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Abstract
The ecology of highly pathogenic avian influenza (HPAI) H5N1 has significantly changed from
sporadic outbreaks in terrestrial poultry to persistent circulation in terrestrial and aquatic poultry
and potentially in wild waterfowl. A novel genotype of HPAI H5N1 arose in 1996 in southern
China and through ongoing mutation, reassortment, and natural selection, has diverged into
distinct lineages and expanded into multiple reservoir hosts. The evolution of Goose/Guangdong-
lineage highly pathogenic H5N1 viruses is ongoing: while stable interactions exist with some
reservoir hosts, these viruses are continuing to evolve and adapt to others, and pose an un-
calculable risk to sporadic hosts, including humans.
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1. Introduction
It has been speculated that influenza viruses have infected humans and animals since ancient
times (Morens and Taubenberger, 2010). Influenza A, B, and C viruses are thought to have
diverged from a common ancestor at an indeterminate time, and have formed multiple
lineages, particularly influenza A viruses (Buonagurio et al., 1985; Palese and Shaw, 2007;
Xu et al., 2011; Tong et al., 2012). Influenza A viruses exist in many different environments
and utilize a variety of different host species (Webster et al., 1992; Reperant et al., 2009;
Taubenberger and Kash, 2010; Tong et al., 2012)(Figure 1). The ecology of these viruses is
highly variable with respect to their interactions with each other (reassortment, competition),
with their hosts (immunity, receptor availability, host temperature), and with their
environment (ambient temperature, humidity, composition of sediment, salinity of water,
pH)(Watanabe et al., 2012b; Webster et al., 1992).

Here we focus on the ecology of highly pathogenic avian influenza (HPAI) Goose/
Guangdong (Gs/Gd)-lineage H5N1 by examining (1) the general characteristics of avian
influenza viruses; (2) the adaptation of Gs/Gd-lineage H5N1 to domestic geese as reservoir
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host; (3) unstable transition periods associated with changes in host range, virus genotype,
and geographical range; and (4) ongoing adaptation of Gs/Gd-lineage H5N1 to wild
waterfowl as host reservoir.

2. General Characteristics of influenza A viruses
Influenza viruses of the Orthomyxoviridae family contain a negative-sense single stranded
and segmented RNA genome and are differentiated into influenza A, B, and C. Influenza B
viruses have historically caused yearly epidemic outbreaks in humans, while influenza C
viruses have been largely associated with young children and pigs. Influenza A viruses are
associated with yearly epidemics as well as sporadic pandemics and have a large animal
reservoir amongst the wild aquatic birds of the world (Kimura et al., 1997; Webster et al.,
2002; Palese and Shaw, 2007; Wright et al., 2007).

Influenza A viruses contain eight gene segments and encode at least ten proteins:
polymerase basic 1 (PB1), PB2, polymerase acid (PA), hemagglutinin (HA), nucleoprotein
(NP), neuraminidase (NA), matrix 1 (M1), M2, nonstructural 1 (NS1) and 2 (NS2, also
nuclear export protein - NEP) (as reviewed in Webster, et al., 1992; and in Palese and Shaw,
2007). Additional to the ten core proteins, several other viral proteins have been recently
described with strain-specific or as yet unknown functions: PB1-F2 (Zamarin et al., 2006;
McAuley, et al., 2007; Chen, et al., 2001; Chen, et al., 2010; Krumbholz, et al., 2011), PB1-
N40 (Wise, et al., 2009), PA-X (Jagger et al., 2012), and PA-N155 and PA-N182
(Muramoto et al., 2013).

HA, responsible for virus attachment to the host cell, is the major target of the humoral
immune response. HA-specific immune pressure of a host population against influenza A is
associated with ongoing antigenic changes and immune escape of virus subtypes (Smith et
al., 2004; Wright et al., 2007).

The primary natural host reservoir of avian influenza A viruses (AIV) are wild waterfowl,
particularly anatidae (i.e. ducks, geese, swans) in the order Anseriformes and scolopacidae
(shorebirds/waders) and laridae (gulls, terns) in the order Charadriiformes (Stallknecht and
Shane, 1988; Webster et al., 1992; Krauss et al., 2004; Olsen et al., 2006; Stallknecht and
Brown, 2008; Krauss et al., 2010) (Figure 1). Sixteen HA types and nine NA types have
been detected in viruses isolated from wild waterfowl. AIV are considered the ancestors of
influenza A viruses of mammals (Scholtissek et al., 1978; Webster et al., 1992; Krauss et al.,
2004; Fouchier et al., 2005; Krauss et al., 2007; Wright et al., 2007; Garten et al., 2009;
Guan et al., 2010; Hoye et al., 2010; Krauss et al., 2010; Taubenberger and Kash, 2010;
Vandegrift et al., 2010).

The vast majority of AIV cause little to no disease in birds and are characterized by a HA
cleavage site which relies on proteases of intestinal and respiratory tract mucosa (Bertram et
al., 2010; Klenk et al., 1975, Lazarowitz et al., 1973). Low pathogenic avian influenza
(LPAI) viruses replicate primarily in the intestinal tract of birds and it is generally agreed
that wild waterfowl contract LPAI viruses mainly via fecal-oral inoculation (Krauss et al.,
2004; Fouchier et al., 2005; Hoye et al., 2010; Krauss et al., 2010; Vandegrift et al., 2010).
Virus shedding is highly species- and virus strain- specific and also includes the avian
respiratory tract (Webster et al., 1978; Webster et al., 1992; Stallknecht and Brown, 2008;
Costa et al., 2011). Virus shedding from the respiratory tract tends to be more pronounced in
infections with highly pathogenic avian influenza (HPAI) viruses and is also associated with
adaptation to terrestrial poultry (chicken, quail, pheasant)(Makarova et al., 2003; Humberd
et al., 2006; Alexander, 2007a; Sorrell and Perez, 2007)
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In wild waterfowl the highest attack rates of LPAI have been found in immunologically
naïve juvenile (1st season) birds (Hinshaw et al., 1985; Webster et al., 1992; Krauss et al.,
2004; Fouchier and Munster, 2009). Long-term North American wild bird surveillance has
demonstrated that the relative abundance of particular subtypes undergo cyclic changes
between years, presumably due to herd immunity of adult birds (Sharp et al., 1993; Krauss
et al., 2004). Wild waterfowl have been shown to transmit LPAI viruses across flyways,
which overlap considerably in Eurasia and in the Americas (Duan et al., 2007; Widjaja et al.,
2004; Spackman et al., 2005; Munster et al., 2007; Hill et al., 2012). Major bird breeding
and stopover/refueling sites are shared by bird species heading to vastly different areas
during their yearly migrations (Carboneras, 1992; Berthold, 1993; Wetlands International,
2012). These areas are of particular importance for the ecology of AIV, as bird densities are
high, multiple species are present, and due to climate, stresses of migration or of molting,
birds may be more susceptible to infection (Reed et al., 2003; Krauss et al., 2004; Weber
and Stilianakis, 2007; Krauss et al., 2010)

Highly pathogenic avian influenza (HPAI) viruses cause high levels of morbidity and
mortality in chickens and other terrestrial poultry and strain-dependent in ducks and other
waterfowl (Alexander, 2000; Alexander 2007b; Brown, 2010; Sturm-Ramirez et al., 2004;
Munster et al., 2005; Capua and Alexander, 2007; Vandegrift et al., 2010). HPAI viruses
contain a multibasic cleavage site (MBCS), which allows HA processing by ubiquitously
expressed proteases and in the some hosts such as chickens enables the systemic spread of
the virus (Bertram et al., 2010; Horimoto et al., 1995; Klenk et al., 1975). Two subtypes of
low pathogenic avian influenza (LPAI), H5 and H7, can naturally switch to a highly
pathogenic phenotype by the spontaneous acquisition of a MBCS during circulation in
poultry (Capua et al., 2000; Garcia et al., 1996; Lebarbenchon and Stallknecht, 2011;
Medina and Garcia-Sastre, 2011; Perdue et al., 1997; Rohm et al., 1995; Gohrbandt et al.,
2011; Munster et al., 2010; Schrauwen et al., 2011; Veits et al., 2012) (Figure 2). Only one
HPAI virus lineage has become established in aquatic poultry as a stable reservoir: the Gs/
Gd-lineage of HPAI H5N1 that arose in the early 1990s in Southern China (Rohm et al.,
1995; Xu et al., 1999; Alexander, 2007b; Capua and Alexander, 2007; Vijaykrishna et al.,
2008; Brown, 2010; Lebarbenchon and Stallknecht, 2011) (Figure 2B).

3. Adaptation of early Gs/Gd-lineage HPAI H5N1 to geese (1996–1999)
A highly pathogenic Gs/Gd/1/96-like virus is the ancestor of the currently circulating Asian
HPAI H5N1 viruses and distinct from sporadically emerging HPAI viruses of the H5
subtype (Vijaykrishna et al., 2008; Xu et al., 1999). Gs/Gd-lineage HPAI H5N1 viruses have
acquired the capacity to persist in several avian host species since the early 1990s: the low
pathogenic ancestor of Gs/Gd/1/96 was likely introduced into poultry from migratory
waterfowl, where it had been generated by multiple reassortment events between LPAI
viruses of several subtypes (Duan et al., 2007; Vijaykrishna et al., 2008). The transmission
of this LPAI H5N1 ancestor to poultry is thought to have led to limited circulation in the
new reservoir host characteristic of sporadic introductions of a pathogen into a non-reservoir
host species (Figure 2 B, C). During the initial circulation in poultry the LPAI ancestor of
Gs/Gd/1/96 is thought to have acquired a MBCS and to have become pathogenic to
domestic waterfowl and terrestrial poultry (Duan et al., 2007; Vijaykrishna et al., 2008; Xu
et al., 1999)(Figure 2C). Gs/Gd/1/96 H5N1 caused an outbreak in domestic geese in
Guangdong province, Southern China, with an unusual high morbidity for AIV infection of
aquatic poultry of 40% (Xu et al., 1999). Experimentally inoculation of domestic geese with
Gs/Gd/1/96-like isolates from 1999 lead to high morbidity and mortality as well as robust
viral shedding from both the trachea and cloaca. High viral titers were detected in internal
organs demonstrating the systemic spread of the virus (Webster et al., 2002). Under
experimental conditions, transmission of a Gs/Gd/1/96-like isolate from geese to domestic
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chickens occurred via fecal material but not via the aerosol route, while transmission to
quails occurred via either route (Webster et al., 2002). The infectious dose 50% and lethal
dose 50% in quail (QID50 and QLD50) and chicken (CID50 and CLD50) were determined:
Quails were highly susceptible with a QID50 of 50 EID50 and a QLD50 of 316 EID50. The
CID50 was 6309 EID50 and the CLD50 10 000 EID50. In contrast to the morbidity and
mortality observed in geese, ducks showed no clinical signs upon experimental inoculation
but shed from trachea and cloaca, with contact transmission occurring between some of the
ducks (Figure 2C) (Webster et al., 2002). The high virulence of Gs/Gd/1/96 in geese
combined with phylogenetic analysis of the virus origins indicated that this pathogen had
only recently emerged in this host (Guan et al., 2002b; Vijaykrishna et al., 2008; Xu et al.,
1999). During the outbreak in of Gs/Gd/1/96 in geese in Guangdong province, another HPAI
H5N1 virus, Gs/Gd/2/96, was isolated from the same flock. This virus, differing in only five
residues from Gs/Gd/1/96, showed distinct virulence in birds: it was phenotypically low
pathogenic in both waterfowl (geese, ducks) and chickens despite the presence of a MBCS
(Li et al., 2006a). The genetically close relationship between these two viruses, their co-
circulation in the same flock of geese, and their significant phenotypic differences, indicate
that Gs/Gd/2/96 may be ancestral to Gs/Gd/1/96-like viruses. Whether these viruses were
co-introduced into geese, or whether one or both of these viruses arose in geese is unknown.

3.1 Outbreak of highly pathogenic H5N1 in Hong Kong (1997)
The outbreak of highly pathogenic H5N1 viruses in Hong Kong poultry in 1997 and the
concomitant infection of 18 individuals with 6 deaths heralded the appearance of a starkly
different AIV subtype (Shortridge et al., 1998). Reassortment events between a Gs/Gd/1/96-
like HPAI H5N1 and low pathogenic H9N2 (A/quail/HK/G1/97-like) and H6N1 (A/teal/
HK/W312/97-like) viruses generated a virus lineage, represented by A/Hong Kong/156/97,
that caused the chicken outbreaks and human cases (Duan et al., 2007). The Gs/Gd/1/96-like
ancestor virus was likely introduced into Hong Kong from southern China where this virus
lineage was circulating in domestic geese. This introduction was followed by circulation and
reassortment in Hong Kong poultry, possibly in the highly susceptible quail (Duan et al.,
2007; Guan et al., 1999; Hoffmann et al., 2000; Webster et al., 2002; Xu et al., 1999).
Outbreaks in poultry and sporadic human cases occurred until the culling of the entire
poultry population of Hong Kong effectively eradicated this H5N1 lineage (WHO OIE FAO
H5N1 Evolution Working Group, 2012; Shortridge et al., 1998). HK/156/97-like viruses
have not been reported in wild or domestic birds since the Hong Kong outbreaks of 1997
with the exception of an identification in Vietnamese waterfowl samples of 2004 and 2005
(Duan et al., 2008; WHO OIE FAO H5N1 Evolution Working Group, 2012; Li et al., 2010;
Li et al., 2006b).

Pekin ducks (Anas platyrhynchos domestica) inoculated with A/Hong Kong/156/97-like
viruses isolated from humans, chickens, and ducks showed no morbidity and limited
replication with low titers in the trachea and cloaca (Shortridge et al., 1998). Inoculation of
geese (Embden (Anser anser domesticus); Chinese (Anser cygnoides)) with 106 EID50 of A/
Hong Kong/156/97-like viruses (trachea, nares, eyes, oral) led to more robust shedding than
that observed in ducks, both from the trachea and intestinal tract. A/Hong Kong/156/97
therefore appeared to be more adapted to replication in domestic geese than in ducks.
Morbidity and mortality occurred only in some of the geese consistent with field
observations of A/Hong Kong/156/97-like H5N1 detected in healthy geese during the
outbreak in Hong Kong in 1997 and was lower than the mortality induced by parental virus
Gs/Gd/1/96 (Shortridge et al., 1998; Xu et al., 1999). Experimentally inoculated pigs shed
virus from nasal passages, with no morbidity and no transmission between pen-mates
observed (Shortridge et al., 1998). During the outbreak in Hong Kong, transmission from
infected birds to humans occurred sporadically via direct contact (Buxton Bridges et al.,

Sonnberg et al. Page 4

Virus Res. Author manuscript; available in PMC 2014 December 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2000; Claas et al., 1998a; CDC, 1998). In conclusion the novel reassortant HK/156/97-like
viruses were able to utilize aquatic poultry as host reservoir, with transmission to and within
the terrestrial poultry population of Hong Kong, and with sporadic transmission to humans.
We can speculate that the rapid depopulation of all poultry in Hong Kong prevented this
lineage of HPAI H5N1 becoming established in the region.

4. Diversification of Gs/Gd-lineage H5N1 and hosts range expansion (1999–
2002)

Domestic geese served as reservoir for early Gs/Gd-lineage HPAI H5N1 viruses from 1996
to 2000, with the viruses endemic in geese in Southern China by 1999 (Figure 2C, Figure 3)
(Cauthen et al., 2000; Guan et al., 2002b; Webster et al., 2002). In 2000, Gs/Gd/1/96-like
viruses were repeatedly detected in domestic ducks (Guan et al., 2002b). The duck-isolate
Gs/Gd-lineage viruses were antigenically distinct from isolates from geese, and from HK/
156/97-like viruses, indicating divergence into a sublineage adapted to ducks as additional
reservoir hosts (Guan et al., 2002b). Concurrently with expansion into domestic ducks
reassortment events with LPAI viruses were detected during active surveillance in mainland
China, Hong Kong and Gs/Gd/1/96-like H5N1 was detected in live bird markets in Hanoi,
Vietnam (Chen et al., 2006a; Nguyen et al., 2005) (Guan et al., 2002a). Gs/Gd/1/96-like
internal gene segments were also detected in H9N2 and H6N1 viruses in domestic
waterfowl, further demonstrating the genetic compatibility of Gs/Gd-lineage H5N1 with co-
circulating LPAI viruses (Cheung et al., 2007; Guan et al., 2000; Vijaykrishna et al., 2008;
Xu et al., 2007).

In Hong Kong five different genotypes (A – E) of Gs/Gd-variants were detected in poultry
in 2001, with closely related viruses circulating in mainland China at the time (Chen et al.,
2004; Duan et al., 2008; Guan et al., 2002a). These viruses were highly pathogenic in
experimentally inoculated chickens and quail, though severity of disease varied between the
five genotypes (Guan et al., 2002a). Initially, these Gs/Gd-variants were detected in
apparently healthy terrestrial poultry in Hong Kong's retail markets (chicken, silky chicken,
quail, pheasant) (Guan et al., 2002a), but eventually several retail markets reported
significant increases in poultry mortality leading to the preemptive depopulation of Hong
Kong poultry (Guan et al., 2002a; Shortridge et al., 1998).

In Southern China, HPAI H5N1 isolates of the Gs/Gd/1/96-like viruses and their
reassortants (Gs/Gd-variants) were isolated from apparently healthy domestic ducks between
2000 and 2002 (Chen et al., 2004). These Gs/Gd-variants were found to be pathogenic to
experimentally inoculated chickens but not to Sheldrake ducks (Chen et al., 2004). In
chickens, both Gs/Gd/1/96-like viruses and Gs/Gd-variants met the criteria for highly
pathogenic phenotype (intravenous pathogenicity index (IVPI) > 1.2), though the severity of
infection was varied: chickens inoculated intravenously or intranasally with earlier isolates
(1999, 2000) tended to exhibit less severe symptoms and slower progression of disease then
chickens inoculated with later isolates (2001, 2002) (Chen et al., 2004). A local (northern
Chinese) strain of three-week old Sheldrake/shelducks were inoculated intranasally with
107.85 – 108.5 EID50 of Gs/Gd-variants and remained asymptomatic for the duration of the
experiment. Several of the inoculated ducks shed 102 – 104.3 EID50/mL of virus, with
shedding generally higher from the trachea than cloaca. No contact transmission was
observed between the ducks (Chen et al., 2004).

One of the five genotypes detected in 2001 (genotype A) contained a deletion in the stalk
region of the N1 protein. A similar deletion had been noted in the NA of the HK/97-lineage
outbreak viruses from Hong Kong 1997 (Claas et al., 1998b; Guo et al., 2000; Li et al.,
2011; Matrosovich et al., 1999). NA-stalk deletions have been reported to naturally occur in
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LPAI viruses of aquatic birds and to undergo positive selection in terrestrial poultry
(Croville et al., 2012; Hoffmann et al., 2012). Furthermore, deletions in the NA stalk region
have also been associated with a switch from predominantly intestinal to predominantly
respiratory shedding and increased virulence in chickens (Banks et al., 2001; Hossain et al.,
2008; Matrosovich et al., 1999; Munier et al., 2010; Zhou et al., 2009).

Late in 2002 two outbreaks of Gs/Gd-variants occurred in wild birds in Hong Kong (Ellis et
al., 2004). During these outbreaks varying levels of severity were observed in wild
waterfowl ranging from no morbidity to fatal disease (Ellis et al., 2004). Follow-up
surveillance failed to detected circulation of HPAI H5N1 in wild waterfowl in Hong Kong
suggesting that sustained transmission of Gs/Gd-variants in wild birds did not occur (Figure
2C, Figure 3) (Ellis et al., 2004). These wild bird H5N1 viruses were classified as genotypes
Z and Z+ and replicated better in experimentally inoculated mallard ducks than HPAI H5N1
isolates from 1997 to 2001 (Guan et al., 2004; Sturm-Ramirez et al., 2004; Chen et al.,
2004). High viral burden was detected in drinking water and virus shedding was generally
higher from the trachea than from the cloaca. In experimentally inoculated mallards, the
2002 wild bird isolates were highly pathogenic while H5N1 isolates from chicken and
pheasant obtained between 1997 and 2001 were not (Sturm-Ramirez et al., 2004; Chen et
al., 2004). Transmission to direct contact mallards was consistently observed for the wild
bird isolates from 2002, but sporadically for the poultry isolates of 1997–2001. The authors
speculated that aerosol and oral-to-oral transmission through the common water source was
enhanced in the highly pathogenic viruses. Long-lasting (10 days) tracheal shedding was
detected in one surviving animal (Sturm-Ramirez et al., 2004). Guan et al. (2004) argued
that the unusually high pathogenicity of the 2002 H5N1 viruses in wild waterfowl indicated
previous adaptation of the viruses to terrestrial birds, followed by re-introduction into wild
waterfowl (Guan et al., 2004).

Instability in a viral genome is a hallmark of adaptation of a pathogen to a new host
environment (Domingo and Holland, 1997). In the case of HPAI H5N1, the inherent
mutability of the RNA genome, the large genetic reservoir of LPAI viruses circulating in
poultry, and selection pressures encountered by novel strains or in novel hosts or sites of
replication (respiratory system rather than intestinal system) were drivers of the
diversification of the virus population and the adaptation to new hosts (Alexander, 2007a;
Drake and Holland, 1999; Taubenberger and Kash, 2010; Webster et al., 1992)

5. Expansion of genotype Z in South East Asia (2003–2004)
Early in 2003 two human cases of HPAI H5N1 occurred in Hong Kong while closely related
viruses were detected in poultry in Southern China (Duan et al., 2008; Li et al., 2004; Peiris
et al., 2004). The human virus isolates (A/Hong Kong/213/03-like) were almost identical to
genotype Z+ isolates from wild bird outbreaks (A/egret/Hong Kong/757.3/02-like) in Hong
Kong in late 2002 (Guan et al., 2004). It is possible that the patients, both of the same
family, and another family member who died of pneumonia in Fujian province, were
infected in mainland China (Li et al., 2004; Peiris et al., 2004). Later in 2003 and 2004,
poultry outbreaks of HPAI H5N1 were reported from Vietnam, Thailand, Cambodia, Laos,
Indonesia, and Malaysia, along with sporadic human infections (Aubin et al., 2005; Li et al.,
2004; Organization, 2012; Tiensin et al., 2005; Viseshakul et al., 2004; Webster et al.,
2005). Genotype Z outcompeted most other reassortants between its first detection in 2002
in Hong Kong and the winter of 2003/2004. This genotype was responsible for the outbreaks
in southern China and the successful expansion of HPAI H5N1 into South East Asia (Li et
al., 2004). HPAI H5N1 of clade 1 expanded to most of South-East Asia (Vietnam, Thailand,
Malaysia (VTM) – lineage) and clade 2.1 viruses to Indonesia (Figure 3).
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5.1 Indonesian-lineage H5N1: Introduction to endemicity of clade 2.1
Poultry outbreaks of Gs/Gd-lineage H5N1 have occurred in Indonesian from mid-2003
onwards. Evidence suggests that a single introduction event into Java around November
2002 introduced clade 2.1 into Indonesia. The introduction may have occurred via wild
migratory birds or via poultry trade (Kilpatrick et al., 2006; Smith et al., 2006b;
Vijaykrishna et al., 2008; Wang et al., 2008). The early Indonesian-lineage H5N1 viruses
were most closely related to an H5N1 isolate from Hunan province, Southern China, and
developed into several sublineages geographically restricted to the Indonesian islands.
Additional introductions of Gs/Gd-lineage H5N1 viruses into Indonesia were not reported
until late 2012 with the appearance of clade 2.3.2.1 in Java and several outbreaks in
chickens and ducks (Smith et al., 2006b; WHO OIE FAO H5N1 Evolution Working Group,
2012; GISAID, 2013; EMPRES-I, 2013).

Indonesia maintains a large poultry sector of both terrestrial and aquatic birds (Wint and
Robinson, 2007; Food and Agriculture Organization of the United Nations, 2012).
Migratory waterfowl may have introduced HPAI H5N1 to Java, but the virus was likely
perpetuated within Indonesia by agricultural practices and poultry trade although some
involvement by wild bird movements cannot be ruled out in the expansion of H5N1 across
the Indonesian archipelago (Stoops et al., 2009). Indonesia-lineage HPAI H5N1 viruses
have been isolated from chicken, quail, turkey, and duck since 2004 and outbreaks of H5N1
in poultry have led to sporadic human infections predominately associated with direct
contact to sick animals (Aditama et al., 2012; Sedyaningsih et al., 2007; Webster et al.,
2005).

Sustained circulation of H5N1 in terrestrial poultry and concurrent selection pressures, such
as large-scale vaccination of poultry have led to the genetic and antigenic divergence of this
lineage into several subgroups (clades 2.1.1, 2.1.2, and 2.1.3) (Cattoli et al., 2011; WHO
OIE FAO H5N1 Evolution Working Group, 2012; Smith et al., 2006b; Wang et al., 2012).
Java harbored ancestors to all three 2.1 sublineages in 2004, further indicating that the viral
introduction had occurred here (WHO OIE FAO H5N1 Evolution Working Group, 2012;
Lam et al., 2012; Smith et al., 2006b).

Experimental inoculation (oral, ocular, nasal) of Pekin ducks with 106 EID50 of A/Duck/
Indramayu/BBVW/109/06 (clade 2.1.3) resulted in no morbidity or mortality, though the
virus replicated in internal organs and shedding was observed from the respiratory and
digestive tract of some of the ducks (Bingham et al., 2009). The presence of ducks in retail
markets was a risk factor for the presence of HPAI H5N1, but backyard duck densities were
not. The presence of ducks as an associated risk in rice-rotation settings could not be
excluded, but taken together ducks are thought to have a lesser impact on the circulation of
HPAI H5N1 in Indonesia than in other countries in South East Asia (Gilbert et al., 2006a;
Indriani et al., 2010; Loth et al., 2011; Tiensin et al., 2007).

HPAI H5N1 was declared endemic in Indonesia in 2006 (Brown, 2010) and the Indonesian-
lineage viruses' ongoing evolution has included reassortment between sub-lineages (Lam et
al., 2008) (Nidom et al., 2012). Analysis of Indonesian-lineage H5N1 sequences from 2003
– 2007 demonstrated considerable co-circulation of different sub-clades and subgroups
within Indonesia, with limited geographical separation. During active surveillance in retail
markets and farms in 2009/2010, apparently healthy chickens harbored, at low prevalence,
several distinct groups of clade 2.1.3 H5N1 viruses and in 2011, subclades 2.1.3 and 2.1.2
were reported (WHO OIE FAO H5N1 Evolution Working Group, 2012; Nidom et al., 2012;
Webby, personal communication). In late 2012 outbreaks of HPAI H5N1 of clade 2.3.2.1
were reported, but reassortants with endemic Indonesian-lineage viruses have not been
identified to date (GISAID, 2013; EMPRES-I, 2013). The extensive use of vaccination in
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the management of the endemic Indonesian-lineage viruses may confer a temporary
advantage to the antigenically distinct clade 2.3.2.1 virus.

5.2 Expansion of clade 1 from Southern China into South East Asia
Outbreaks of HPAI H5N1 occurred frequently in South East Asia during 2003–2005 as
different viruses expanded their geographical range from Southern China to Indonesia (clade
2.1) and most of remaining South East Asia (clade 1). The outbreak viruses of the Vietnam/
Thailand/Malaysia (VTM)-lineage belonged to clade 1, genotype Z, (Chen et al., 2006a;
Guan et al., 2004; Li et al., 2004; Smith et al., 2006b; Tiensin et al., 2005). VTM-lineage
H5N1 viruses were likely generated in poultry in Yunnan province, southern China, in
2002–2003 (Vijaykrishna et al., 2008; Wang et al., 2008). Poultry is traded at large volumes
across the region, including across borders, with live bird markets bringing together
different sub-populations of poultry and implicated in previous outbreaks of HPAI H5N1 as
well as in its dispersal (Martin et al., 2011; Soares Magalhaes et al., 2010; Van Kerkhove et
al., 2009). The presence of free-grazing and backyard ducks, or of low-biosecurity duck
farms, was identified as a major risk factor for HPAI H5N1 outbreaks in Vietnam and
Thailand (Gilbert et al., 2006a; Loth et al., 2011; Songserm et al., 2006; Tiensin et al.,
2007). Pekin ducks experimentally inoculated via the nasal, ocular, and oral route with A/
Muscovy duck/Vietnam/453/2004 (clade 1) displayed variable levels of morbidity and
mortality with virus replication in multiple organs, and oropharyngeal and cloacal shedding
depending on viral dose (Bingham et al., 2009; Middleton et al., 2007). The duck infectious
dose 50% was determined as 103.2 EID50 (Middleton et al., 2007).

A significant number of wild bird species including little grebe (Tachybaptus ruficollis),
open-bill stork (Anastomus oscitans), tree sparrow (Passer montanus), and brown-headed
gull (Larus brunnicephalus) were also found infected with H5N1 during the expansion of
VTM-lineage H5N1 in South East Asia (Keawcharoen et al., 2011; Uchida et al., 2008a).
Even though multiple wild bird species were susceptible to infection with this H5N1
lineage, the contribution of migratory birds to the spread of VTM-lineage H5N1 remains
unresolved (Keawcharoen et al., 2011; Songserm et al., 2006; Uchida et al., 2008a).
Keawcharoen et al. (2011) found a positive association between the presence of wild birds
infected with H5N1 and poultry outbreaks principally in central Thailand. This association
could reflect the overall higher density of poultry in central Thailand and/or low biosecurity
measures and spillover of H5N1 into wild birds from poultry outbreaks. The authors also
report the presence of infected wild birds preceding outbreaks, indicating that wild bird
movement may have contributed to the expansion of H5N1 in this region (Keawcharoen et
al., 2011).

6. Transient adaptation of highly pathogenic H5N1 to migratory waterfowl
The contribution of wild birds, including migratory waterfowl, to the dissemination of Gs/
Gd-lineage H5N1 viruses throughout East and South East Asia in 2003–2005 remains
unclear. Early (1996–2001) HPAI H5N1 viruses were almost exclusively associated with
terrestrial and aquatic poultry, while wild waterfowl and passerine species (songbirds,
crows, sparrows) appear to have been sporadic hosts (Alexander, 2007b; Keawcharoen et
al., 2011; Uchida et al., 2008a; Webster et al., 2005). Since 2002, Gs/Gd-lineage HPAI
H5N1 have been increasingly isolated from wild birds, including various species of
migratory ducks and geese (Chen et al., 2006a; Sturm-Ramirez et al., 2005). Migratory bird
movement has been proposed as a contributing factor in the expansion of HPAI H5N1 in
South East Asia and East Asia (Gaidet et al., 2008; Gilbert et al., 2006b; Liang et al., 2010;
Si et al., 2009; Webster et al., 2005).

Sonnberg et al. Page 8

Virus Res. Author manuscript; available in PMC 2014 December 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



6.1 H5N1 outbreaks in South Korea and Japan 2003–2004
It has been noted during previous outbreaks in Hong Kong and during active surveillance in
southern China that HPAI H5N1 prevalence was highest during the winter months (Li et al.,
2004). Studies primarily with LPAI viruses have shown greatest stability and environmental
persistence in cooler conditions, among other factors (Stallknecht et al., 1990a; Stallknecht
et al., 1990b; Webster et al., 1978).

The Korean peninsula and Japan are visited by various interconnected migratory bird
populations including ducks that breed in Siberia, Mongolia, and western China and winter
in eastern China, the Korean peninsula and Japan (Carboneras, 1992; Partnership for the
Ease Asian-Australasian Flyway, 2012; Wetlands International, 2012). During the winter of
2003/2004 several outbreaks of Gs/Gd-lineage H5N1 (clade 2.5) occurred in chickens and
ducks in South Korea and in chickens in Japan (Lee et al., 2005; Mase et al., 2005). These
H5N1 viruses were closely related to each other and to viruses from southern China (WHO
OIE FAO H5N1 Evolution Working Group, 2012; Lee et al., 2005; Mase et al., 2005).
Pathogenic to chicken and quail, they replicated systemically including robustly in the
respiratory tract of infected animals. Pekin ducks exhibited low mortality when
experimentally inoculated via the intranasal route, with robust viral shedding and
transmission to direct contact ducks (WHO OIE FAO H5N1 Evolution Working Group,
2012; Lee et al., 2005; Mase et al., 2005). In Japan, dead wild crows in close vicinity to
several outbreak sites were found to be H5N1 infected, likely through scavenging on dead
chickens (Mase et al., 2005; Tanimura et al., 2006). Poultry depopulation was used to
control these outbreaks and the virus did not persist in South Korea or in Japan. The route of
introduction of these viruses into either country could not be determined. H5N1 virus was
not detected in migratory waterfowl during active surveillance following the outbreaks in
South Korea, and a connection between migratory birds and the outbreaks in Japan could not
be verified (Lee et al., 2005; Mase et al., 2005; Yamane, 2006).

6.2 Outbreak of HPAI H5N1 in wild waterfowl at Qinghai Lake in 2005
A significant shift in the ecology of Gs/Gd-lineage HPAI H5N1 was recognized in April
2005 when a large-scale outbreak was detected in several wild bird species at Qinghai Lake,
China (Chen et al., 2005; Liu et al., 2005). The Qinghai Lake ecosystem is a major breeding
site for migratory waterfowl in the Central Asian Flyway and the East Asia-Australasia
Flyway (Olsen et al., 2006; Wetlands International, 2012). The Qinghai nature reserve hosts
approximately 150 000 birds of greater than 180 species in spring and summer (Chen et al.,
2005; Miyabayashi and Mundkur, 1999). Bar-headed geese (Anser indicus), a major bird
species utilizing this site, are known to migrate to South East Asia and over the Himalayas
to the Indian subcontinent in fall (September) and to return to Qinghai Lake in April for the
summer (Carboneras, 1992; Wetlands International, 2012). Introduction of H5N1 to Qinghai
Lake possibly occurred by migratory birds, though whether this reflects a previously
established and persistent circulation of HPAI H5N1 in (any) wild bird species or a transient
occurrence is also under ongoing debate (Figure 2C, D)(Chen et al., 2006a; Prosser et al.,
2011). Additionally, captive-bred bar-headed geese were reared close to the nature reserve
(Butler, 2006; Feare et al., 2010). A time of most recent ancestor (TMRCA) analysis
indicated that the Qinghai- lineage of H5N1 arose in South East China around December
2004 through reassortment between clade 2.2. (genotype V) and clade 1 (genotype Z) (Chen
et al., 2005; Vijaykrishna et al., 2008).

Poyang Lake in Jiangxi province, 1700 km southeast of Qinghai Lake, is an important
overwintering site for migratory waterfowl (Global Nature Fund, 2012; Takekawa et al.,
2010). Apparently healthy migratory ducks sampled at Poyang Lake in January and March
2005 shed HPAI H5N1 viruses of genotypes Z and V including reassortants containing
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different combinations of all gene segments of the Qinghai-lineage H5N1 (Chen et al.,
2006a).

The initial outbreak at Qinghai Lake was detected in late April/early May 2005 and was
initially restricted to one location where bar-headed geese had close contact with brown-
headed gulls and great black-headed gulls (Larus ichthyaetus). Bar-headed geese were found
to be symptomatically infected first and represented the majority of fatal cases, with
mortality also observed in the gull species (Chen et al., 2005; Chen et al., 2006b; Liu et al.,
2005). Later, as the outbreak spread to more locations on the lake, great cormorants
(Phalacrocorax carbo) as well as Ruddy Shelducks (Tadorna ferruginea) were infected,
though these species represented a small proportion of the birds symptomatically affected in
the Qinghai outbreak. Additionally, several dead whooper swans (Cygnus cygnus), common
pochards (Aythya ferina), and black-necked cranes (Grus nigricollis) were recovered (Chen
et al., 2006b). During a study from 2007 to 2008, Takekawa et al (2010) did not detect
migration of waterfowl (five duck species, 33 individuals) between Poyang Lake and
Qinghai Lake using satellite tracking. However, due to the sample size limitations and
species selected the possibility of waterfowl migration between the sites could not be
excluded (Takekawa et al., 2010).

Bar-headed geese have been raised in captivity in Tibet and Chinese provinces, including in
the vicinity of Qinghai Lake (Butler, 2006; Feare et al., 2010). Captive bred and reared bar-
headed geese are likely to come into close contact with both poultry and wild birds, and the
release of captive bar-headed geese back into the wild has also been reported (Butler, 2006;
Feare et al., 2010). These practices may have contributed to HPAI H5N1 virus transmission
into wild bird populations (Butler, 2006; Feare et al., 2010).

A subset of the Qinghai Lake H5N1 viruses at the outbreak site in 2005 carried the PB2
E627K mutation, a marker for mammalian adaptation (Chen et al., 2006b; Liu et al., 2005;
Hatta et al., 2001; Subbarao et al., 1993). Feare et al. (2010) suggested that Qinghai-lineage
H5N1 may have been generated in a mammalian host and were then transmitted to wild
birds (Feare et al., 2010). Later Qinghai-lineage H5N1, including avian isolates from Europe
and Africa, predominantly carried the PB2 E627K mutation, indicating a lack of negative
selection of this position in birds (Cattoli, et al., 2009; Kamal et al., 2007). Overall a
significant proportion of Gs/Gd-lineage H5N1 viruses have carried PB2 627K (Russell et
al., 2012), and this marker could be enriched in ratite cell culture during serial passaging
(Shinya et al., 2009). PB2 627K has been associated with viral replication at lower
temperatures (Massin et al., 2001). The avian respiratory tract is critical for temperature
regulation of birds and correspondingly the respiratory tract of birds is at a comparatively
lower temperature than the intestinal tract (Schmidt-Nielsen et al., 1969). The higher level of
respiratory replication observed in HPAI compared to LPAI viruses could have an
association with PB2 627K.

At Qinghai Lake, one dominant genotype and three minor genotypes of HPAI H5N1 were
detected and found to be highly pathogenic to experimentally inoculated domestic chickens
(Chen et al., 2005; Chen et al., 2006b; Liu et al., 2005). Serological evidence suggests that a
number of wild bird species can be naturally infected with Gs/Gd-lineage HPAI H5N1 and
recover (Siengsanan-Lamont et al., 2011; Niqueux et al., 2010). Experimental infection of
various duck species (mallard, gadwall (Anas strepera), common teal (Anas crecca),
Eurasian wigeon (Anas penelope), tufted duck (Aythya fuligula), common pochard) with a
Qinghai-lineage H5N1 virus isolated in Europe showed differing levels of host morbidity
and mortality, and of the magnitude and duration of virus shedding (Keawcharoen et al.,
2008). Virus was shed overwhelmingly from trachea rather than cloaca. Mallard ducks were
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identified as high-risk vectors of virus dissemination due to robust virus shedding in the
absence of discernable symptoms (Keawcharoen et al., 2008).

7. Expansion of Qinghai-lineage H5N1 to Europe and Africa (2005–2008)
In the months following the Qinghai lake outbreak, Qinghai-lineage H5N1 was detected in
Mongolia, Inner Mongolia, Russia, and Liaoning province (North East China) in wild bird
species as well as chickens (Chen et al., 2006b; Lipatov et al., 2007; Prosser et al., 2011;
Shestopalov et al., 2006). Mongolia and central-eastern Siberia are vast, sparsely populated
territories that contain major breeding, staging, and stopover areas for migratory waterfowl
including bar-headed geese, and swan and duck species (Carboneras, 1992; Miyabayashi
and Mundkur, 1999; Wetlands International, 2012). Mongolia has a minimal commercial
poultry sector and little backyard poultry (Wint and Robinson, 2007; FAO, 2012). Three
flyways intersect in Mongolia and central-eastern Siberia: the East Asia/ Australia flyway,
the Central Asia flyway, and the East Africa/ West Asia flyway (Wetlands International,
2012). Eastern Siberia as a major breeding area for migratory birds has been identified as a
possible key location for HPAI H5N1 virus amplification in wild birds and for its
subsequent dispersal along overlapping flyways (Liang et al., 2010; Si et al., 2009).

In late 2005 and throughout 2006, Qinghai-lineage H5N1 expanded westward across
Eurasia, into the Indian subcontinent, and northern and central Africa (OIE 2012c; WHO,
2012). The most commonly identified hosts that signaled the westward expansion of the
Qinghai lineage were various species of swan, duck, goose, gull and grebe usually
symptomatic or dead at time of sampling (Feare, 2007; Happold et al., 2008; Kou et al.,
2009). The geographic spread of Qinghai-lineage H5N1 from China to Siberia, India,
Europe and Africa was largely correlated in time and space with annual bird migration
movements along the overlapping flyways spanning Eurasia (Artois et al., 2009; Gaidet et
al., 2008; Gilbert et al., 2006b; Liang et al., 2010; Si et al., 2009). In Western Europe and
Scandinavia, Qinghai-lineage HPAI H5N1 viruses were detected mostly in migratory
species such as dead whooper swans (Cygnus olor), common pochard, tufted duck, grey
heron (Ardea cinerea) and great crested grebe (Podiceps cristatus), as well as in mute swans,
which are predominantly sedentary in this region, and predators and scavengers
(Carboneras, 1992; (Delany, 2006; Feare, 2007). Indicator (symptomatic) bird species may
not have functioned as vectors of HPAI H5N1 even though disease severity is highly
variable in an outbred population exposed to different doses of virus. Indicator species may
have merely come into close contact with birds able to carry HPAI H5N1 across at least
intermediate distances. A particularly cold winter around the Black Sea area had caused
unusual migration of several bird species into Western Europe further suggesting an
introduction of HPAI H5N1 by wild migratory birds (Gilbert et al., 2006b; Reperant et al.,
2010).

Experimental inoculation of four different swan species (mute swans, whooper swans, black
swans (Cygnus atratus), and trumpeter swans (Cygnus buccinator)) with a Qinghai-lineage
H5N1 originally isolated from a dead whooper swan, showed the four swan species to be
highly susceptible to infection (Brown et al., 2008). Contact transmission was observed, as
was robust viral shedding from trachea and cloaca. Interestingly, bar-headed geese
inoculated with this H5N1 isolate at the same time showed lower sensitivity to the virus than
mute swans, with several animals recovering despite robust virus shedding of up to eight
days' duration (Brown et al., 2008).

The introduction of HPAI H5N1 into the African continent occurred at least three times as
indicated by the presence of three distinct sublineages (A, B, C in Ducatez et al., (2007) or
II, IV, I in Cattoli et al., (2009)) that had previously been detected in Europe and Ural Russia
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(Ducatez et al., 2007; Cattoli et al., 2009; Salzberg et al., 2007). In 2006, eight African
countries reported outbreaks of HPAI H5N1 (Burkina Faso, Cameroon, Cote d'Ivoire,
Djibouti, Egypt, Niger, Nigeria, and Sudan) and in 2007 an additional three countries
reported outbreaks (Ghana, Benin, Togo). Sublineage A (II) was detected in Nigeria, Niger,
and Togo; sublineage B (IV) in Egypt, Djibouti, and Nigeria; and sublineage C (I) in
Burkina Faso, Cameroon, Cote d'Ivoire, Nigeria, Sudan, Benin and Ghana (Ducatez et al.,
2007; Cattoli et al., 2009).

In Africa HPAI H5N1 was detected almost exclusively in domestic chicken with few reports
of H5N1 in duck, goose, turkey, guinea fowl, ostrich, and domestic pigs, as well as in wild
birds (vultures, wild duck, sparrow, egret) (EMPRES-I, 2013; Ducatez et al., 2007). In most
affected African countries the presence of HPAI H5N1 was transient, with the notable
exception of Egypt (continued persistence of the virus) and Nigeria, where HPAI H5N1
circulated for approximately 18 months (OIE, 2012b). All three sublineages of clade 2.2 that
were detected in Africa in 2006–2007 were present in Nigeria and here reassortment
between the sublineages occurred before the virus disappeared by late 2007 (EMPRES-I,
2013; OIE, 2012a; Owoade et al., 2008). Human infections in Egypt, Djibouti, and Nigeria
were associated with close contact with sick poultry (Ducatez et al., 2007; Cattoli et al.,
2009).

The underlying causes of HPAI H5N1 persistence in Egypt, but absence from the remainder
of initially affected African countries remain unclear. Differences in population density of
ducks and in overall poultry densities, as well as in poultry production systems, and climate
may have prevented sustainable transmission in all initially affected countries save Egypt
(Couacy-Hymann et al., 2012).

Though much evidence points to a contribution of wild bird migration in the dissemination
of Qinghai-lineage HPAI H5N1, poultry movement (trade of live birds) has also been shown
to be involved (Kilpatrick et al., 2006). Taken together, HPAI H5N1 expansion from Asia to
Siberia, India, Europe and Africa appears to have occurred both via wild and through live
bird (poultry) trade.

7.1 Egyptian-lineage H5N1: Introduction to endemicity of clade 2.2
During the westward expansion of Qinghai-lineage H5N1 poultry outbreaks and human
cases were reported from the Middle East and particularly Egypt (Aly et al., 2008; WHO,
2012). The introduction route into Egypt remains unclear, however, a migratory common
teal, sampled in the Nile Delta region several months prior to the first reported outbreak of
HPAI H5N1 in poultry, tested positive for H5N1 with the HA gene closely related to
subsequent outbreak viruses in Egypt (Saad et al., 2007). Regardless of the manner of
introduction, dissemination of Qinghai-lineage H5N1 throughout Egypt relied on poultry
movement (live bird trade) and on low-level biosecurity in mid-size commercial farms and
backyard flocks (Aly et al., 2008). Since its introduction into Egypt in 2006, Qinghai-lineage
HPAI H5N1 has become established in both backyard poultry and the commercial poultry
sector with sporadic transmission to humans (Kayali et al., 2011a; Kayali et al., 2011b;
Alexander, 2007b; Brown, 2010) (Figure 3). During 2007–2008, active surveillance
identified backyard flocks as exhibiting the highest prevalence of H5N1, with a relatively
lower incidence in commercial farms. HPAI H5N1 was readily identified in previously
vaccinated birds consistent with vaccine failures recognized in late 2007 (Hafez et al.,
2010). In 2008, HPAI H5N1 clade 2.2 was declared endemic in Egypt (Brown, 2010).
Active surveillance in 2009–2010 determined H5N1 prevalence in healthy animals to be
4.5% with no other AIV subtype identified. Routine vaccination of farm poultry did not
prevent a H5N1 prevalence of 7% in this sector, clearly demonstrating vaccine escape by
circulating H5N1 viruses (Kayali et al., 2011a). In Egypt, seasonality has been observed for
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human HPAI H5N1 infections with a peak from December to March, but not for poultry
outbreaks (Kayali et al., 2011b)(Murray and Morse, 2011).

Egyptian lineage H5N1 has diversified into several sub-lineages of clade 2.2 since its
introduction 2006 with varying degrees of cross-reactivity. Geographic separation from
other reservoirs of HPAI H5N1, a high rate of virus activity in chickens, and immune
pressure due to poultry vaccination seem to have promoted this diversification (Abdelwhab
and Hafez, 2011; Arafa et al., 2012; Kayali et al., 2011b; Watanabe et al., 2012a). Recently,
H9N2 viruses have been reported from chicken and quail in Egypt, raising the possibility of
further, rapid changes in H5N1 phenotype through reassortment with these LPAI viruses
(El-Zoghby et al., 2012; Monne et al., 2012). Furthermore, sero-surveillance also identified
the presence of H7 AIV in broiler, breeder, and layer chickens in flocks with chickens
showing clinical signs in the absence of mass mortality (Afifi et al., 2013).

7.2 Additional activity of Qinghai-lineage H5N1 in Asia (2006–2007)
The Fujian sub-lineage (clade 2.3.4, genotype V) of Gs/Gd-lineage H5N1 became dominant
in China in late 2005 and expanded to other countries in South-East Asia in a new wave of
H5N1 outbreaks. Multiple clades of HPAI H5N1 continued to co-circulate in China during
2006–2007 including clade 2.3.2, 2.3.4, 2.5, 4, 7, and Qinghai-lineage clade 2.2 (Duan et al.,
2008; Smith et al., 2006a; WHO OIE FAO H5N1 Evolution Working Group, 2012).

South Korea experienced several outbreaks of H5N1 in chickens, quails and ducks during
the winter of 2006–2007 with Qinghai-lineage viruses closely related to Russian and
Mongolian isolates of 2006 (Lee et al., 2008). Subsequent surveillance in migratory
waterfowl in South Korea yielded two H5N1 viruses closely related to the viruses causing
the outbreaks in poultry (Lee et al., 2008). In early January 2007 a sick wild hawk in Japan
harbored H5N1 of the Qinghai-lineage closely related to outbreak viruses reported from
South Korea in late 2006, followed by several poultry outbreaks with closely related H5N1
viruses in Japan (Lee et al., 2008; Shivakoti et al., 2010).

8. HPAI H5N1 in migratory waterfowl and other wild birds in Asia (2008–
2012) and expansion of clade 2.3.2.1

Active and passive surveillance of wild birds was carried out in fourteen provinces of China
between 2004 and 2007 (Kou et al., 2009). Widely varying levels of H5N1 prevalence were
detected in different bird species, with Anseriformes, particularly mallard ducks, exhibiting
the highest incidence of 4.37% (Kou et al., 2009).

Fujian-lineage H5N1 (clade 2.3.4) became dominant in poultry in China followed by much
of South East Asia from late 2005 onwards, though these viruses were rarely associated with
wild birds (Smith et al., 2006a) (WHO OIE FAO H5N1 Evolution Working Group, 2012).
Multiple clades and sub-clades of Gs/Gd-lineage H5N1 continue to co-circulate in China
and South East Asia, with clade 2.3.2 the dominant sub-clade since 2007/2008 (EMPRES,
2012). Clade 2.3.2.1 H5N1 viruses have been particularly associated with wild waterfowl
infections (WHO OIE FAO H5N1 Evolution Working Group, 2012).

In South Korea, several outbreaks of H5N1 (clade 2.3.2.1) occurred in April 2008 in chicken
and duck farms. The outbreak virus was closely related to isolates from dead whooper swans
in Japan and to isolates obtained during chicken outbreaks in Russia in 2008 (Kim et al.,
2010; Uchida et al., 2008b; Usui et al., 2009). The South Korean H5N1 virus was highly
pathogenic to both chickens and domestic ducks and was dispersed within South Korea
through poultry trade (Kim et al., 2010). Kim et al (2010) speculated that the initial
introduction may have occurred via regular migration of wild ducks from China and South
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East Asia to South Korea during March and April (WHO OIE FAO H5N1 Evolution
Working Group, 2012; Kim et al., 2010; Smith et al., 2009b). Surveillance of migratory
birds was carried out at different sites in Mongolia in spring/summer (2005 – 2010) and fall
(2001 – 2009). HPAI H5N1 viruses of clade 2.2 (2005, 2006) and 2.3.2 (2009, 2010) were
detected in migratory birds in Mongolia during their northward migration in spring, but not
during their return southward in fall indicating a lack of H5N1 virus amplification in the
Siberian breeding areas (Sakoda et al., 2010). During the autumn sampling, ten other LPAI
virus subtypes were isolated, demonstrating that AIV circulate in this population during fall
migration. In July 2009, HPAI H5N1 viruses of clade 2.3.2.1 were detected in dead and sick
migratory waterfowl in Mongolia (whooper swans, bar-headed geese, ruddy shelduck and
common goldeneye) and in neighboring Siberia (black-headed gull, spoon-bill, great crested
grebe, little grebe) (Kang et al., 2011; Sharshov et al., 2010; Sakoda et al., 2010). The
absence of concurrent poultry outbreaks in Russia indicated an introduction by migratory
birds (Sharshov et al., 2010). These viruses were closely related to each other and formed a
discrete subgroup within subclade 2.3.2.1, distinct from the South Korean/ Japanese
subgroup of 2008 (WHO OIE FAO H5N1 Evolution Working Group, 2012; Kang et al.,
2011; Prosser et al., 2011; Sharshov et al., 2010). Following outbreaks in wild waterfowl in
Mongolia and Tyva (eastern Russia) in 2009/2010, and chicken outbreaks in Nepal in
February of 2010, the same group of viruses was detected during outbreaks in chickens in
Romania in March (WHO OIE FAO H5N1 Evolution Working Group, 2012; Nagarajan et
al., 2009; Reid et al., 2011) and in a dead common buzzard in neighboring Bulgaria (Reid et
al., 2011; Marinova-Petkova et al., 2012).

In fall of 2010 H5N1 viruses (clade 2.3.2.1) were detected during active surveillance in
Hokkaido, Japan, in healthy migratory waterfowl returning from Siberian breeding areas
(Kajihara et al., 2011). The introduced H5N1 viruses represented three different subgroups
indicating at least three separate introduction events and were closely related to virus
isolates from China, Mongolia, Russia, Romania and Bulgaria (2009 – 2010) (Kajihara et
al., 2011; Sakoda et al., 2012; Marinova-Petkova et al., 2012). Closely related clade 2.3.2.1
H5N1 viruses were detected in South Korea in wild birds (including various duck species,
whooper swan, white-fronted goose, and predators) and during domestic poultry outbreaks
(chicken, quail, turkey, duck) from December 2010 until spring 2011 (Kim et al., 2012;
Kwon et al., 2011; Sakoda et al., 2010; Yamamoto et al., 2011). Throughout Japan several
outbreaks of HPAI H5N1 occurred in wild birds (migratory duck, swan, grebe species;
predators) and poultry (chicken) farms from late 2010 until March 2011 (Sakoda et al.,
2012).

Sporadic wild bird infections with HPAI H5N1 were reported in Hong Kong in 2011 (clade
2.3.2.1) (large-billed crow (Corvus macrorhynchus), oriental magpie robin (Copsychus
saularis), black-headed gull (Chroicocephalus ridibundus)) and during 2012 infected (dead)
wild birds included both residential species (large-billed crow, oriental magpie robin, little
egret (Egretta garzetta), scaly-breasted munia (Lonchura punctulata), crested myna
(Acridotheres tristis)) and migratory birds (black-headed gull, peregrine falcon (Falco
peregrinus), grey heron (Ardea cinerea)) (OIE, 2012a, 2012b; GISAID, 2013). Also in 2012
Vietnam reported multiple outbreaks of clade 2.3.2.1 H5N1 viruses, which were closely
related to isolates from Mongolia 2009 – Japan 2011, as well as to viruses from Bangladesh
and India (both 2011–2012) and to the H5N1 virus of clade 2.3.2.1 recently introduced to
Indonesia by unknown route(s) (GISAID, 2013; EMPRES-I, 2013).

9. Conclusions
The high mutation rates of AIV together with frequent reassortment translate into a large
and diverse viral reservoir. Gs/Gd-lineage HPAI H5N1 viruses represent an extensive
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population of virus strains and quasi-species, with great diversity of phenotype in various
hosts. The ecology of Gs/Gd-lineage H5N1 viruses continues to evolve as viruses mutate
and reassort.

In summary, (1) HPAI H5N1 viruses of the Gs/Gd-lineage arose in the early 1990s with the
ability to persist in geese. (2) Gs/Gd-lineage HPAI H5N1 diversified into sub-lineages and
adapted to domestic ducks as host reservoir. (3) Diverse populations of LPAI and HPAI
viruses co-circulate in poultry and/or wild waterfowl of Southern China and South East
Asia. (4) Gs/Gd-lineage HPAI H5N1 viruses have expanded geographically from China to
South East Asia, East Asia, Europe, the Middle East and Africa. (5) Gs/Gd-lineage HPAI
H5N1 viruses should be considered endemic in poultry in China, Vietnam, Cambodia,
Indonesia, Bangladesh, and Egypt. (6) Gs/Gd-lineage HPAI H5N1 viruses have infected
multiple species of wild birds and are likely to be in a transition state towards utilizing wild
waterfowl as reservoir hosts.

The potential consequences of the ongoing adaptation of HPAI H5N1 to wild waterfowl are
numerous: (a) geographic expansion of Gs/Gd-lineage H5N1 viruses could increase in
frequency. (b) HPAI H5N1 and LPAI viruses remain available for reassortment with each
other. The phenotype of AIV reassortants (virulence, host range) is currently not predictable.
(c) Sporadic transmission could occur to any species with at least some susceptibility for
avian H5N1 viruses: poultry, non-reservoir wild birds, and mammals. (d) At any time virus
phenotypes may arise with enhanced ability to transmit to and among mammals.

Consequently, it is critical to understand (1) the fitness landscape of LPAI viruses and of
HPAI H5N1 viruses in various hosts, including that of reassortants; (2) the restrictions that
guide AIV reassortment; and (3) the determinants of host susceptibility, virus transmission,
and immune response against HPAI H5N1 and other AIV.
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Highlights

• The ecology of highly pathogenic (HP) H5N1 is diverse, specific to strain and to
host species

• over time Asian HP H5N1 viruses have expanded their host range from geese to
poultry

• Mutation and reassortment have given rise to multiple virus lineages

• Asian HP H5N1 has utilized wild waterfowl in long-distance expansion

• Wild waterfowl are in a transient state towards becoming a reservoir of HP
H5N1
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Figure 1. Wild waterfowl represent the seeding reservoir of influenza A viruses
Three reservoir groups of influenza A viruses are shown: wild waterfowl, poultry, and
mammals. Arrows indicate transmission of influenza A viruses between different host
reservoir groups and circulation among species within each group. Dotted lines represent
sporadic transmission, solid lines represent sustained transmission between different species.
Question marks indicate unknown or unresolved transmission patterns. The hemagglutinin
subtypes endemic in one or more species in each group are indicated. For wild waterfowl,
endemic neuraminidase types are also indicated.
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Figure 2. Changing ecology of avian influenza viruses
a) stable period of LPAI-host interaction. Arrows indicate transmission of avian influenza
virus (AIV) between different host reservoir groups and circulation among species within
each group. Dotted lines represent sporadic transmission, thin solid lines represent frequent
transmission, thick solid lines represent sustained transmission. Question marks indicate
unknown or unresolved transmission patterns. Green color indicates transmission of LPAI.
b) sporadic transition of H5 and H7 subtypes from LPAI to HPAI. Red color indicates
transmission of HPAI. Inverted chicken or goose indicates commonly observed mortality in
terrestrial poultry or aquatic poultry, respectively. c) transient adaptation period of HPAI
H5N1 in aquatic poultry. d) transient expansion period of HPAI in wild waterfowl.
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Figure 3. Timeline of major events of goose/Guangdong-lineage H5N1 evolution
Shown are times of major changes in the evolution of highly pathogenic H5N1, goose/
Guangdong-lineage. Expansion into different geographical areas is depicted, as is status in
various hosts in different locations: solid lines depict stable interactions between virus and
hosts and dashed lines depict transient interactions. Blue lines represent aquatic poultry
hosts, green lines terrestrial poultry hosts, and red lines wild birds hosts. SE Asia – South
East Asia, Gs/GD - goose/Guangdong, HK – Hong Kong.
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