dose, the vaccination protocol was modified to increase the total quantity
of H5 HA antigen given. Three vaccinations of high-dose vaccine with an equal
volume of adjuvant (HDA) were administered subcutaneously at 1-week [0.2ml
HA protein], and at 4-weeks [0.2ml HA protein] then at 5-weeks [0.5ml HA
protein]. In addition, for comparison, a group of ducks was vaccinated twice with
a commercially available, inactivated whole virus H5N2 oil-emulsion vaccine
(Nobilis® Influenza H5 vaccine, Intervet International, Boxmeer, The
Netherlands) at 1 week [1.0ml vaccine] and at 4-weeks [1.0ml vaccine]. Four or
five weeks after the last vaccinations respectively, 8 recombinant H5 vaccinated
ducks, 7 inactivated H5N2 vaccinated ducks and 7 unvaccinated control ducks
of the same age were challenged at 9 weeks of age by inoculation of a 500µl
volume containing 105.3 EID50 VN/1203/04 virus (100µl intraorbitally, 100µl
intranasally, 300µl orally). Each group was housed in separate isolators. Clinical
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signs and mortality were observed daily for 10 days and swabs were taken on
alternate days post-challenge from the oropharynx and cloaca. All birds were
humanely euthanased with overdose of barbiturates at the end of trial.

6.2.7 Serology
Sera were collected prior to each vaccination and virus challenge and at the
end of the challenge study to measure HI antibody titres. Blood was collected
from the saphenous or jugular vein. Serological testing was carried out at the
facility using the HI test as described in the WHO Manual on Animal Influenza
Diagnosis and Surveillance (WHO 2002). The WHO standard method for the HI
test was used as Hong Kong University is a WHO Reference Laboratory for
diagnosis of influenza A/H5 infection and routinely uses this method to perform
HI testing. Test sera were incubated overnight at 37°C with commercial
receptor destroying enzyme and heat inactivated before making a final 1:10
dilution. The sera were added to a 96-well microtitre plate and serially two-fold
diluted, then incubated with 4 haemagglutinating units of inactivated H5 antigen
(VN/1203/04) for 30-45 minutes at room temperature before the addition of
0.5% turkey red blood cells for 30 minutes incubation at room temperature. The
antibody titre was expressed as the highest dilution giving complete inhibition of
haemagglutination. Positive titres were interpreted as inhibition of
haemagglutination at a dilution of 1:10 or greater.

6.2.8 Virus isolation
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Swab samples were collected into 1 ml tissue culture medium 199 containing
antibiotics (penicillin G (2 x 106 U/litre), polymyxin B (2 x 106 U/litre), gentamicin
(250 mg/litre), nystatin (0.5 x 106 U/litre), ofloxacin HCl (60 mg/litre), and
sulfamethoxazole (0.2 g/litre)) and freeze-stored at -80°C. Virus re-isolation was
carried out at the facility. Frozen samples were rapidly thawed, vortexed,
centrifuged and the swab eluate was titrated in cell cultures. The swab eluate
was serially diluted using half-log dilution in Gibco’s modified essential medium
(MEM) with 1% foetal calf serum using a 96-well microtitre plate. Each virus
dilution was then transferred in quadruplicate to a 96-well MDCK confluent cell
plate, with added 1% foetal calf serum in MEM. Cell cultures were incubated at
37ºC for 3-4 days and examined daily for a cytopathic effect. The endpoint titres
expressed as 50% tissue culture infective doses (TCID50) was determined using
the Reed & Muench (1938) method.

6.2.9 Histopathology of dead birds
At necropsy, a standard range of tissues including brain, lungs, trachea, heart,
pancreas, intestines, liver, spleen, kidney and bursa were collected from dead
ducks, fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned
for staining with haematoxylin and eosin (H&E) and for immunoperoxidase
staining at Tai Lung Veterinary Laboratory, Agriculture, Fisheries and
Conservation Department, Hong Kong (TLVL) using methods described
previously (Ellis et al. 2004a). For immunoperoxidase staining monoclonal
antibody to H5 HA antigen (S8 (3D4) antibody; supplied by Temasek Life
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Sciences Laboratory) was used. Sections were examined and interpreted by Dr
Trevor Ellis, the veterinary pathologist at TLVL.

6.2.10 Statistical analysis
The statistical analysis comparing virus titres shed from oropharynx and cloaca
of challenged ducks was performed using titres expressed as log10 TCID50/ml.
For statistical purpose, swab samples negative for influenza virus were
assigned a value of 100 TCID50/ml. The geometric mean virus titre (virus GMT)
of each group was determined for consecutive days post-challenge including
from any dead bird swabs for that day. For subsequent days, if birds died in that
group, the mean virus titre was determined from the remaining group members.
The virus titres were tested for statistical significance between groups by the
parametric one-way ANOVA or non-parametric Kruskal-Wallis tests, as
appropriate, and these were performed on SPSS software (version 15.0). Pvalues <0.05 were considered significant. Vaccine efficacy was calculated using
the formula in Swayne et al. (1999):
%mortality in control group - %mortality in vaccine group x 100
%mortality in control group
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6.3 Results

6.3.1 Disease and mortality, first experiment
The efficacies of different vaccine formulations of the recombinant H5 vaccine
are summarised in Tables 6.1 and 6.2. Mild clinical signs of ocular discharge
were noticed on day 2. By day 3, 5/6 control and 5/5 HD ducks in contrast to
only 1/6 LDA and 1/5 HDA ducks had developed mild ocular discharge or
conjunctivitis. Control ducks also started to become depressed, unkempt, with
reduced grooming, and lack of interest in feed. One control duck #64 developed
neurological signs (head tilt, head shake, tremors) on day 3 and was found
dead on day 4. One control duck #63 was in lateral recumbency, head tilt, and
unable to stand on day 5 and had to be euthanased. Two more control ducks
#61 and #67 were similarly found to be moribund on day 7, and a fifth control
duck #65 on day 8, and all were euthanased. By day 8 post-challenge, 5/6
control ducks died or had to be euthanased. The remaining control duck (#66)
was observed with head tilt from day 8 until the end of experiment. One HD
duck (#57) was found dead on day 7. All HDA (5) and LDA (6) ducks and the
other HD (4) ducks were healthy, active, alert and consuming feed until
completion of the experiment.

Vaccinates were protected from severe morbidity and mortality (15/16 survived)
compared with unvaccinated controls (1/6 survived) (Exact p=0.0013).
Mortalities in controls, HD, LDA, HDA were 83.3% (5/6), 20% (1/5), 0% (0/6)
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and 0% (0/5) respectively. The vaccine efficacy for protection from mortality
following HPAI challenge was calculated to be 76.0% (95%CI, 66.8-85.2%) for
HD or 100% for HDA or LDA vaccine groups.

6.3.2 Virus isolation, first experiment
The results of virus re-isolation in post-challenge ducks are shown in Fig 6.1
and Table 6.2. For the HDA and LDA vaccine groups, oropharyngeal virus
shedding occurred in 1/5 HDA and 3/6 LDA birds on the first day post-infection
but was completely eliminated by the second day and onwards. In contrast,
oropharyngeal virus shedding occurred in control ducks from the first day and
continued for the next several days. On day 3 and 4, virus shedding was at the
peak and high virus titres (103.0-5.0 TCID50/ml) could be recovered from every
duck in the control group (not shown). Three ducks in the HD group shed
variable titres from the oropharynx and virus continued to be re-isolated from
one HD duck until its death on day 7. Nonetheless, the mean virus titres for the
HD group remained significantly lower (p<0.05) than for the control ducks at
peak shedding. In comparison to the virus recovery from the oropharynx, no
virus could be isolated from the cloacal swabs of all challenged birds in the
experiment.

6.3.3 Serology, first experiment
The ducks were bled to determine HI antibody titres, at 3 weeks after the first
vaccination, 4 weeks after the second vaccination and 11 days after HPAI
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challenge. The results of serology in pre- and postchallenged ducks are shown
in Table 6.2. HI antibodies against VN/1203/04 antigen were not detectable
(<1:10) in most vaccinated and all control ducks. Only two ducks (1:10 and
1:20, HDA) had antibody titres against VN/1203/04 prior to challenge. By day
11 after VN/1203/04 challenge, most vaccinated ducks (12/15) showed a
greater than four-fold increase in HI antibody titre. The surviving control duck
showed a post-challenge titre of 1:320.

6.3.4 Disease and mortality, second experiment
The efficacies of the recombinant H5 vaccine and the inactivated H5N2 vaccine
are summarised in Tables 6.1 and 6.3. Signs of ocular discharge were noticed
on day 1 in two control ducks. By day 2, 4/7 control birds had mild to copious
eye discharge while only mild discharge for 1/8 recombinant H5 or for 1/7
inactivated H5N2 vaccinated birds. The control birds #16 and #7 were found
dead on day 2 and 3 respectively. On day 4, control duck #8 showed trembling,
incoordination, ataxia and was unable to stand properly, and control duck #4
had swollen oedematous head. Both were found dead the next day on day 5.
On day 5, control ducks #1 and #18 developed ataxia and incoordination, and
control duck #10 had conjunctivitis. These ducks were depressed, unresponsive
and lost interest in feed and water and by day 7 they all had neurological signs
(head tilt, ataxia) and ocular discharge. Due to severity of clinical signs, #1 had
to be euthanased on day 9. One inactivated H5N2 vaccinated duck (#60) was
found dead on day 7. In contrast with 5/7 control ducks that developed severe
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clinical signs and died before day 10, all recombinant H5 and the other
inactivated H5N2 vaccinated ducks remained healthy without any clinical
disease, and were active and alert and consumed feed and water. The vaccine
efficacy for protection from mortality following HPAI challenge was calculated to
be 100% for the recombinant H5 and (if excluding #60 which may have died
from an unrelated cause, refer 6.3.7) also for the inactivated H5N2 groups.

6.3.5 Virus isolation, second experiment
The results of virus re-isolation in post-challenge ducks are shown in Fig 6.2
and Table 6.3. No virus could be recovered from the oropharyngeal or cloacal
swabs of both recombinant H5 vaccine and inactivated H5N2 vaccine groups
throughout the experiment. By contrast, oropharyngeal virus shedding occurred
in the control ducks. High titres were also recovered from the oropharynx of
control ducks that died (e.g. #16 103.7 TCID50/ml; #7, 104.6 TCID50/ml; #4, 103.3
TCID50/ml; #8 103.3 TCID50/ml). In comparison to the virus recovery from the
oropharynx, virus could only be sporadically isolated from the cloacal swabs at
low titre (101.9 TCID50/ml) from two dead control ducks (#16 on day 2 and #8 on
day 5 post-challenge).

6.3.6 Serology, second experiment
The results of serology in pre- and post-challenge ducks are shown in Table
6.3. HI antibodies against VN/1203/04 antigen were not detectable (<1:10) in
two of eight recombinant H5 vaccinated and all control ducks prior to challenge.
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The other recombinant H5 vaccinated ducks had HI titre 1:10 (5 birds) or 1:160
(1 bird) against VN/1203/04 prior to challenge. By comparison, the prechallenge serology was higher for the inactivated H5N2 vaccine group. After
VN/1203/04 challenge, the recombinant H5 vaccine group showed a greater
than four-fold rise in HI GMT (10 → 160) while the inactivated vaccine group
showed only a slight rise in HI GMT (119 → 160). The two surviving control
ducks showed either a titre not detectable (<1:10) or 1:2560.
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Table 6.1. Summary of disease and mortality in ducks on days post-VN/1203/04 challenge. 1
Experiment 1

D0

Control (6)

H

D1

D2

D3

D4

D5

#64

#63

D6

ns (#64)

HD (5)

H

LDA (6)

H

HDA (5)

H

D7

D8

#61,

#65

#67

ns (#66)

D9

D10

ns (#66)

ns (#66)

#57

Experiment 2
Control (7)

H

#16

#7

#8, #4
ns (#8)

H5N2 vaccine

H

HDA (8)

H

1

#1

ns (#1,

ns (#1,

ns (#1,

ns (#1,

ns (#10,

ns (#10,

#18)

#18)

#18, 10)

#18, 10)

#18)

#18)

#60

The table shows the identity number (#) of those birds found dead or which had to be euthanased on days post-challenge (D0-D10)

with VN/1203/04. The bird numbers for each group are in parenthesis. The recombinant H5 vaccine group abbreviations, HD=high-dose
vaccine; LDA=low-dose vaccine, adjuvanted; HDA=high-dose vaccine, adjuvanted. All birds were healthy (H) at the start of the
experiments. At the end of the experiments, surviving ducks from the control groups (experiment 1: #66; experiment 2: #18, #10) had
neurological disease signs (ns).
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Table 6.2. Efficacy of recombinant H5 vaccine in ducks challenged with 104.3 EID50s VN/1203/04 (first
experiment).
Virus isolation

Geometric mean HI titre
Vaccine

1

Morbidity

1

Mortality

(oropharyngeal)

(HI titre range)

2

Virus isolation (cloacal)

2

group

Control

Prechallenge

Postchallenge

A

Day 3

Day 11

b

1/6

5/6

<10

320 (320 )

6/6 (3.78 )

0/5

1/5

<10

453 (80-5120)

3/5 (1.47 )

0/6

0/6

<10

77 (<10-1280)

0/6 (0 )

0/5

0/5

<10

42 (<10-1280)

0/5 (0 )

a

0/1 (0 )

Day 3

Day 11

a

0/6 (0 )

a

0/1 (0 )

Highdose

a

a

0/4 (0 )

a

0/5 (0 )

a

0/4 (0 )

HA
Lowdose,

a

a

0/6 (0 )

a

0/6 (0 )

a

0/6 (0 )

adjuvant
Highdose,

a

a

0/5 (0 )

a

0/5 (0 )

a

0/5 (0 )

adjuvant
1

Morbidity and mortality at 11 days post VN/1203/04 challenge: all control birds died except one; the survivor bird

A

showed neurological

disease signs (head tilt) and salivation. The vaccinated birds did not show any significant clinical disease signs or deaths, except one HD
2

vaccinated bird that died on day 7. Number of positive birds. Values in parenthesis are virus GMT expressed in log10 TCID50/ml. Results
of days 3 (peak) and 11 (final) are shown. Different lowercase superscripts denote significance, p<0.05 in virus GMT between groups.
241

Oropharyngeal virus recovery, first experiment
4

Mean virus titres (Log 10 TCID50 /ml)

3.5
3
2.5
Control

2

High dose vaccine
Low dose vaccine, adjuvant

1.5

High dose vaccine, adjuvant
1
0.5
0
D1

D2

D3

D4

D5

D6

D7

D8

D9

D10

D11

Days post-infection

Figure 6.1 Oropharyngeal virus re-isolation (for first challenge experiment).
Comparison of mean virus titres (expressed as log10 TCID50 /ml) re-isolated from oropharyngeal swabs from challenged ducks in various
recombinant H5 vaccine groups and control group. Ducks were sampled on days post-infection as indicated. No virus could be
recovered from cloacal swabs of all birds. 5/6 control ducks died by day 8 post-infection and 1 HD vaccinated duck died on day 7.
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Table 6.3. Efficacy of recombinant H5 vaccine in ducks challenged with 105.3 EID50s VN/1203/04, and
compared with an inactivated H5N2 vaccine (second experiment).
Virus isolation

Geometric mean HI titre
Vaccine

1

Morbidity

1

Mortality

(oropharyngeal)

(HI titre range)

Virus isolation (cloacal)

2

2

group

Control

Prechallenge

Postchallenge

A

Day 2

Day 4

b

2/7

5/7

<10

51 (<10, 2560)

7/7 (3.21 )

0/7

1/7

119 (20-640)

160 (20-640)

0/7 (0 )

0/8

0/8

10 (<10-160)

160 (80-1280)

0/8 (0 )

Day2

b

5/5 (3.42 )

Day4

a

1/7 (0.27 )

a

0/5 (0 )

Inactivated
H5N2

a

a

0/7 (0 )

a

0/7 (0 )

a

0/7 (0 )

vaccine
Recombinant
H5 vaccine

1

a

a

0/8 (0 )

Morbidity and mortality at 10 days post VN/1203/04 challenge: 5/7 control birds died; the two survivor birds

a

0/8 (0 )

A

a

0/8 (0 )

developed head tilt and

ataxia. The vaccinated birds did not show any significant disease signs or deaths, except one H5N2 vaccinated bird that died on day 7.
2

Number of positive birds. Values in parenthesis are virus GMT expressed in log10 TCID50/ml. Results of days 2 and 4 (peak) are shown.

Different lowercase superscripts denote significance, p<0.05 in virus GMT between groups.
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Oropharyngeal virus recovery, second experiment
Mean virus titres (Log10 TCID50 /ml)

4
3.5
3
2.5
2

Control
Inactivated H5N2 vaccine

1.5

Recombinant H5 vaccine
1
0.5
0
D2

D4

D6

D8

D10

Days post-infection

Figure 6.2 Oropharyngeal virus re-isolation (for second challenge experiment).
Comparison of mean virus titres (expressed as log10 TCID50 /ml) re-isolated from oropharyngeal swabs from challenged ducks in
recombinant H5 vaccine, inactivated H5N2 vaccine and control groups. Ducks were sampled on days post-infection as indicated. Virus
could only be sporadically isolated from the cloacal swabs at low titre from two control ducks (day 2 and day 5). 5/7 control ducks died by
day 9 post-infection and 1 H5N2 vaccinated duck died on day 7.
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6.3.7 Gross and histopathology of dead birds
Postmortem of dead control ducks revealed gross lesions of congestion and
haemorrhage in multiple organs. These affected organs included the lungs,
heart, pancreas, intestines, liver, spleen, kidney and bursa. Increased
pericardial fluid with fibrin clots, patches of pallor in the heart ventricle, areas of
mottling and necrosis in the pancreas, moist appearance of viscera, carcass
emaciation and dehydration, and congested blood vessels in the brain were
evident in some cases. These changes were consistent with the
pathophysiology of altered endothelium permeability or virus replication in
parenchymal tissues resulting in haemorrhage, odema and necrosis.

From the histopathological examination of tissue sections, the control birds that
died showed varying combinations of the following changes: congestion and
oedema in the lungs; lymphohistiocytic tracheitis and necrosis of tracheal
epithelial cells in some cases; congestion and multiple small foci of glial cell and
neurone necrosis and/or multifocal lymphohistiocytic meningo-encephalitis with
some perivascular cuffing and gliosis in the brain; lymphohistiocytic myocarditis
and multifocal myocardial necrosis in some cases; multifocal pancreatic
necrosis; congestion and small foci of hepatic periportal lymphocyte necrosis;
congestion and lymphoid depletion in the spleen and general viscera
congestion. Immunoperoxidase staining for H5 HA antigen in lung, brain,
spleen, kidney, pancreas and heart sections for all control birds and bursa,
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thymus and trachea in some control birds confirmed the presence of H5N1
infection in these tissues.

One HD vaccinated duck and one inactivated H5N2 vaccinated duck died on
day 7 in experiments one and two, respectively. Gross and histopathological
examination of the inactivated H5N2 vaccinated duck did not show lesions that
were consistent with the above pathology reported for H5N1 HPAI in ducks
(results not shown) suggesting that its death was due to an unrelated cause.
Immunoperoxidase staining of lung, brain, spleen, kidney, pancreas, heart,
bursa, liver, trachea and proventriculus for H5 HA antigen in sections from the
dead inactivated H5N2 vaccinated duck gave uniformly negative results. The
dead HD duck in experiment one had persistent H5N1 shedding from the
oropharynx including on the day of death. Cloacal and oropharyngeal swabs
were collected from the dead duck but for logistical reasons post-mortem
examination was not conducted.
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6.4 Discussion

The study showed that the recombinant baculovirus-expressed H5 vaccine was
able to clinically protect ducks from severe disease and mortality following
challenge from a H5N1 virus highly pathogenic for ducks. Vaccine efficacy was
100% for ducks immunised with low-dose or high-dose vaccines administered
with water-in-oil adjuvant when challenged with a 104.3 EID50 dose of virus in the
first experiment and also for ducks immunised with three doses of the high-dose
vaccine with adjuvant when challenged with a 10-fold higher dose of virus (105.3
EID50) in the second experiment. Vaccine efficacy was slightly lower in the
absence of vaccine adjuvant in the first experiment, underlining the role of
adjuvant to improve the immune response to the active ingredient. Virus reisolation results further indicated that in birds vaccinated with the recombinant
H5 vaccines, oropharyngeal virus shedding was rapidly eliminated (for HDA or
LDA groups) compared to continuous and high titre shedding in unvaccinated
control birds. This is a considerable advantage for the control of virus
transmission from duck to duck or to other poultry species in the field and in
reducing the environmental virus load. The challenge studies were conducted
using a heterologous virus strain and from this study and other studies on
protection against non-identical viruses in chickens (Swayne et al. 2000,
Swayne et al. 2001), it could be expected that the recombinant H5 vaccine
would remain efficacious when used in geographical areas where different
H5N1 virus clades exist. The baculovirus-expressed vaccine, like other viral
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vector vaccines, has the benefit of being able to change the HA expression
cassette so the H5 insert can be regularly updated to match an evolving field
virus strain. Our study demonstrated that the recombinant H5 vaccine was as
efficacious as a commercially available, inactivated H5N2 vaccine. A major
advantage of the recombinant vaccine is that it does not require embryonated
chicken eggs or a high biocontainment facility for production.

This study showed non-detectable HI titres (<1:10) in most recombinant H5
vaccinated ducks in the first experiment; nonetheless, all except one of these
vaccinated ducks remained protected against disease and deaths from HPAI
challenge. Again, most recombinant H5 vaccinated ducks in the second
experiment had non-detectable (<1:10) or low (1:10) HI titres and all were able
to resist a higher HPAI dose challenge. This was in contrast to the control ducks
in both experiments which died (or became moribund and had to be
euthanased) or which developed neurological disease after virus challenge.
Webster et al. (2006b) also reported that despite the absence of detectable HI
antibodies (<1:10) in the pre-challenge sera of ducks vaccinated with either of
the two lowest vaccine doses of a reverse genetics H5N3 vaccine, there was no
virus shedding or disease or deaths after challenge with a duck-lethal H5N1
virus. Protection in vaccinated ducks against HPAI, despite the absence of HI
antibody titres, may be due to a priming of duck secretory or mucosal
immunoglobulins (Higgins et al. 1987), or cell-mediated immunity (reviewed by
Suarez & Schultz-Cherry 2000). The less consistent post-vaccination H5
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antibody response for the recombinant H5 vaccine from ducks in this study
suggested that ducks need a higher vaccine antigen dose to elicit humoral
response than chickens (Suarez & Schultz-Cherry 2000). This had been
recognised by the inactivated H5N2 vaccine manufacturer who advised use of
1.0 ml dose in ducks instead of the standard 0.5 ml dose in chickens (data is
available on request from Intervet International, The Netherlands). In our study,
many of the recombinant H5 vaccinated ducks showed an anamnestic
response with a fourfold or more increase in HI titre after challenge and this
indicated that the challenge virus had most likely replicated in these birds but
the infection was probably restricted by the rapid rise in antibody titres which
resulted in no clinical disease or death and no further virus shedding.

In nature, replication of avian influenza viruses can occur in infected ducks
without significant serum antibodies or disease signs (Hinshaw et al. 1980b,
Kida et al. 1980). Despite a poor antibody response, ducks were immune and
could resist virus re-infection (Hinshaw et al. 1980b, Kida et al. 1980). This
development of immunity after infection without detectable antibody may be
reflected in the type of immune response observed in the recombinant H5
vaccinated ducks in this study. Ducks failing to generate a high antibody
response to infection may be a pathogen-host adaptation that could allow avian
influenza viruses to survive, replicate and reassort in the host (Hinshaw et al.
1980).
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In this study, virus could be more readily isolated from the oropharynx but was
sporadically detected in cloacal swabs at a substantially lower titre in two ducks
of experiment two, one at day 2 and one at day 5 after challenge with a
VN/1203/04 H5N1 HPAI (Table 6.3). This is similar to previous findings where
viral titres shed from the trachea of ducks were higher than from the cloaca for
Eurasian H5N1 viruses since 2003 and is believed to be related to a shift in
replication efficiency for the upper respiratory tract (Sturm-Ramirez et al. 2005,
Webster et al. 2006a, Pantin-Jackwood & Swayne 2007).

Vaccines for poultry do not need to be closely correlated in homology at the
haemagglutinin protein and remain able to offer broad cross-protection against
diverse field viruses, unlike human influenza vaccines which require annual
updates to overcome antigenic drift in the field. For example, a single
recombinant fowlpox-H5 vaccine was able to clinically protect chickens from
challenge by nine different HP H5 strains that had between 87.3 and 100% HA
protein sequence similarity with the vaccine strain (Swayne et al. 2000). In our
study, ducks were challenged with a heterologous virus and resisted H5N1
disease and death despite only 94-95% HA1 protein sequence similarity
between vaccine and virus strains. Nonetheless, recent works on antigenic
profiling using monoclonal antibodies and antigenic cartography indicated the
existence of distinct antigenic groups of H5 strains not always the same as their
phylogenetic clades and the use of these tools would be of value in recognising
new antigenic variants and in the evaluation and selection of optimal vaccine
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strains for inducing broad cross-reactive immunity (Fouchier 2008, Wu et al.
2008).

Protection from disease and death, increase in pre-challenge antibody titres
and reduced challenge virus shedding are vaccine dose-related (Crawford et al.
1999, Swayne et al. 2001, Qiao et al. 2006, Webster et al. 2006b). Antigen
mass in the vaccine influences vaccine efficacy (Swayne et al. 1999), and
closely matching the haemagglutinin sequence of the vaccine strain with the
challenge virus can reduce respiratory virus shedding (Swayne et al. 2000). In
our study, we used HA titres as an indication of antigen dose but HA titres being
the measure of amount of antigen needed to agglutinate red blood cells is an
estimate for vaccine protein content (Swayne et al. 1999), and single radial
immuno-diffusion assays can also be used to determine vaccine potency and
standardize antigen content (Webster et al. 2006b). In the case of a
baculovirus-expressed H5 vaccine, the absence of a neuraminidase component
and possible differences in glycosylation of insect versus avian cells may have
contributed to the low antibody titres developing to the subunit vaccine, in
comparison with a whole virus vaccine. Using a more precise measurement for
vaccine antigen content and closely matching both vaccine and virus strains
may help improve immunogenicity. The baculovirus-expressed vaccine has
shown protective efficacy in H5N1-challenged ducks and achieved > 100-fold
reduction at peak virus shedding in both experiments. Further refinement of the
vaccine formulation, for example by disrupting and removing the recombinant
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baculovirus virions and concentrating the HA proteins, may also be able to help
raise pre-challenge antibody titres.

This study evaluated the protective efficacy of a recombinant H5 vaccine in
ducks following H5N1 HPAI challenge. In reality, any use of vaccines should
also encompass considerations outside of a laboratory study. While vaccination
can reduce overall virus levels such as in densely populated poultry areas or
prevent a complete industry collapse when culling is beyond its economic
means, it does not always eliminate virus shedding and transmission and a
primary trade concern has been with the movement of vaccinated but
apparently uninfected animals. Another concern is whether vaccine use may
promote antigenic drifts and drive infection into endemnicity. Countries
generally remain reluctant to use vaccination for these reasons (Webster &
Hulse 2004). In those that do vaccinate, vaccines have been used in a number
of settings: as emergency blanket or ring vaccination during outbreaks, as
prophylaxis in valuable zoo birds, breeders or layers, or in high-risk areas, or as
routine vaccination in endemic areas. While vaccination remains a disease
control tool, experiences in Hong Kong, Italy, USA and elsewhere showed that
vaccination should be part of a programme that incorporates (a) use of quality
and efficacious vaccines; (b) application of flock biosecurity on farms and
markets; (c) surveillance to monitor vaccine efficacy as well as field virus
circulation; (d) movement restriction, depopulation and disposal of affected
flocks; and (e) public awareness on disease prevention and control (Ellis et al.
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2004b, Swayne & Akey 2005, Capua & Marangon 2007). On the other hand,
successes have been more variable in village poultry areas in Southeast Asia,
owing to greater difficulties such as in administering a correct dose to individual
birds that are freely roaming and hard to catch; providing an adequate coverage
at regular intervals and being inclusive of new hatchlings or purchased birds;
maintaining cold chain in tropical climates; observing biosecurity in a village
setting; and challenges that local manufacturers may face in ensuring good
antigen yield, inactivation of killed vaccine and formulation with adjuvants. Thus,
many challenges in vaccination are outside the realm of an experimental study
and in order for a vaccine, whether the recombinant H5 vaccine or the
inactivated H5N2 vaccine, to achieve its efficacy in the field, these factors need
to be individually considered and addressed.

Vaccination, if otherwise not managed appropriately, can lead to virus evolution
and emergence of antigenic variants. An example was the use of vaccines
against H5N2 HPAI in Mexico (Lee et al. 2004). Analyses found that
subsequent H5N2 LPAI viruses had drifted from the original 1994 strains and
challenge studies confirmed that the vaccine could no longer prevent high virus
shedding from immunised chickens challenged with a 1998 Mexico or 2002
Guatamela LPAI field virus despite antibody titres in these birds (Lee et al.
2004). Thus, the decision to embark on a vaccination programme is a complex
one and should be weighed against various disease-industry-socio-economic
type factors (Swayne & Akey 2005). Regular monitoring of vaccine efficacy
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such as through molecular sequence comparison, serological analysis for
antigenic cross-protection and challenge studies, plus development of an exit
strategy should be part of this plan (Lee et al. 2004).

One other advantage of using a H5 HA subunit vaccine is that serological
surveillance with testing for antibody to the viral M and NP proteins can be used
to indicate infection. Differentiating between vaccinated and infected animals,
or vaccinated then infected animals (DIVA), will help to monitor for “silent” virus
circulation in a duck flock. In the case of the H5N2 whole virus vaccine, DIVA
can also be employed by (a) using individually identified, unvaccinated sentinel
birds in flocks to detect infection (by clinical signs, mortality, serology or
virology); (b) routine swab testing of healthy birds and testing of sick birds or
daily mortalities in flocks for evidence of virus circulation; (c) using vaccines
with heterologous N subtype and conducting serology for antibody to N1 to
indicate presence of H5N1 infection; (d) measurement of serological response
to the non-structural protein NS1 as an indication of active viral replication
(Suarez 2005).

Given that the baculovirus-expressed H5 vaccine in this study elicited good
antibodies in the mouse model (Lu et al. 2007) and the immunogenicity of
baculovirus-expressed seasonal influenza vaccines in humans (Treanor et al.
2007), there is a potential for these vaccines to be developed as a safe prepandemic influenza vaccines. The baculovirus expression system, like other
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cell-based methods, has the advantage of not relying on embryonated chicken
eggs as a traditional substrate which may become limited during a pandemic
caused by a HPAI virus (Ehrlich et al. 2008). In the case of the H5N1 HPAI,
such a system could also speed up and simplify the vaccine production process
without the creation of attenuated, reassortant seed viruses by reverse
genetics, or working with live viruses which require high biocontainment
production facilities. To overcome the high vaccine doses that are needed to
achieve immunity for H5N1 vaccines in humans (Treanor et al. 2006), a dosesparing strategy using adjuvants (Leroux-Roels et al. 2007) can similarly be
considered for baculovirus-expressed vaccine.

In conclusion, we investigated the efficacy of a recombinant baculovirusexpressed H5 vaccine and our studies showed that the vaccine conferred
protection from disease and mortality in ducks following challenge with an H5N1
HPAI virus. The vaccine, when given in a higher antigen dose regimen, was
able to protect ducks against a ten-fold increase in challenge virus exposure.
Vaccination in ducks resulted in elimination of respiratory virus shedding
compared to unvaccinated control birds; thus, vaccination with this vaccine can
potentially break flock transmission, lower levels of infection and reduce the
threat of ducks acting as a virus reservoir for other poultry. The vaccine
belonged to a different H5 clade from the challenge virus strain and was still
able to show protective efficacy. This vaccine could therefore be used in the
prevention and control of H5N1 HPAI for ducks in endemic areas and its
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production in standard vaccine facilities without the need for large scale chicken
embryo culture or high biocontainment facilities makes it a viable option for
developing countries such as in Southeast Asia for their local H5N1 disease
control programme.
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Chapter 7 General discussion

H5N1 HPAI viruses have circulated for more than ten years since the 1997
Hong Kong outbreak, which was followed by outbreaks across Asia in 2003-4
and subsequent spread to other regions in 2005-2006. More than 60 countries
have reported H5N1 HPAI outbreaks in domestic poultry or wild birds. H5N1
HPAI remains established in many regions and is unlikely to be eradicated in
the short to medium term, particularly in those countries with significant
backyard poultry and limited resources. There is thus a need for concerted
efforts in disease diagnosis, mount effective control programmes and research
to improve on our understanding of the epidemiology of H5N1 disease in
poultry.

Rapid antigen detection tests had been proposed for H5N1 surveillance testing
as a relatively inexpensive field procedure and they are currently used in
Southeast Asia such as in the Participatory Disease Surveillance (PDS)
programme carried out in Indonesia. An evaluation of five different antigen
detection tests was conducted to assess their suitability for detection of H5N1
HPAI infection. The tests included two chromatographic immunoassays, an H5
avian influenza-specific antigen detection ELISA, an influenza A antigen
detection ELISA and an H5 rapid immunoblot assay. The study demonstrated
that the diagnostic sensitivities of these tests were moderate (ranging from 36.3
to 51.4%, 95%CI 31.0 to 57.0%) and were substantially lower than genome
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detection methods. The findings also showed that the test sensitivities on
cloacal, tracheal, or tissue swabs were significantly higher for sick and dead
birds than for faecal swabs from apparently healthy birds, and these tests would
not be suitable for surveillance testing of clinically healthy birds. Furthermore,
there was also a difference in sensitivity for testing waterfowl and wild birds
compared to chickens and this was most likely to be associated with variation in
virus titres shed by different bird species. The results indicated that these
antigen detection tests could be used for preliminary investigations of H5N1
outbreaks as a low-cost, simple flock test in sick and dead birds for the rapid
detection of H5N1 infection. These antigen detection tests should be followed
up by RT-PCR tests or viral culture although there is a role for the antigen tests
in facilitating rapid investigations and control interventions such as in distant
village areas without immediate access to reference facilities.

To understand the epidemiology and ecology of H5N1 HPAI in village farming
systems in Southeast Asia, a study was carried out in the province of Bali in
Indonesia which had been reported to be experiencing endemic H5N1 infection.
Field and laboratory assistance was offered by the veterinary authorities of Bali
and poultry surveillance studies were carried out in village poultry from 20062008. The surveillance in three districts of Tabanan, Bangli and Gianyar
recovered H5N1 HPAI virus at a low isolation rate in apparently healthy village
poultry. In addition, the survey results showed that there was H5 HI antibody in
individual chickens from self-reared flocks that reportedly had no preceding
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vaccination nor had bought chickens into the flock. These virological and
serological findings suggested a potential role of asymptomatic village chickens
in the persistence and transmission of H5N1. The findings of virus presence
without overt poultry disease in villages also suggested there is a value in
Indonesia investing resources into conducting routine virus surveillance in a
targeted and systematic manner (and making a rapid response to reduce the
risk of outbreaks) in addition to the existing PDSR programme that involves
reporting of disease outbreaks, testing of affected birds and outbreak
responses.

To determine possible risk factors involved in the transmission of H5N1 HPAI in
village flocks, a case-control study of village household flocks was also carried
out in Bali. Using logistic regression analysis of 507 questionnaire survey
responses, the study identified three risk factors associated with highly
pathogenic poultry diseases: the sale of poultry to collectors (p<0.01), a poultry
production system with access to backyard roaming birds (p<0.05) and
purchase of live poultry (chickens) (p<0.1). The risk factor analysis was
developed on the basis of questionnaire interviews with villagers and it showed
that these factors could influence the occurrence of H5N1 HPAI. Other possible
risk factors were also nominated by local government veterinarians involved in
poultry disease control and it is likely that the perpetuation of H5N1 HPAI in Bali
and in Southeast Asia involves not just a single or even a few factors but
multiple factors and hence disease control will require long-term efforts and
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multi-pronged approaches. In the short to medium term, priority for resource
allocation should continue to be placed on building awareness through
extension programmes. These would encourage reporting of diseases,
acceptance by the locals of the benefits of vaccination and their cooperation to
catch birds. Public education should also be provided on protective hygiene
practices and keeping backyard poultry secured. Determination from the
veterinary authorities and continued donor support are both vital to the success
of H5N1 HPAI control in the region.

To further investigate the epidemiology of H5N1, the characteristics of live bird
markets in Bali were studied using a questionnaire survey of 194 market sellers
in 2008. The study showed that multiple bird types were being sold in most
markets visited and that sellers in these markets obtained birds from many
suppliers and different sources, including village households, commercial farms,
other collectors or markets. These birds may have originated from more than
one district and the districts may be different to the ones the markets were
located in. The results indicated that 2 in every 5 market sellers surveyed are
poultry collectors as they moved between markets and village or farm flocks to
buy birds. Sellers who sold birds in multiple markets added to the risk of
disease transmission. Virological surveillance for pathogenic poultry viruses
from a total of 16 live bird markets in Bali in September 2007 and February
2008 found avian Influenza and Newcastle Disease viruses in ducks and
chickens. This study showed that live bird markets aggregate birds of different

260

species, and from different sources and locations, and that these are kept in
close proximity. The lack of biosecurity in markets and the movement of birds,
people, cages, equipment and vehicles would allow infections such as H5N1 to
persist, amplify and be disseminated. Aspects of management of live poultry
markets to interrupt disease transmission such as species segregation and
empty market days and to raise the frequency of cleaning for stalls, cages and
vehicles were identified. It is also worth further investigation by veterinary
authorities of methods to improve the biosecurity aspects of poultry collectors
who were also market sellers at multiple markets.

The H5N1 poultry viruses from the Bali surveillance in 2006-2007 were studied
by molecular analysis of the viral haemagglutinin and neuraminidase. The
results showed that these viruses belonged to genetically different groups from
the ones in Bali at the start of the H5N1 epidemic in 2004. These more recent
isolates had probably emerged from continuing poultry movement and trade
activities between different districts and provinces. The viruses for this study
were obtained from virological surveillance of apparently healthy, backyard
village birds yet they carried the characteristic HPAI molecular pathotypes and
shared close phylogenetic relationships with viruses from poultry outbreaks.
This suggested that there is a possibility that village chickens and ducks that
have survived flock infection may become subclinically infected supporting the
hypothesis that asymptomatic village birds could act as carriers and be involved
in the disease ecology of H5N1 HPAI. Further research is needed to clarify this.
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A proper vaccination programme with an efficacious vaccine is part of disease
control efforts in village areas where H5N1 HPAI is endemic, particularly in
areas where ducks are reared and graze freely in paddy fields, and thus
contribute as a potential point of infection for other poultry. A laboratory
challenge study was performed to determine the efficacy of a recombinant
baculovirus-expressed H5 vaccine and to compare this with the efficacy of a
commercial inactivated H5N2 vaccine in ducks. The study showed that both
vaccines equally conferred protection from disease and mortality in ducks
following challenge from an H5N1 HPAI virus. At the experimental challenge
level, vaccination in ducks with priming and boosting doses resulted in
elimination of respiratory virus shedding compared to unvaccinated control
birds; thus, in a field situation, vaccination with these vaccines using an
appropriate regime should be able to break flock transmission and reduce the
threat of ducks acting as the virus reservoir for other poultry. In addition, the use
of recombinant technologies in a cell-based expression system for production
would avoid having to depend on a constant supply of embryonated chicken
eggs or to handle live viruses in high biocontainment facilities and completely
inactivate the vaccines before use. The benefit of a changeable H5 insert to
match an evolving strain, high antigen yields possible and the ability of antibody
titres to the vaccine to be differentiated from field infection would make
recombinant vaccine technologies feasible for vaccine production and use in
Southeast Asia. Thus, vaccination of poultry in disease endemic areas will be a
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valuable tool for disease control to complement strategies on enhancing flock
biosecurity in village holdings and markets, surveillance to monitor virus
circulation, rapid diagnosis and intervention to for disease outbreaks and public
awareness.

The transboundary spread of H5N1, the on-going threat to human health, the
death and destruction of hundreds of millions of poultry, disease endemnicity in
many areas, the complexities in the epidemiology and ecology of the disease
and the constant viral evolution point to continuing challenges in H5N1 HPAI
disease control. This thesis has provided data to support a requirement for use
of sensitive virus detection methods for H5N1 HPAI virus surveillance that is not
achievable by rapid antigen detection methods; data on factors likely to be
important in H5N1 virus transmission in villages and poultry markets that would
need to be targeted to improve control of H5N1 HPAI in Bali; data to indicate
that more than one sub-strain of H5N1 virus was circulating in Bali in 2007; and
evaluation data on a novel recombinant baculovirus H5 vaccine in ducks that
has potential to be produced in lower biosecurity facilities in developing
countries and used for H5N1 HPAI infection control in ducks in the region. Parts
of this work have also identified areas worthy of further research to enhance
control of H5N1 HPAI in the region.
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Appendices

Appendix 1 Village communities in Bali where sampling surveillance
were conducted, 2006-2007
November and December 2006
Community

No. of
chickens

No. of
ducks

1

Soma Undisan

13

12

2

Jehem Kaja

46

0

3

Jehem Kelod

50

0

4

Tambahan Bakas

50

13

Tingkat Batu

75

7

6

Sama Gria

56

10

7

Pembangan

73

23

8

Tambahan Tegal

15

2

9

Kelimpang

78

4

10

Galiran

58

0

11

Pengiangan Kawan

86

0

12

Pengiangan Kangin

31

18

13

Alis Bintang

104

10

14

Kikian

98

10

Selat Nyuhan

40

13

16

Tonggahan Gunung

78

26

17

Song Bandah

122

9

18

Cekeng

45

5

19

Jalan Baru

54

10

20

Tonggahan Peken

92

19

21

Jukut Paku

30

29

Kengetan

54

30

Dauh Labah

43

12

District

Subdistrict

Village

5
Bangli

Tembuku

Jehem

15
Bangli

22
23

Gianyar

Susut

Ubud

Sulahan

Singakerta

264

24

Tengah

68

25

25

Katik Lantang

53

24

26

Lobong

30

21

27

Semana

29

2

28

Buduk

15

2

29

Tewel

30

3

30

Tegal Linggah

59

55

31

Marga Sengkala

68

4

32

Wanayu

53

87

33

Mas

49

11

Gua

43

6

35

Marga Bingung

28

20

36

Lebah

23

8

37

Batu Lumbang

44

14

38

Pekandelan

60

23

39

Taman

25

20

40

Kuripan Kelod

51

10

Kuripan Kaja

69

13

42

Abiantuwung

63

16

43

Pengembengan

47

13

Adeng

37

9

Tegal Jadi

45

25

34
Gianyar

41

44
45

Tabanan

Tabanan

Blahbatuh

Kediri

Marga

Bedulu

Abiantuwung

Tegal Jadi

Total number of 2380 chickens (750 flocks) and 673 ducks (194 flocks) sampled.
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March 2007
Community

No. of
chickens

No. of
ducks

Kebon

55

20

Lumbuan

65

26

3

Pengiangan Kawan

63

43

4

Jehem Kaja

78

37

Jehem Kelod

75

0

6

Galiran

88

15

7

Dauh Labah

55

20

Tebongkang

65

15

9

Katik Lantang

71

38

10

Marga Bingung

51

30

Lebah

49

3

12

Wanayu

71

32

13

Kuripan Kelod

69

21

Kuripan Kaja

59

34

15

Abiantuwung

55

20

16

Pengembengan

31

41

Adeng

44

33

Tegal Jadi

54

23

District

Subdistrict

Village

1
2

5

8

11

14

17
18

Bangli

Bangli

Gianyar

Gianyar

Tabanan

Tabanan

Susut

Tembuku

Ubud

Blahblatu

Kediri

Marga

Sulahan

Jehem

Singakerta

Bedulu

Abiantuwung

Tegal Jadi

Total number of 1098 chickens (313 flocks) and 451 ducks (117 flocks) sampled.
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May 2007
Community

No. of
chickens

No. of
ducks

Pule

88

16

Blumbang

89

12

3

Tegalalang

72

26

4

Tinge

96

0

Pule

96

0

6

Sekardadi

95

3

7

Pacung

52

8

Sema

46

5

9

Batursari

56

0

10

Buluh Guwang

61

15

Wang Bung Guwang

58

8

12

Dangin Jalan

56

10

13

Benana Kelod

61

0

Benana Kaja

49

8

15

Buruan Kaja

48

7

16

Sandan Tegeh

69

9

Dauh Yeh

42

6

Dauh Yeh Kaja

42

11

District

Subdistrict

Village

1
2

5

8

11

14

17
18

Bangli

Bangli

Gianyar

Gianyar

Tabanan

Tabanan

Bangli

Kintamani

Gianyar

Sukawati

Penepel

Tabanan

Kawan

Sekardadi

Bitera

Sukawati

Buruan

Sesandan

Total number of 1176 chickens (344 flocks) and 144 ducks (40 flocks) sampled.
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July 2007
Community

No. of
chickens

No. of
ducks

Petung Taksu

96

2

Bubung Kelambu

98

0

3

Telemba

99

0

4

Subak Abian Toya
Mulia

74

3

Masem

81

0

6

Telemba

94

0

7

Ambengan

40

15

Pande

49

26

9

Teruna

64

25

10

Tegal

56

38

Kembengan

50

12

12

Kaja Kauh

97

0

13

Babakan

66

2

Alas

29

0

15

Dukuh Puluh Tengah

53

5

16

Dukuh Gede

50

14

Dukuh Becong

15

65

Baturiti Tengah

71

12

District

Subdistrict

Village

1
2

5

8

11

14

17
18

Bangli

Bangli

Gianyar

Gianyar

Tabanan

Tabanan

Kintamani

Kintamani

Ubud

Gianyar

Selemadeg
Timur

Kerambitan

Batur
Tengah

Batur
Selatan

Peliatan

Tulikup

Mambang

Baturiti

6

Total number of 1182 chickens (326 flocks) and 219 ducks (60 flocks) sampled.

6

Communities in bold indicates those that participated in the questionnaire survey and the
questionnaires were used for analysis in Chapter 3.
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Appendix 2 Map of Bali districts

Map of Bali districts7

7

Modified to indicate approximate location of surveyed subdistricts and live poultry markets
from a Map of Districts in Bali as accessed from
http://www.embassyofindonesia.org/tourism/images/bali_map.jpg on 3 June 2009. The bulk of
the poultry trade in Bali follows the major west to east highway. Sub-districts referred to
Appendix 1 are represented by circles; Blue: Tabanan (Kediri, Marga, Penepel, Tabanan,
Selemadeg Timur, Kerambitan); Red: Gianyar (Gianyar, Ubud, Blahbatuh, Sukawati); Green:
Bangli (Kintamani, Bangli, Tembuku, Susut). The districts where live bird markets were
surveyed are highlighted in yellow square boxes; the markets in the district of Denpasar were
“Kereneng”, “Satria”, “Badung” and “Kumbasari”, in Gianyar were “Gianyar”, “Sukawati” and
“Ubud”, in Tabanan were “Kediri” and “Dauh Pala”, in Bangli were “Kayuamba”, “Baleagung”
and “Kintamani”, in Badung were “Beringkit” and “Mengwi” and in Klungkung were “Klungkung”,
“Galiran”.
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Appendix 3 Sample of questionnaire used in Bali village household study
Date of interview: .............................

Interviewer: ...........................

District/Sub-district/Village/Community: …………………………………………

Who is the family head or decision-maker on raising, buying and selling poultry/birds?
Can I interview the person?
1.

Respondent
(A) Name: ........................................................................
(B) Age: .............
(C) Gender:

M[

]

F[

]

(D) Highest education level
1. No education [
4. High school [

]
]

2. Primary school [

]

3. Secondary school [

5. Technical college / University [

]

]

Firstly, I would like to ask some questions about animals in your household.
2.

3.

Number of animals in household.
(a) Chicken

1. Village (…….)

(b) Chicken

1. Fighting cock (……….)

(c) Duck

1. Native (………)

2. Muscovy (………)

(d) Bird

1. Song or pet bird (…….)

2. Quail (……….)

(e) Animal

1. Pig (…)

3. Goat (…....)

2. Cattle (….)

2. Broiler (…….)

3. Layer (………)

3. Goose (………..)
4. Dog (……..)

5. Cat (...)

Sector or system of poultry production (interviewer assessment):
1. Integrated industrial farm

[

]

2. Commercial farm (high biosecurity)

[

]

3. Traditional farm (low biosecurity)

[

]

4. Backyard flock (free-roaming birds)

[

]
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I would like to ask some questions about how you raise poultry.
4.

(A) What do you feed your chickens and/or ducks?
1. Factory-prepared (commercial) feed [

]

2. Self-mixed feed

[

]

3. Kitchen leftovers

[

]

4. Graze paddy fields (for ducks)

[

]

5. Others: please specify: ……………………

5.

What is the source of drinking water for your poultry?
1. River or gutter water [

]

2. Well water

[

]

3. Tap water

[

]

4. Other source: please specify: ……………………

I would like to ask some questions about you selling or buying poultry.
6.

Selling poultry/birds.
To whom do you sell your poultry to? (Can be more than one tick)
1. Market

[

]

2. Collector

[

]

3. Neighbour

[

]

4. Family in other community

[

]

5. Commercial farm

[

]

6. Others: please specify.................
7. Never sell

7.

[

]

Buying poultry.
Where do you usually buy new chickens and/or ducks?
(Can be more than one tick)
chickens

ducks

1. Breed myself (do not buy)

[

]

1. Breed myself (do not buy)

[

]

2. Market

[

]

2. Market

[

]

3. Collector

[

]

3. Collector

[

]

4. Neighbour

[

]

4. Neighbour

[

]

5. Family in other community

[

]

5. Family in other community

[

]

6. Commercial farm

[

]

6. Commercial farm

[

]

7. Others: please specify....................

7. Others: please specify...................
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I would like to ask some questions about occupation of you and your family.
8.

Do you or your family members work in the following areas?
1. Poultry/bird market

[

]

2. Commercial poultry farm

[

]

3. As poultry collectors or sellers

[

]

4. None of the above

[

]

5. Don’t know

[

]

I would like to ask some questions about your experience with poultry disease.
9.

(A) Did your poultry ever show any of the following signs in the last one year?
(Show photographs of bird flu) (Can be more than one tick)
1. Sudden bird death

[

]

2. Swollen head and blue combs

[

]

3. Difficult breathing

[

]

4. Trembling or incoordination

[

]

5. Diarrhea

[

]

6. Haemorrhage under skin

[

]

7. No, none of the above

[

]

8. Don’t know

[

]

(B) Have your poultry ever been affected (disease and death) by the following in
the last one year?
1. Bird flu

[

]

2. Newcastle Disease

[

]

3. Poultry disease (don’t know what disease)

[

]

5. Birds were not sick

[

]

6. Don’t know

[

]

4. Others, please specify……………

(C) If your poultry have been affected by disease and death as above in (B),
please describe event …………………………..

(D) If your poultry had had disease, did you report to local officials or community
heads?
1. Yes

[

]

2. No

[

]

3. Don’t know

[

]
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I would like to ask some questions about vaccination of your poultry/birds.
10.

(A) Have your poultry/birds been vaccinated for bird flu in the last one year?
1. All have been vaccinated [

]

2. Only some have been vaccinated [
3. Not vaccinated [
4. Don’t know [

]

]

]

(B) If your poultry/birds have not been vaccinated, why not?
…………………………………………………………..…

11.

Have you carry out the following activities in the last one month?

A. Clean faeces and poultry stalls and cages

Yes [

]

No [

]

Don’t know [ ]

B. Wash hand with soap after touching poultry or

Yes [

]

No [

]

Don’t know [ ]

C. Help, prepare or cook sick birds

Yes [

]

No [

]

Don’t know [ ]

D. Eat half-cooked chicken or duck or eggs

Yes [

]

No [

]

Don’t know [ ]

poultry faeces (usually)

(Additional questions)
1.

What in your opinion plays an important role in disease spread (e.g. bird flu)
affecting your poultry?
1. New poultry from markets

[

]

2. Poultry collectors

[

]

3. Wild birds near household

[

]

4. Fighting cocks

[

]

5. Contaminated feed or water [

]

6. Neighbor’s poultry

]

[

7. Others: please specify ………………………………….
8. Don’t know

2.

[

]

What would you do if your poultry/birds become sick and die?
1. Throw birds into river

[

]

2. Cook birds for family

[

]

3. Give away or sell birds

[

]

4. Burn or bury birds

[

]

5. Others, please specify……………
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3.

Where do you learn or heard about Bird flu?
1. Local officials

[

]

2. Village or community leaders [

]

3. Television or radio

[

]

4. Newspapers

[

]

5. Neighbors or friends

[

]

6. Market sellers

[

]

7. Others: please specify: ………......
8. Don’t know of disease

[

]

xxx
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Appendix 4 Sample of questionnaire used in Bali market study
Date of interview: .............................

Interviewer: ...........................

Name of market: ……………………..

1.

Respondent
(A) Name: ........................................................................
(B) Age: .............
(C) Gender:

M[

]

F[

]

2.

Which day(s) of the week is the market open? ………………….

3.

The type and numbers of poultry for sale today

(a) Chicken

1. Village (…….)

2. Broiler (…….)

3. Layer (………)

(b) Chicken

1. Fighting cock (……….)

2. Spent hen (……….)

3. Others (……)

(c) Duck

1. Native (………)

2. Muscovy (………)

(d) Bird

1. Songbird (…….)

2. Quail (……….)

3. Goose (…..)

4.

How many birds on average do you sell per day? ……….

5.

From whom do you buy new poultry?

4. Pigeon (……)

(please state number of suppliers in the last one month)

6.

1. Village household

[

]

2. Commercial farm

[

]

3. Other collector

[

]

4. Other market

[

]

5. Self-raise birds

[

]

Please describe how do you buy the new birds?
1. I go to the household or farm or collector’s yard [

]

2. Householder or farmer or collector comes to my home premises [
3. Householder or farmer or collector comes to my market [

]

]

4. Others, please describe ...........................................
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8

6(i) .

Please state district of origin of new birds (if known) ………………….

7.

How do you ensure that the birds you buy are healthy or free of disease?
1. I know and trust the supplier

[

]

2. I check that the birds are healthy

[

]

3. Others, please describe ………………………..

8.

9.

Do you separate new and old birds at the market?
1. Always separate

[

]

2. Occasionally separate

[

]

3. Never separate

[

]

If you cannot finish selling the birds at the end of market day, where do you keep
the remaining birds?
1. Keep birds at the market

[

]

2. Bring birds back home

[

]

3. Others, please describe..............

10.

11.

Do you also sell birds in other markets?
1. Yes [

]

2. No

]

[

How often do you clean and wash your stall, cages and your stall premises in the
last one month?

12.

1. Never

[

]

2. Once a month

[

]

3. Several times a month

[

]

4. Once a week

[

]

5. Several times a week

[

]

Please describe how you would handle sick birds in your market?

.......................................................................................................

8

This question was asked of 30% of respondents.
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13.

Have your chickens/ducks/poultry become sick and die (from bird flu,
Newcastle disease or other disease) in the last one year?

14.

1. Yes

[

]

2. No

[

]

3. Don’t know

[

]

If your birds die, would you report to local authorities (market or community
leaders)?

15.

16.

1.Yes

[

]

2. No

[

]

3. Don’t know

[

]

Have you helped, prepared or cooked sick poultry?
1. Yes

[

]

2. Never

[

]

3. Don’t know

[

]

Do you wash your hand with soap after touching poultry?
1. Usually

[

]

2. Sometimes

[

]

3. Never

[

]

xxx
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