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Summary

Southern China is proposed as an influenza epicentre. At least two of the three pandemics in the

last century, including 1957 and 1968 influenza pandemics, originated from this area. In 1996, A/

goose/Guangdong/1/1996 (H5N1), the precursor of currently circulating highly pathogenic H5N1

avian influenza viruses (HPAIVs) was identified in farmed geese in southern China. These H5N1

HPAIVs have been spread across Asia, Europe and Africa and poses a continuous threat to both

animal and human health. However, how and where this H5N1 HPAIV emerged are not fully

understood. In the past decade, many influenza surveillance efforts have been carried out in

southern China, and our understanding of the genetic diversity of non-human influenza A viruses

in this area has been much better than ever. Here, the historical and first-hand experimental data

on A/goose/Guangdong/1/1996(H5N1)-like HPAIVs are reviewed within the context of the

findings from recent surveillance efforts on H5N1 HPAIVs and other non-human influenza A

viruses. Such a retrospective recapitulation suggests that long-term and systematic surveillance

programmes should continue to be implemented in southern China that the wet markets on the

animal–human interface shall be the priority area and that the surveillance on the animal species

bridging the interface between wildlife and domestic animal populations and the interface between

the aquatics and territories shall be the strengthened.
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Introduction

Southern China has a unique ecological system with many bodies of water, intensive

farming systems, a highly dense human population and dynamic industrial settings. This

© 2012 Blackwell Verlag GmbH

Correspondence: X.-F. Wan. Department of Basic Sciences, Systems Biology Laboratory, College of Veterinary Medicine,
Mississippi State University, Starkville, Mississippi State, MS 39762, USA. Tel.: +1 (662) 325-3559; Fax: +1 (662) 325-3884;
wan@cvm.msstate.edu; wanhenry@yahoo.com.

Conflicts of interest
The authors have not declared any potential conflicts.

NIH Public Access
Author Manuscript
Zoonoses Public Health. Author manuscript; available in PMC 2014 August 03.

Published in final edited form as:
Zoonoses Public Health. 2012 September ; 59(0 2): 32–42. doi:10.1111/j.1863-2378.2012.01497.x.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



area is designated as a putative influenza epicentre (Shortridge and Stuart-Harris, 1982).

Both the 1957 and 1968 influenza pandemic originated from this area (Chang, 1969; Cox

and Subbarao, 2000), and the emergence of 1918 influenza pandemic was also proposed to

emerge from southern China (Shortridge, 1999). About 15 years ago, A/goose/Guangdong/

1/1996(H5N1) (briefly Gs/Gd/96), the precursor of currently circulating H5N1 highly

pathogenic avian influenza viruses (HPAIVs), was identified in farmed geese at Sanshui,

Foshan, a rural area in southern China (Wan, 1998). Since then, this emerging H5N1

HPAIV has spread across Asia, Europe and Africa and caused more than 600 human cases

and millions of deaths in birds (WHO, 2012, Peiris et al., 2007), and these numbers are still

increasing. Thus, these H5N1 HPAIVs pose a continuing threat to both animal and human

health. Currently, how and where Gs/Gd/96-like H5N1 viruses emerged are not understood

fully.

In the past decade, many influenza surveillance efforts, especially from the surveillance

programme led by the University of Hong Kong, have been conducted in southern China.

Knowledge about influenza prevalence and evolution in this area is becoming much clearer.

The genomic dynamics of H5N1 HPAIVs (Duan et al., 2008), H9N2 low-pathogenic avian

influenza viruses (LPAIVs) (Xu et al., 2007), H6 LPAIVs (Huang et al., 2010; Cheung et

al., 2007) and recently H1N1 swine influenza virus (Vijaykrishna et al., 2010) have been

illustrated in wet markets. Sporadic cases of H9N2 avian influenza infections in humans

were identified (Peiris et al., 1999). A number of novel non-human influenza viruses, such

as H3N2 canine influenza virus (Li et al., 2010) and H6N6 swine influenza viruses (Zhang

et al., 2011), were detected recently. Findings from these surveillance efforts helped provide

a baseline to define an influenza situation as normal or abnormal.

This review article recapitulates the history and firsthand experimental data on A/goose/

Guangdong/1/1996(H5N1), emergence and evolution of H5N1 HPAIVs and other non-

human influenza A viruses, and recent influenza surveillance efforts. The insights on the

influenza surveillance programme are then discussed.

Ecosystem and Animal Agricultural System in Southern China

Geographically, China is classified into two regions, northern China and southern China,

whose common boundary is defined broadly by the Huai River-Qinling Mountains line and

narrowly by the Dayuling-Qitianling-Dupangling-Mengzhuling-Yuechengling Mountains

line. In the context of this article, southern China is referred to the one by the narrow

definition.

Southern China includes Guangdong, Guangxi, Hainan, Hong Kong and Macau SAR,

Taiwan, and southern parts of Fujian, Jiangxi and Hunan Provinces (Fig. 1). Southern China

has a unique ecosystem with a complicated agricultural system and interwoven with

numerous lakes, rivers, creeks and ponds. The major river systems in this area include the

Pearl River, the third largest river in China. The Pearl River basin drains the majority of

Guangdong and Guangxi Provinces and four other provinces, Yunan, Guizhou, Hunan, and

Jiangxi Provinces.

Wan Page 2

Zoonoses Public Health. Author manuscript; available in PMC 2014 August 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Southern China is an important wintering area for migratory birds, for example the Haifeng

wetland in eastern Guandong, the Futian and Mai Po wetlands in southeastern Guangdong,

and coastal wetlands in the Leizhou Peninsula in southern Guangdong (Wang et al., 1993;

Hu et al., 2011; Zou et al., 2006). Southern China is one of the major animal agricultural

systems in China. In addition to chickens, waterbirds such as geese and ducks are major

poultry species in this area. In the past three decades, the domestic poultry and animal

population sizes have increased dramatically. For instance, in Guangdong Province, the

chicken meat production in 1995 doubled from that in 1990, and the pork production in

2004 increased 70% over that in 1990 and 300% over that in 1980 (Guangdong Statistical

Bureau, 2005). These large industrialized chicken and swine production units have

becoming an important part of the influenza ecosystem (Fig. 2). This surge of domestic

animal and bird population increases the likelihood of contacts among domestic, commercial

and wild animals.

Circulation of Avian Influenza Viruses in Southern China Before 1996

Since the 1970s, many avian influenza virus types have been isolated from domestic duck

and goose in southern China (Shortridge, 1992). From 1975 to 1979, 480 avian influenza

viruses with at least 43 combinations of haemagglutinin (HA) and neuraminidase (NA)

subtypes were identified from domestic ducks, geese or chickens imported to Hong Kong

from mainland China or from those raised in Hong Kong (Shortridge et al., 1977a, 1979;

Shortridge, 1979, 1982). A total of 10 HA subtypes (H1–H7, H9–H11) and 9 NA subtypes

(N1-N9) were recovered. The HA/NA subtypes recovered from chickens includes H1N1,

H3N2, H3N6, H3N9 and H6N4; and those from ducks include H1N1, H1N2, H1N3, H2N2,

H2N3, H2N9, H3N2, H3N3, H3N4, H3N6, H3N8, H4N1, H4N2, H4N3, H4N4, H4N5,

H4N6, H4N7, H4N8, H5N2, H5N3, H6N1, H6N2, H6N3, H6N4, H6N5, H6N6, H6N8,

H6N9, H7N2, H9N2, H9N6, H10N1, H10N2, H10N3, H10N4, H10N5, H10N8, H10N9,

H11N2, H11N3, H11N9; those from goose include H1N1, H3N2, H3N8, H4N2, H4N5,

H4N6, H5N3, H6N1, H6N2, H6N4 and H6N9 (Shortridge, 1982). Most of the HA–NA

combinations in contemporary non-human influenza A viruses in southern China were

among those identified in the 1970s.

With such prevalence and diversity of avian influenza viruses in domestic poultry raised in

close proximity to humans, southern China was designated by Shortridge and Stuart-Harris

in 1982 as a hypothetical epicentre for the emergence of pandemic influenza viruses

(Shortridge and Stuart-Harris, 1982).

Emergence of A/goose/Guangdong/1/1996 (H5N1) in Southern China

In early spring of 1996, several outbreaks occurred in farmed geese at Sanshui, a small town

about 50 miles west of Guangzhou, the capital of Guangdong Province (Fig. 1). Sanshui

occupies the section of Pearl River where three river sub-branches interact, one branch from

Guangxi Province, one from Guangdong, and one from Jiangxi.

In 1996, the mortality of H5N1 in farmed geese in Sanshui was more than 40%, and typical

symptoms included bleeding and neurological dysfunction. Two viruses, A/goose/

Guangdong/1/1996 (Gs/Gd/96-1) and A/goose/Guangdong/2/1996 (Gs/Gd/96-2), were
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isolated from these sick geese and were subtyped by the Chinese National Influenza Center

as H5N4 initially but retyped as H5N1 in 1997 (Xu et al., 1999; Guo et al., 1998, 1999a,b).

These results and associated characterization were reported first on 6 October 1996, at the

8th symposium on avian medicine for the Chinese Society of Animal Husbandry and

Veterinary Medicine, Qingdao, China. Both Gs/Gd/96-1 and Gs/Gd/96-2 were shown to be

HPAIVs. The genomic sequencing showed that both Gs/Gd/96-1 and -2 have the connecting

peptide of R-E-R-R-R-K-K-R between HA1 and HA2, which is similar to those connecting

peptides of the H5N1 isolates isolated from humans and chickens at Hong Kong in 1997

(Guo et al., 1999b).

The pathogenesis of Gs/Gd/96-2 was tested in 4-week-old Qingyuan ducks, which were

grouped 8 in an experimental group and 8 in a control group. Each duck was infected with

1.2 × 106 EID50 of Gs/Gd/96-2. None of the infected ducks showed any symptoms within 2

weeks post-infection (Wan, 1998).

Two breeds of chickens, Shiqiza broilers (locally grown species) and AA broilers

(commercially imported species), were housed in pens off the floor. These birds were

infected with Gs/Gd/96-2 virus through five different routes: intravenous injection,

intramuscular injection, ocular and nasal instillation, drinking water, and penmate contact

(Wan, 1998). The results showed that this H5N1 virus was more pathogenic to AA broilers

than to Shiqiza broilers. For instance, Gs/Gd/96-2 (about 1.2 EID50 as infection dose) did

not cause any death in birds through intramuscular injection, whereas the same amount of

Gs/Gd/96-2 viruses given by intramuscular injection caused six deaths among the eight

infected AA broilers. Similar observations were seen in experiments using both ocular and

nasal instillation routes. Both chicken species did not show any clinical symptoms when

infected via drinking water or penmate contact, which indicated that this precursor virus was

not transmitted efficiently among chickens.

From January 1996 to December 1997, influenza surveillance of sick chickens on poultry

farms was performed across Guangdong Province, and none of the viral isolates obtained

from the chicken population was H5N1 HPAIV (Wan, 1998). The failure to identifying this

Gs/Gd/96-like virus (we called PR1 (Zhao et al., 2008)) in the Guangdong chicken

population suggested that this virus was not likely to be transmitted efficiently among

chickens (in addition, no large outbreaks were reported) during this time period.

However, later findings showed that Gs/Gd/96-like virus mutated and became more easily

transmitted by faecal-oral ingestion from waterfowl to land-based (territory) poultry, such as

chickens and quails. A Gs/Gd/96-like virus, A/goose/Hong Kong/437-4/99, was detected

and shown to be transmitted from infected geese to chickens by faecal contact only but to

quail by either aerosol or faecal routes (Webster, 2002).

The emergence of Gs/Gd/96-like virus in the Sanshui area was associated with an avian

influenza virus transmitted possibly by birds migrating across the Eurasian land mass. Our

results showed that both HA and NA genes of Gs/Gd/96-like viruses most likely evolved

from A/turkey/England/50-92/91(H5N1) (E91-like viruses), whereas polymerases (PB2,

PB1, PA), nucleoprotein (NP) and non-structural (NS) genes originated from A/duck/
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Nanchang/1681/92(H3N8) (NC92-like viruses), which were isolated in southern China

about 3 years earlier than the detection of Gs/Gd/96-like viruses. The matrix (MP) genes of

Gs/Gd/96-like viruses were from an unknown lineage. This reassortant Gs/Gd/96-like virus

(named also as PR1) (Zhao et al., 2008) was reported last in 2001 in the waterfowl in Hong

Kong (Webster et al., 2002).

Emergence of Human H5N1 HPAIVs in Hong Kong

In late April and May of 1997, two outbreaks with high avian mortality were reported on

chicken farms located in a northwest area of Hong Kong (Sims et al., 2003). This outbreak

occurred about 1 year later than did the avian influenza outbreaks in farmed geese in

Guangdong Province. The first human case of H5N1 avian influenza was confirmed in May

1997, and 17 more occurred in November and December 1997. This outbreak led to a

depopulation of about 1.5 million birds in Hong Kong.

In the literature and reports, investigations have always reported that the H5N1 HPAIVs in

Hong Kong were brought in along with the poultry imported from Guangdong Province and

were linked directly to Gs/Gd/96-like isolates. We attempted to identify the progenitor genes

for these H5N1 viruses isolated from the birds and patients in Hong Kong in 1997 (so called

HK/97-like virus)(Zhao et al., 2008). Our results show that the Gs/Gd/96-like virus has a

very different genomic constellation from that in HK/97-like virus, and only HA, PB2, PB1

and NP segments of Gs/Gd/96-like virus and those of HK/97-like virus share similar

progenitors. In HK/97-like virus, NA evolved possibly from A/duck/Nanchang/

04/92(H7N1)-like virus; PA from A/turkey/England/N28/73(H5N2)-like virus; and matrix

(MP) and NS from A/chicken/Hong Kong/739/94(H9N2)-like virus. This HK/97-like virus

(genotype PR2) disappeared after slaughtering 1.5 million chickens in Hong Kong and

stopping the live poultry trade for 7 weeks (Sims et al., 2003).

Re-Emergence of H5N1 HPAIVs

The H5N1 HPAIV did not disappear from Hong Kong, although HK/97-like virus was not

detected any more. In 1999, H5N1 HPAIV was detected again in waterfowl in Hong Kong

(Webster et al., 2002). Moreover, in February 2003, two human cases were confirmed and

caused by a novel H5N1 genetic variant in Hong Kong. Since the end of 2003, H5N1

outbreaks in chickens have spread over eastern and southeastern Asia (Li et al., 2004). In

May 2005, another novel H5N1 genetic variant was identified in Qinghai Lake (Chen et al.,

2005) and that variant later spread further to the Mideast, Europe and Africa.

Genotypic analysis indicated at least 20 reassortants emerged since the first detection of

Gs/Gd/96-like virus (Zhao et al., 2008) and new reassortants continue to emerge. Among

these reassortants, the genotype of PR7 (Zhao et al., 2008) has become predominant and that

genotype was responsible for all human infections since 2003 as well as for the major

outbreaks in poultry and wild birds. The genomic constellation of PR7 is different from

those of both Gs/Gd/96-like (PR1) and HK/97-like (PR2) viruses. However, PR7 is more

similar to Gs/Gd/96-like virus because between PR7 and PR1 only the progenitor of NS

genes was different. In vitro experiments showed that this NS gene enhanced virus
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replication in mammalian cells (Twu et al., 2007). Different from PR1, the viruses in PR7

were identified in land-based bird, such as chickens.

During 2003/2004 H5N1 outbreaks in Southern Asia, the viruses evolved to be transmitted

efficiently in and among various hosts, especially between waterfowl (e.g., ducks and geese)

and land-based birds (e.g., chickens). The host range for H5N1 HPAIVs has been

broadened, and these H5N1 viruses have been isolated from a broad range of species, such

as crane, chicken, crow, duck, egret, grey heron, gull, partridge, pheasant, quail, sparrow,

swan, swine, teal, tiger, and turkey. These H5N1 viruses can be transmitted among ducks

even through feather dust (Yamamoto et al., 2007).

Waterfowl are accepted generally as the major natural reservoir for avian influenza viruses.

Generally, these viruses do not cause any disease in waterfowl. Before 2002, the H5N1

HPAIVs isolated from birds in China did not cause any symptoms or deaths in ducks (Chen

et al., 2004). However, in 2002, H5N1 HPAIVs with a high virulence to ducks were isolated

(Pantin-Jackwood and Swayne, 2007). During the 2003/2004 outbreaks, the virulence for

ducks of H5N1 isolates varied: some of these H5N1 strains were of low pathogenicity to

mallards, whereas other strains were highly pathogenic to mallards (Sturm-Ramirez et al.,

2005). However, experiments demonstrated further that the pathogenesis of these H5N1

viruses varied according to duck species. For example, in five tested duck species in

Northern America, only the wood duck is sensitive to A/duck meat/Anyang/01 (H5N1) and

A/W.swan/Mongolia/244/05 (H5N1) (Hurt et al., 2007). Besides duck species, the age of the

duck hosts may affect results in pathogenesis experiments (Steensels et al., 2007; Pantin-

Jackwood et al., 2007). In general, the pathogenesis of these H5N1 viruses in waterfowl has

increased since 1996. Experiments showed that H5N1 HPAIVs can revert from high to low

pathogenicity after infecting ducks (Hulse-Post et al., 2005). This suggests the important

role of ducks in virus evolution and transmission.

Emergence and Re-Emergence of Low-Pathogenic Avian Influenza Viruses,

Canine Influenza Viruses and Swine Influenza Viruses in Southern China

H5N1 incidences, especially the outbreak of H5N1 human infections in Hong Kong in 1997,

re-emergence of H5N1 human cases since 2002, and the 2003–2004 H5N1 outbreaks in

Southeast Asia raised public concern for emergence of another influenza pandemic. More

funds and efforts were made available to conduct influenza surveillance in southern China.

It is worth mentioning that, especially after 2000, a systematic surveillance programme has

been established in this area by Guan and other colleagues from Hong Kong University.

These surveillance efforts have greatly enhanced our understanding about influenza genetic

diversity in both domestic chicken and ducks in southern China. Besides the discovery of

genomic dynamics of H5N1 HPAIVs described above, a number of other subtypes of non-

human influenza A viruses have been detected in domestic animals and birds. This review

does not intend to review all findings derived from influenza surveillance carried out in

southern China area but rather to highlight a few subtypes of avian influenza viruses,

especially those reported in the animal species (e.g., swine and canine), other than avian

species.
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The serotype of H9 avian influenza virus was among those identified in the surveillance

performed by Shortridge and other colleagues in 1970s (Shortridge, 1982). One H9N6 and

sixteen H9N2 isolates were recovered from domestic ducks in southern China. In the earlier

1990s, the H9N2 LPAIV was endemic in southern China, and consequently inactivated

H9N2 vaccine has used widely in the poultry industry in this area (and across most areas in

China). Genomic analysis showed that H9N2 LPAIV evolved rapidly in the past two

decades, and many genotypes of H9N2 have emerged (Choi et al., 2004; Chu et al., 2011;

Xu et al., 2007; Li et al., 2003). The wide prevalence of H9N2 virus in domestic chicken and

duck populations presents a large impact on the evolution of other subtypes of influenza A

viruses. The genetic pool of H9N2 viruses was shown to supply donor genes in the

emergence of novel genotypes of H5N1 HPAIVs (Guan et al., 1999), and reassortants

between H9N2 and other subtypes of avian influenza viruses, such as H6, are very common

also. In addition, the subtype of H9N2 influenza A virus was circulating in the swine

population in southern China (Zhang et al., 2011). The H9N2 LPAIV was confirmed to

cause at least four human infections (Peiris et al., 1999; Butt et al., 2005), and up to 15.5%

of poultry retailers had a seroconversion against H9N2 LPAIV (Li et al., 2003).

Through surveillance in the live bird market since 2002, H6 subtypes of LPAIVs (such as

H6N1, H6N2 and H6N6) were shown to be endemic, primarily in ducks (Huang et al., 2010;

Cheung et al., 2007). Frequent reassortments between H6 and H5N1 HPAIVs were observed

also (Chin et al., 2002). Recently, an avian-origin H6N6 influenza A virus was detected in

the swine population, and serological assay demonstrated there was 1.9% prevalence of H6

subtypes in swine population southern China (Zhang et al., 2011).

Compared with H9 and H6 AIVs, H3 subtypes of AIVs were isolated less frequently from

wet market poultry, although this subtype had been reported earlier in the domestic duck

population (Shortridge et al., 1979). The H3 subtypes from live bird market surveillance

included H3N2, H3N3, H3N6 and H3N8. However, serological surveillance from 2006 to

2007 demonstrated about 2.83% of farmed poultry in China was positive for H3 subtype of

avian influenza virus (Pu et al., 2009). In the winter of 2006, H3N2 avian influenza virus

was identified in sick dogs (Li et al., 2010). Interestingly, this virus was similar to the H3N2

canine influenza virus reported in Korea during approximately the similar time period (Song

et al., 2009). This H3N2 canine influenza virus under experimental conditions caused both

dog and cat infections (Song et al., 2009, 2011). It is not known whether this avian-origin

H3N2 canine influenza virus emerged from southern China or was transmitted to this area

from Korea.

In swine, besides the newly emerging H9N2 and H6N6 swine influenza viruses, classic

H1N1, H1N2 reassortant and H3N2 subtypes of influenza A viruses were identified within

this swine population (Yu et al., 2011; Zhang et al., 2011; Shortridge and Webster, 1979;

Shortridge et al., 1977b). Recently, 2009 pandemic H1N1 was identified in the swine

slaughter house, and a number of reassortants were observed (Vijaykrishna et al., 2010).
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Lessons from Emergence of Gs/Gd/96-Like H5N1 HPAIVs and Recent

Surveillance Efforts

Emergence of Gs/Gd/96-like H5N1 virus, especially HK97-like virus, reshaped the central

dogma of influenza ecology, which used to indicate that influenza A virus must first adapt to

swine (as a mixing vessel) before infecting human. From 2003 to 2009, a global framework

for influenza surveillance and reporting system has been established towards pandemic

influenza preparedness: ‘minimize the risk of further spread in animal populations’, ‘reduce

the risk of human infections’ and ‘further support pandemic planning and preparedness’

(http://www.usaid.gov/our_work/global_health/home/News/news_items/ai_activities.html).

Such a framework provided foundations for making policies and initiating rapid actions in

2009 swine-origin H1N1 influenza pandemic prevention and control.

The lessons derived from influenza surveillance carried out in Hong Kong, and other over

the past four decades, especially the recent 10 years, set the scene for what was ‘normal’ and

‘abnormal’ influenza activity, and, also importantly, the development of a culture of

awareness across government, university, medical personnel, veterinarian, the media and

other groups. These surveillance efforts provide a foundation for review of the history of

emergence of Gs/Gd/96-like viruses and HK/97-like viruses. This retrospective capitulation

reflects the challenges in the current surveillance programme and contributes to designing a

more effective influenza surveillance programme. More surveillance data are being

generated will be helpful for the scientists and influenza workers on either side of the Pacific

(as well as other regions) to detect introduction of Gs/Gd/96-like H5N1 HPAIVs or

emergence of novel influenza viruses associated with Gs/Gd/96-like H5N1 HPAIVs thus to

effectively implement tough decisions in influenza prevention and control.

Earlier genetic analyses have suggested waterfowl are the major sources of the progenitors

of the Gs/Gd/96-like, HK/97-like viruses, and other genotypes of H5N1 HPAIVs. However,

how and where Gs/Gd/96-like viruses emerged still remain a puzzle because many of the

progenitors were from those avian influenza viruses identified in 1970s and from the areas

other than southern China (e.g., England). These progenitor genes have large genetic

divergences from those in Gs/Gd/96-like, HK/97-like, and other H5N1 HPAIVs (Zhao et al.,

2008). This suggested that there was still a large gap in the knowledge of influenza virus

genetic diversity in both domestic and wild bird populations in southern China, mostly due

to the lack of systematic surveillance before and even after the detection of Gs/Gd/96-like

viruses in southern China. This confirms further that influenza surveillance is the key to

identifying novel influenza viruses and potential threats and to monitoring the dynamics of

influenza A viruses.

The progenitor genes for Gs/Gs/96-like viruses were shown to generate reassortants as

LPAIVs, such as A/swan/Hokkaido/51/96(H5N3), in Japan. Recent surveillance findings,

especially the discovery of H5N1 HPAIVs in Qinghai Lake (Chen et al., 2005; Liu et al.,

2005) and the links of H5N1 HPAIVs from Qinghai Lake and Poyang Lake (Li et al., 2004),

have confirmed the roles of migratory birds in the emergence of H5N1 HPAIVs. The

detection of genetically diverse H5N1 HPAIVs in wild birds, especially duck and goose,

highlights the potential roles of these viruses in emergence of Gs/Gd/96-like and HK/97-like
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viruses. Five of the gene progenitors of Gs/Gd/96-like viruses were associated genetically

with those in A/duck/Nanchang/1681/92(H3N8) (NC92-like viruses), which were identified

in Nanchang, about 100 miles southwest Poyang Lake. Recent surveillance in the Poyang

Lake area suggested there was a large genetic diversity of avian influenza viruses in

migratory duck and sentical ducks in this area (Duan et al., 2011). As mentioned in the

section of Re-emergence of H5N1 HPAIV, pathogenesis of H5N1 HPAIVs may vary

according to duck species (Hurt et al., 2007) or age (Steensels et al., 2007; Pantin-Jackwood

et al., 2007), and this finding suggested great challenges in influenza surveillance in

migratory waterfowl: which bird species should be included?

In 1996, all the domestic geese on the farms with Gs/Gd/96 H5N1 outbreaks were culled

soon after the disease outbreaks were reported. However, Gs/Gd/96-like viruses did not

disappear and were detected again in domestic geese in Hong Kong in 1999 (Webster et al.,

2002). It is very likely that these Gs/Gd/96-like H5N1 viruses were present asymptotically

in some avian species (e.g., duck). Other surveillance suggested there were a large genetic

diversity of H5N1 HPAIVs in domestic and wild ducks in eastern China before the 2002–

2003 H5N1 outbreaks (Chen et al., 2004). Whether Gs/Gd/96-like viruses emerged first in

other areas (e.g., Poyang Lake or even eastern China) and transmitted to southern China is

still a mystery.

The transmission of H5N1 and H9N2 avian influenza viruses to humans strengthened the

concept of ‘one health’ in influenza surveillance. The exchange of genomic segments among

influenza A viruses, especially among avian influenza viruses, swine influenza viruses and

human seasonal influenza strains, can facilitate the emergence of a novel pandemic

influenza A virus. The prevalence of H3, H4, H5, H6, H9 in avian, emergence of H4N8,

H6N6, H5N1 (Shi et al., 2008) and H9N2 in swine, and H3 in canine (antigenically different

from currently circulating human H3N2 seasonal influenza viruses) has posed threats to

human health. The genomic characterization and across species transmission of H5N1 and

other low-pathogenic avian influenza viruses, such as H3, H4, H6 and H9, strengthened the

concept of ‘one flu’ in influenza surveillance. Thus, interface surveillance of the animal–

human interface shall be a top priority, and genomic constellation of the influenza viruses

recovered from animal–human interface will need to be characterized.

The lessons through the emergence of Gs/Gd/96-like viruses and the findings from recent

surveillance in southern China provide us knowledge about an ecological setting as an

influenza epicentre, which can help identify potential influenza epicentres in other areas. For

instance, a novel swine-origin H1N1 pandemic virus emerged in North America in 2009

(Dawood et al., 2009). The experience in southern China could be useful in identifying the

influenza epicentre in North America. Mississippi Bird Migration Flyway spans the

Northern, Midwestern and Southeastern United States, and these areas form a unique

ecological system: (i) the 8 of top 10 swine producing states are located along this flyway;

(ii) Arkansas, Mississippi and Missouri produce more than 25% of poultry in the United

States; and (iii) Large aquatic bodies and fish farming are located in the area, for example

the Great Lakes and Mississippi Delta. Would these areas across Mississippi Bird Migration

Flyways form another influenza epicentre?
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In summary, continuous and systematic influenza surveillance shall be implemented in

southern China, and the animal–human interface will be a top priority. Besides southern

China, other neighbouring areas, such as central China and eastern China, should be

included in the surveillance system, if possible. Findings from influenza surveillance in

other countries neighbouring southern China, for example Vietnam, should be integrated

into influenza data analyses.

The Priority of Influenza Surveillance in Southern China

In general, the influenza ecosystem can be summarized into four major subsystems: farms,

backyards, wildlife and wet markets (Fig. 2). The wet markets here included both the live

animal market and the animal slaughtering houses. The farms and wildlife subsystems, with

the largest domestic and wild animal populations, respectively, serve as two major natural

reservoirs for influenza viruses. The wet markets facilitate influenza A viruses to overcome

geographic barriers by connecting farms, backyards and wildlife subsystems. Instead,

backyard exposures play an important role in facilitating the contacts between wild and

domestic animals. Because influenza A viruses have a wide range of natural hosts, it is not

possible to design a surveillance protocol to cover all the species in these four subsystems,

but what should be the priority in an effective surveillance programme in southern China?

Because influenza A viruses from farms, backyards and wildlife are able, potentially, to mix

at wet markets, the genetic pool from wet markets could mimic those from influenza

ecosystems. On the other hand, at the wet markets, viruses from farms, backyards and wild

areas may interact with pre-existing influenza viruses present in the wet markets, including

those from animals and humans, and such interactions facilitate emergence of novel

influenza viruses. Thus, wet markets serve sources for the emergence of novel influenza A

viruses and are major sources for human H5N1 infections in China (Wan et al., 2011).

Compared with the surveillance in the other three subsystems, surveillance in wet markets,

such as live bird markets and swine slaughter houses, is relatively easier and more economic

to be conducted. Thus, long-term and systematic surveillance in wet markets should be

continued, and the species covered should be as wide as possible, and at least include swine

and the majority poultry species, chicken, goose and duck, which are the major components

among the animal–human interface.

Compared with wet markets, such surveillance of farmed animals (e.g., swine, chicken, duck

and goose) in southern China is relatively limited. Because the ecology of the wet market

subsystem is different from that of the farm subsystem (e.g. the number and species

diversity of hosts), the genomic constellation and prevalence of viral population recovered

from the wet markets do not necessarily reassemble those on farms. In the 2003–2004 H5N1

outbreaks, the H5N1 genotypes identified from farms were not the same as those reported

elsewhere from live bird markets (Wan et al., 2005; Li et al., 2004). Thus, given the

phenomenal increases in chicken and swine production, disease-based surveillance will be

critical not only in detecting the emerging and re-emerging influenza strains but also in

assessing the epidemic situation. A sound disease-based virus surveillance system will need

to consider a number of factors, such as animal species, animal population size, and animal
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population distribution. Seroconversion rate is commonly used as an important parameter in

disease-based influenza surveillance.

Migratory waterfowl serves as natural reservoirs of influenza A viruses. Lessons from

emergence of Gs/Gd/96-like H5N1 HPAIVs suggested the important role of migratory birds

in influenza transmission and epidemics: failure of Eastern Asia to react to the detection of

Gs/Gd/96-like viruses in geese in Hong Kong in 1999 and the development of H5N1

genotypes in China thereafter until the H5N1 situation could no longer be contained in 2003;

failure to prevent the spread of H5N1 viruses from eastern China to Qinghai Lake in 2005

and subsequent spread across the Eurasian landmass. Compared with those in wild bird

populations, the genotypic diversity of influenza viruses exhibited in domestic ducks could

represent only as ‘a tip of an iceberg’ because migratory waterfowl serve as natural

reservoirs of influenza A viruses. Surveillance in wild bird population has been very

challenging and many times not achievable without banding or even hunting those birds.

Among all the natural hosts of influenza A viruses, geese are likely to play a unique role in

influenza ecology in this area. Geese act as one of the major farmed and backyard poultry

species. Geese belong to the genus of Anser under the family of Anatidae. The goose has an

avian-like α2,3 linked sialic acid receptor through the respiratory track and human-like α2,6

sialic acid in the colon (Kimble et al., 2010). Although ducks are members of Anatidae, they

have different habitats from geese. Ducks spend most of their time in wetlands, whereas

geese are free-range birds and spend much time on the dry land. Thus, geese have

opportunities to serve as an intermediate host among waterfowl (domestic and wild), land-

based poultry (e.g., chicken and quail), swine and other domestic animals, such as dogs (Fig.

2). A variety of influenza viruses were identified in domestic geese in southern China (Guan

et al., 2002; Wan, 1998; Shortridge et al., 1977a). In summary, geese could play an

important role in the ecology of influenza, connecting wild animal populations to domestic

poultry and waterfowl to land-based birds and animals. Thus, geese must be one major

species in influenza surveillance and be strengthened in southern China.

In summary, with the importance of all four subsystems covered in influenza surveillance,

wet markets represent one of the major animal–human interfaces and thus shall be continued

as a priority in influenza surveillance. On the other hand, the animal species, for example

geese, bridging the interface between wild and domestic animals and the interface between

the water and land should be strengthened.

Conclusions

Southern China provides a unique ecological system optimal for influenza viral emergence.

The lessons from the emergence of A/goose/Guangdong/1/1996 (H5N1) and recent virus

surveillance efforts suggested these emerging influenza A viruses in southern China as a

continuous threat to human health. A long-term and systematic surveillance programme

should continue to be implemented in this area. Genomic characterization of influenza

viruses helps us understand their genomic constellation and evolutionary pathway and detect

a novel influenza virus, thus genomic characterization shall be an essential component of

influenza surveillance programme.
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Impacts

• Southern China provides a unique ecological system optimal for influenza viral

emergence, and emergence of A/goose/Guangdong/1/1996 (H5N1) (Gs/Gd/96)

presents a continuous threat to both animal and human health.

• Gs/Gd/96-like viruses, HK/97-like viruses, and currently circulating H5N1

HPAIVs have different genomic constellations, and where and how these

viruses emerged are not fully understood.

• Long-term and systematic surveillance programmes shall continue to be

implemented in southern China, the wet markets on the animal–human interface

should be priority study area, and the surveillance on the animal species, such as

the geese, bridging the interface between wild and domestic animals and the

interface between the aquatics and territories shall be the strengthened.
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Fig. 1.
Geographic map of southern China. Southern China and northern China are narrowly

defined by the boundary of the Dayuling-Qitian-ling-Dupangling-Mengzhuling-

Yuechengling Mountains line. Southern China includes Guangdong, Guangxi, Hainan, Hong

Kong and Macau SAR, Taiwan, and southern parts of Fujian, Jiangxi and Hunan Provinces.

The locations of recently emerging influenza A viruses are marked.
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Fig. 2.
A model for the influenza ecosystem. The major bird species in poultry farms, backyards

and wet markets in southern China include chickens, ducks, geese and quails; the major

animal species in farms and wet markets in southern China is swine.
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