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ABSTRACT 

Following the emergence in 2009 of the new pandemic H1N1 influenza virus, which contained gene segments 

from pig, bird and human influenza viruses, it was apparent that a better scientific understanding is required of 

influenza viruses to protect public and animal health. The latest scientific data on biological properties of the 

virus, transmissibility, host susceptibility and epidemiology has been evaluated in order to identify factors that 

could be monitored in animals and that would suggest a risk of emergence of a new pandemic influenza strains. 

Virological studies and animal models have highlighted the importance of individual virus proteins but virulence 

and transmissibility are polygenic effects and no single genetic marker can be reliably associated with increased 

pathogenicity or transmissibility. It was concluded that current monitoring of the influenza gene pool in humans 

has been able to provide an alert for the emergence of new human influenza strains of public health significance. 

In contrast, there is an incomplete view of the influenza virus strains circulating among pigs and birds at the 

global level. Interpretation of the origins and pandemic potential of influenza viruses do require knowledge of the 

influenza gene pools in both pigs and birds, as well as other animal species. It is recommended that there should 

be long term support for a passive monitoring network in pigs and birds in order to promote greater 

understanding of the evolution of influenza viruses at the global level. Maximum benefit can only be obtained by 

applying an integrated approach involving the medical and veterinary networks including development of 

harmonised tools and approaches, exchange of virus strains and sequence data and enhancing the coordination 

and dissemination of the findings from the human, swine and avian networks. 
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SUMMARY  

Following the emergence in 2009 of the new pandemic H1N1 influenza virus, which contained gene 

segments from pig, bird and human influenza viruses, it was apparent that a better scientific 

understanding is required of influenza viruses and, in particular, of the underlying factors that most 

strongly contribute to the emergence of influenza viruses with the final aim being to protect public 

and animal health. 

Consequently, the European Commission requested EFSA’s Scientific Panel for Animal Health and 

Welfare to deliver a Scientific Opinion on monitoring for the emergence in animals of possible new 

pandemic strains of influenza. Specifically, the Panel was asked i) to indicate the most important 

factors to be monitored in animals that would suggest a risk of emergence of a new pandemic 

influenza strain, ii) to assess possible options of monitoring for the presence of the most important 

factors that would suggest a risk of emergence of influenza viruses (potentially leading to a pandemic) 

in different animal populations, that could act as reservoirs, mixing vessels or otherwise contribute to 

the risk posed to humans and animals by influenza viruses and iii) to assess the possible predictability 

of the emergence of a new pandemic influenza strain by monitoring the molecular evolution and 

development of influenza viruses in different animal populations. Following discussion with the 

Commission, it was decided that this Scientific Opinion would focus on influenza in birds and pigs; it 

would not cover the potential role of influenza in other mammalian species (e.g. horse, dog, cat, 

marine mammals) that may contribute to the overall process of influenza strain evolution.  

The Working Group assessed the latest scientific data and progress to present an overview of current 

understanding of molecular markers in influenza viruses that have been linked to biological properties 

of the virus, transmissibility of the virus, particularly between species, host susceptibility, 

epidemiology and monitoring in pigs, birds and humans. 

On the basis of the Working Group’s report, the Panel made several conclusions in relation to each of 

the terms of reference in the mandate. The principal conclusions relating to the most important factors 

to be monitored in animals that would suggest a risk of emergence of a new pandemic influenza strain 

were that only a subset of the 16 haemagglutinin and 9 neuraminidase subtypes of influenza A virus 

have been observed in humans, of which only H1, H2, H3, N1 and N2 have been shown to be 

involved in pandemic and seasonal influenza. Virological studies and pathogenesis studies in animal 

models have highlighted the importance of individual virus proteins, although these properties are 

inconsistent between strains. Further, virulence and transmissibility are not determined by the 

properties of a single gene or protein; they are polygenic and the specific gene constellation is also 

important. Consequently, no single genetic marker or genetic constellation can be reliably associated 

with increased pathogenicity or transmissibility of influenza virus strains in mammals and cannot 

therefore be used to monitor for the emergence of a new pandemic strain of influenza virus.  

The Panel made several conclusions when considering options of monitoring for the presence of the 

most important factors that would suggest a risk of emergence of influenza viruses.  It was concluded 

that current monitoring of the influenza gene pool in humans through the GISN has been able to 

provide an alert for the emergence of new human influenza strains of public health significance. In 

contrast, it is very likely that there is an incomplete view of the influenza virus strains circulating 

among pigs and birds at the global level. There is more information available for Europe and 

consistent information about influenza virus strains circulating in pigs in Europe has been obtained 

through the ESNIP projects, which therefore will extend the body of knowledge and information to 

promote a greater understanding of the epidemiology of SIVs and will establish a baseline to support 

alerts for the emergence of new reassortants. However, even in Europe, routine monitoring of poultry 

and wild birds for avian influenza virus subtypes is restricted to the H5 and H7 subtypes; monitoring 

for other subtypes is not mandatory and, consequently, knowledge on viruses that potentially could 

transmit to humans, such as H1, H2, and H3, is rather scarce. This gap limits understanding of their 
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epidemiology, molecular diversity and potential contribution to strains of public health concern. 

Consequently, even though it appears that there is insufficient coordination between medical and 

veterinary diagnostic systems in Europe to support the routine detection of swine or avian influenza 

viruses infecting humans, it was concluded that new strains of influenza virus of public health 

significance are more likely to be detected by monitoring human samples. However, interpretation of 

the origins and pandemic potential of such viruses would require knowledge of the influenza gene 

pools in both pigs and birds, as well as other animal species, when relevant. 

The Panel concluded that, at present, it was not possible to predict the emergence of new pandemic 

influenza virus strains by monitoring the molecular evolution of the virus. The potential of 

phylogenetics has been demonstrated by revealing patterns of seasonality and tracking of the current 

2009 H1N1 pandemic. However, further application of phylogenetics to monitor emergence and 

evolution of influenza viruses is constrained by the uneven representation in databases of influenza 

virus sequences from different species and geographical areas 

The main recommendations were that there should be long term support for a passive monitoring 

network in pigs and birds based on current diagnostic practices in both pigs and birds, such as the 

ESNIP network, in order to promote greater understanding of the evolution of SIVs and AIVs at the 

global level and establish a baseline to support alerts for the emergence of new reassortants. 

Monitoring in birds should be extended to include AIVs that express the HA and NA subtypes that 

have been observed in man, particularly H1, H2 and H3. A risk-based approach focusing on domestic 

poultry, and animals in contact with them, should be used. 

Maximum benefit would be obtained by applying an integrated approach involving the medical and 

veterinary networks. This should include the development and implementation of harmonised tools 

and approaches, exchange of virus strains and sequence data, and enhancing the coordination and 

dissemination of the findings from the human, swine and avian networks, as well as from other 

species, when relevant. 

Monitoring should include typing of the H and N genes as a minimum, although full sequencing of the 

virus is the preferred option, as this will provide important additional information, including 

reassortant events. Depositing data in publicly accessible platforms for data analysis and 

interpretation in conjunction with epidemiological information would support and accelerate the 

general advancement of knowledge on the zoonotic and pandemic risk linked to influenza viruses.
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BACKGROUND AS PROVIDED BY THE COMMISSION
4
 

The present influenza pandemic (H1N1) 2009 influenza virus is a new virus subtype of influenza A 

(H1N1) viruses that spreads from human to human and is causing a human influenza pandemic in 

accordance with the declaration made by the WHO on June 11 2009. 

The pandemic virus contains gene segments from pig, bird and human influenza viruses in a 

combination that has never been observed before. Apart from humans, the virus has also infected pigs 

in Canada, Argentina, Australia, Singapore (pigs originating from Indonesia), Norway, UK (Northern 

Ireland), the Republic of Ireland and Iceland, and turkeys in Chile. The epidemiological situation 

appears to be in evolution. 

In contrast, the classical swine influenza viruses circulate widely in many pig populations around the 

world, including the EU. In relation to these viruses, a reasonably comprehensive monitoring 

programme has been ongoing under EU research programmes in the context of research on influenza 

viruses. Valuable experience in this regard has been made available through networks of expertise 

such as OFFLU and research initiatives under a specific call for avian and human influenza: 

Framework 6 (FP6) projects, FP7 projects, and preparedness and capacity building for emerging 

epidemics, swine focused projects such as ESNIP 2 and influenza network enhancing projects such as 

FLU-LAB-NET. The EU has been particularly active in research on human influenza. Some examples 

are FLUPAN, which developed the first candidate H7N1 vaccine, and NOVAFLU, which developed 

the computer algorithm now incorporated by WHO in the vaccine strain selection process. 

There is no evidence suggesting that the novel virus behaves in pigs in a different way from the other 

classical influenza viruses of pigs that only cause a mild respiratory disease. 

As regards poultry, the pandemic influenza virus was identified in August 2009 in two turkey breeder 

holdings in Chile. The clinical symptoms had started in mid July with a sudden drop in egg laying and 

altered egg shells. No increased mortality was observed. Normal egg production was again reached 

after 20 days of the infection. The symptoms were very much like an infection with a low 

pathogenicity avian influenza (LPAI) virus. By the time of the virus detection in turkeys there had 

been extensive human to human transmission of the pandemic influenza virus in Chile, which makes 

occasional transmission from man to bird the most likely scenario. Some birds had been in contact 

with persons with respiratory disease. 

Genetic sequencing of the haemagglutinin (HA) gene from the pandemic influenza virus isolated from 

the turkeys showed 99.5 % similarity to the Californian human strain and a 100 % match to the human 

strain circulating in Chile at that time. Mutations that might explain an increased capability of the 

virus to infect turkeys have not been detected, but work to further characterise the virus is needed. No 

turkey-to-human transmission has been reported so far. 

However, the finding of the pandemic influenza virus in turkey holdings in Chile is unexpected as 

attempts to date in the USA and Europe to infect turkeys experimentally with the pandemic influenza 

virus have been unsuccessful. The significance of the pandemic (H1N1) 2009 influenza virus for 

different animal species remains unclear. 

Surveillance for avian influenza (AI) is currently carried out in Member States (MS) in poultry and 

wild birds. The objectives for AI surveillance are currently laid down in the official guidelines 

adopted in 2007 by Commission Decision 2007/268/EC. Surveillance in poultry aims in particular at 

detecting sub-clinical infections with the LPAI of these subtypes, thereby complementing other early 

detection systems, in order to determine the genetic characteristics of influenza viruses and 

subsequently preventing possible mutation of these viruses to high pathogenicity avian influenza 

(HPAI). It should be noted that surveillance for the HPAI H5N1 subtype virus in wild bird 

populations, by testing live birds and those found dead, has become more important in order to protect 

domestic poultry from becoming infected. 
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In the longer term, there is a need for comprehensive monitoring of influenza virus genotypes in order 

to follow the current situation, and the emergence and evolution of possible virus reassortants (virus 

monitoring) in pigs and other animal species, with the final aim being to protect public and animal 

health. 

In order to limit the emergence and spread of influenza viruses with pandemic potential in an effective 

and proportionate way, the risk manager will require a better scientific understanding of influenza 

viruses and, in particular, of the underlying factors that most strongly contribute to the emergence of 

influenza viruses. It is also necessary to develop better methods and criteria to assess the risk such 

viruses may pose to people and animals. 

During recent years, it has emerged that cooperation between public health and animal health experts 

from different fields, such as virology and epidemiology, is necessary in order to address this complex 

issue. Furthermore, full and immediate sharing of research results and data between the scientific 

community and health authorities is essential in order to reap the full public health benefits of these 

research efforts. Scientific advice and risk assessment also support gathering and exchange of relevant 

information. 

In general, the potential control measures to be taken in case of pandemic (H1N1) 2009 influenza 

outbreaks or infection(s) on farms should be proportionate to: i) the risk posed by animals, in 

particular pigs and different poultry species, in the transmission of the pandemic virus to humans, if 

any, compared to the role played by human-to-human transmission, and ii) the severity of disease in 

animals and humans. 

From an animal disease control point of view it is considered that certain movement restrictions 

should be implemented for animals showing signs of influenza, such as clinical respiratory illness. 

The main measure should be movement controls of live animals to other farms. The farm movement 

controls (quarantine) should be in place until a certain number of days (i.e. seven) after the last 

clinical signs of disease have been observed in the epidemiological unit, and influenza is no longer 

considered a veterinary risk. 

Pre-existing immunity induced due to a previous influenza infection or following conventional 

influenza vaccination may not protect animals, especially pigs, against infection with pandemic 

influenza virus, although it may provide partial protection. Partial protection has been observed in 

some experimental studies with piglets having maternal antibodies but this is not supported with 

sufficient challenge studies to provide confidence in these findings. Vaccines currently used in the EU 

or elsewhere to protect pigs against influenza may not be effective against the pandemic influenza 

virus. Therefore, it is unclear whether vaccination is an appropriate tool to control pandemic (H1N1) 

2009 influenza virus in different animal species. 

As regards food safety, the statements made by the OIE/WHO/FAO/WTO/ECDC/EFSA adequately 

address the issue of safety of meat such as pork and pork products for human consumption in relation 

to influenza. 

However, the Commission is in need of further scientific advice and risk assessment, as regards the 

pandemic (H1N1) 2009 influenza virus in animals. 

TERMS OF REFERENCE
5
 AS PROVIDED BY THE COMMISSION 

 To indicate the most important factors to be monitored in animals that would suggest a risk of 

emergence of a new pandemic influenza strain; 

                                                      

 
5
 The terms of reference (ToRs) have been divided into two separate mandates by EFSA. Three ToRs are being 

addressed in this opinion, whereas the remaining 6 ToRs were included in the opinion on “current pandemic 

(H1N1) 2009 influenza and its potential implications for animal health” (EFSA-Q-2009-00935). 
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 To assess possible options of monitoring for the presence of the most important factors that 

would suggest a risk of emergence of influenza viruses (potentially leading to a pandemic) in 

different animal populations, that could act as reservoirs, mixing vessels or otherwise 

contribute to the risk posed to humans and animals by influenza viruses; 

 To assess the possible predictability of the emergence of a new pandemic influenza strain by 

monitoring the molecular evolution and development of influenza viruses in different animal 

populations. 
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ASSESSMENT 

1. Introduction 

Influenza has been known for centuries to cause serious widespread disease in humans and historical 

evidence points to many cases of panzootic outbreaks of influenza-like illness in horses, poultry or 

pigs with concomitant disease outbreaks in humans (Morens and Taubenberger, 2010). From the 

pandemic influenza of 1918 onwards, the etiological association of influenza viruses with disease in 

humans and animals has been convincingly established. However, the complex relationships of 

influenza virus ecology and evolution between its reservoirs in wild aquatic birds and a wide array of 

avian and mammalian host species remain a huge challenge in our efforts to prevent and mitigate 

influenza, and many gaps still persist in our understanding of the dynamic evolution of influenza 

viruses (Forrest and Webster, 2010). 

Following discussion with the Commission, it was decided that this assessment will focus on 

influenza in birds and pigs but will not cover the potential role of influenza in other mammalian 

species (e.g. horse, dog, cat, marine mammals) that may contribute to the overall process of influenza 

strain evolution. Indeed, equine influenza viruses have been shown to cross the species barrier to dogs 

and perhaps pigs. Furthermore, in the context of this report, despite the successful experimental 

infection of human volunteers with equine influenza virus (EIV), there is currently little evidence that 

supports a zoonotic role for EIV (OFFLU Annual Report, 2010a). 

2. Influenza A virus 

Influenza viruses are segmented, negative, single-stranded RNA viruses that are placed in the family 

Orthomyxoviridae in three genera: Influenza virus A, B and C. Type A influenza viruses are further 

divided into subtypes based on the antigenic relationships in the surface glycoproteins haemagglutinin 

(HA) and neuraminidase (NA). A gene pool of influenza A viruses is maintained in aquatic birds, and 

various subtypes cause natural infections of birds, poultry and a large range of terrestrial and marine 

mammals, including humans. Influenza B is important in human seasonal influenza but it does not 

cause pandemics. Influenza C usually causes mild disease. However, influenza B and C viruses are 

normally not found in animals (Hay et al., 2001; Fouchier et al., 2003), therefore, these viruses will 

not be considered further in this Opinion. 

On the basis of the antigenicity of their haemagglutinin and neuraminidase, 16 haemagglutinin 

subtypes (H1-H16) and nine neuraminidase subtypes (N1-N9) have so far been recognised. Each virus 

has one H and one N antigen subtype and almost every combination has been found (Webster et al., 

1992). All 16 H subtypes are found in avian populations. However, only a subset has occurred in 

humans (H1, H2, H3, H5, H7, H9, H10), of which only the first three have transmitted easily in 

humans. Of the nine neuraminidase subtypes, again only a subset (N1, N2, N3, N7) has been found in 

humans, of which only the first two have been involved in pandemic and seasonal influenza. 

The genome of influenza A virus is made up of eight segments coding for 10-11 proteins: PB2, PB1, 

PB1-F2, PA (viral RNA-dependent RNA polymerase complex), HA, NP (nucleoprotein), NA, M1 and 

M2 (matrix- and ion channel proteins), and NS1 and NS2 (non-structural proteins) (Das et al., 2010). 

The haemagglutinin mediates binding to the host cell and subsequent fusion of viral and cellular 

membranes, followed by release of the viral ribonucleoprotein into the cytoplasm. The 

haemagglutinin together with neuraminidase are the major surface antigens and targets of host 

immunity. Antigenic drift of influenza viruses is derived from a high mutation rate and amino acid 

substitution in these surface antigens related to circumvention of the host immune pressure. 

Influenza viruses are RNA viruses with their viral RNA polymerases lacking the proof-reading ability 

of DNA polymerases, so their mutation rate is high. This results in a proportion of each next 

generation of influenza viruses being mutants, with point mutations occurring in the H or N proteins 
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on the viral surface (Rambaut et al., 2008). Over time this may lead to “antigenic drift” from the 

ancestral makeup and the new variant can become dominant if it has an evolutionary advantage. This 

occurred for example when a new variant of the A(H3N2) virus (named A/Fujian(H3N2)) emerged in 

2003-4 that was distinct from the preceding interpandemic strain (Russell et al., 2008). 

Another characteristic of the influenza viruses is that the division of their RNA genome into eight 

segments allows mixing or reassortment of these segments when more than one type of influenza 

virus infects the same cell. When two influenza viruses, animal or human, infect the same animal or 

human at the same time (and potentially both enter one cell), these animals or humans can serve as a 

mixing vessel that may result in “antigenic shift”, with generations of novel influenza viruses having 

genes of both parent viruses and possibly new biological characteristics. 

Hence, because of the deficiency in their RNA proof-reading enzymes and the reassortment 

mechanism, a seemingly endless variety of new viruses with potentially new properties are 

continually being engineered in nature, usually with gradual changes, but with an occasional abrupt 

change (drift and shift, respectively) (Morens et al., 2009). The larger, sudden changes may result in 

the emergence of a novel dominant human virus: a pandemic strain. An example of this is A(H2N2) 

replacing A(H1N1) (the 1957 pandemic), when the former overcame the acquired protective 

“historical” population immunity and out-competed the preceding influenza A viruses. Hence, these 

two mechanisms explain the perennial waves of epidemic influenza with varying pattern and severity 

from season to season and the ongoing risk of an occasional pandemic strain emerging (Taubenberger 

and Morens, 2006). 

2.1. Transmissibility 

A large array of viral, host and environmental factors influence intra- and inter-species 

transmissibility of influenza viruses. The HA receptor binding specificity, in conjunction with cellular 

receptor expression, influence host and tissue tropism, such as replication in the upper respiratory 

tract. However, other structural and non-structural proteins involved in replication and transcription of 

the viral genome also affect the host range, level of viral replication, temperature permissiveness and 

excreted titre (Neumann and Kawaoka, 2006; Yassine et al., 2010). The best example of the effect of 

a viral factor in biology involves the HA of avian influenza viruses and its influence on pathogenicity 

and transmission of these viruses. 

Influenza A viruses infecting poultry can be divided into two distinct groups, low pathogenicity and 

high pathogenicity, on the basis of the severity of the disease they cause in 6-week-old chicks (OIE 

Manual, 2010). The low pathogenicity viruses (LPAIV) generally cause only mild disease in poultry. 

In contrast, the high pathogenicity viruses (HPAIV) cause a severe disease in which flock mortality in 

some susceptible species may be as high as 100 %. LPAIV can mutate to HPAIV by the acquisition of 

multiple basic amino acids (arginine and lysine) at their HA0 cleavage site. This well characterised 

modification extends the range of tissues that are permissive for the virus so that it replicates 

throughout the bird, and damages vital organs and tissues, which results in disease and death (Rott, 

1992). Virus titres are also increased and enhance the transmission potential of infected birds. 

Transmission and establishment of an infection in a population is also influenced by the prevailing 

specific immunity of the population. This effect can be assessed by estimates of the basic 

reproductive number (R0), which has been used extensively to assess the transmission potential of 

influenza viruses in human populations. R0 is defined as the average number of new infections caused 

by one infectious individual in a fully susceptible population. In order to establish itself in a 

population R0 needs to exceed 1. For the 2009 pandemic H1N1 virus, estimates from the early 

observations of the pandemic were in the range of 1.2-2.0 (Fraser et al., 2009; WHO, 2009). In 

comparison, estimates of R0 for the 1918 pandemic influenza virus varied from 1.3-3.8 (Chowell and 

Nishiura, 2008), whereas in poultry R0 was estimated at 2.3-2.6 for H5N1 in Thailand (Tiensin et al., 

2007). As soon as the number of immune individuals increases the effective reproductive number Re 

in a population drops and an epidemic fades out as soon as Re is below 1. 
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2.1.1. Cellular receptors 

Influenza viruses bind to cellular receptors via specific binding between the viral haemagglutinin 

(HA) and N-acetylneuraminic acid. This receptor binding is also the underlying mechanism of in vitro 

haemagglutination assays seen with influenza viruses. Differential binding is observed depending on 

whether sialic acid (SA) is linked through the hydroxyl group of carbon-3 (α2-3) or carbon-6 (α2-6) of 

galactose. Avian viruses preferentially bind to receptors having the α2-3 glycosidic linkage, whereas 

mammalian viruses preferentially bind to receptors with α2-6 linkage. Mutations in the receptor-

binding site of the virus may change the binding preference, such as the Asp222Gly (D222G) seen in 

the HA of pandemic H1N1 virus, which increases binding to α2-3 receptors (Chutinimitkul et al., 

2010; Liu et al., 2010). Whether the selection of the D222G mutation is a cause or a consequence of 

more severe lower respiratory tract infection is still unresolved (Kilander et al., 2010). 

HA glycoproteins bind to certain SA isomers of host glycoproteins, supporting the role of HA-SA 

affinity in the host range. Avian viruses present conserved amino acid signatures in the receptor 

binding domain (RBD) and those avian HA proteins adapted to humans have mutations in several key 

residues of the RDB, namely 138, 190, 194, 225, 226 and 228 (H3 numbering) (Matrosovich et al., 

2000), which increase binding from α2-3 to α2-6 SA. However, enhanced α2-6 SA binding is not in 

itself sufficient for host switching and does not solely determine efficient human to human 

transmission (de Wit and Fouchier, 2008). 

In birds, epithelial cells preferentially express α2-3 linked receptors in both the intestinal and 

respiratory tract. However, some birds, such as Japanese quail (Coturnix coturnix japonica), also 

exhibit α2-6 linked receptors (Wan and Perez, 2006). 

In humans, receptors with α2-6 are predominantly expressed in the upper respiratory tract but α2-3 

linked receptors are also expressed in the lower parts of ciliated bronchial epithelium and alveolar 

cells (Shinya et al., 2006). The relative distribution of α2-6 and α2-3 receptors in pigs is similar to that 

in man (Nelli et al., 2010; Van Poucke et al., 2010). These findings suggest that not only pigs but also 

humans may be co-infected by both avian and mammalian viruses, thus facilitating reassortment 

events between mammalian and avian influenza viruses considered to be an important step in the 

generation of viruses with pandemic potential. 

Furthermore, the demonstration that α2-3 and α2-6 galactose linkages are also present in avian 

species, namely quails and chickens (Guo et al., 2007; Wan and Perez, 2006), suggests that certain 

gallinaceous species may also play a role in the adaptation or spread of the virus from its natural 

reservoir to either domestic poultry or mammalian species. 

Receptor specificity is therefore an important characteristic of influenza virus strains (Nicholls et al., 

2008). Furthermore, the ability to screen for a diverse set of sialic acid-containing glycans has shown 

that the mechanisms involved in receptor binding are complex, and several tools have been developed 

to screen for receptor specificity in relation to variations in glycan structure and composition (Stevens 

et al., 2006). 

2.1.2. Replication 

Following binding to the host cell sialic acid receptor, the virion is internalised in an endocytic vesicle 

where a low pH triggers an irreversible conformational change in the haemagglutinin molecule with 

dissociation of the HA1 and HA2 subunits. The N-terminal fusion peptide of HA2 induces fusion of 

viral and endosomal membranes and release of ribonucleoprotein (RNP) complex into the cytoplasm 

from where it is transported to the cell nucleus. Replication and transcription of the viral RNAs are 

carried out by the RNA polymerase complex in the nucleus of the cell and they are subsequently 

exported to the cell cytoplasm where viral mRNA is translated. Progeny virions assemble and bud at 

the plasma membrane (Neumann et al., 2009). 

Influenza A viruses infecting poultry can be divided into two distinct groups on the basis of the 

severity of the disease they cause. The very virulent viruses cause HPAI in which flock mortality in 
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some susceptible species may be as high as 100 %. These viruses have been restricted to subtypes H5 

and H7, although not all viruses of these subtypes cause HPAI. 

The HA0 precursor proteins of LPAI viruses have a single arginine at the cleavage site and another at 

position -3 or -4. These viruses are limited to cleavage only by certain host proteases such as trypsin-

like enzymes and are thus restricted to replication at sites in the host where such enzymes are found, 

such as the respiratory and intestinal tracts. The HA0 proteins of HPAI viruses possess multiple basic 

amino acids (arginine and lysine) at their HA0 cleavage sites, either as a result of apparent insertion 

or apparent substitution (Vey et al., 1992; Wood et al., 1993; Senne et al., 1996) and appear to be 

cleavable by a ubiquitous protease(s), probably one or more proprotein-processing subtilisin-related 

endoproteases of which furin is the leading candidate (Stieneke-Gröber et al., 1992). Thus, the HPAI 

viruses are able to replicate throughout the bird, damaging vital organs and tissues which results in 

disease and death (Rott, 1992). 

2.1.3. Interspecies transmission 

There are many dynamics that are involved in interspecies transmission of infectious agents, including 

transmission from animals to man, but in all situations this event requires the crossing of the host 

species barrier. The host species barrier is not a simple concept and can include not only biological 

factors but also behavioural factors. These processes have been modelled and reviewed recently 

(Lloyd-Smith et al., 2009, Appendix A). 

Influenza A viruses infect a large variety of species, including humans, wild and domestic birds, pigs, 

horses, seals, whales, cats, ferrets, canines, minks and others. Generally, each strain shows a certain 

level of restriction to the host species in which it is circulating (Neumann and Kawaoka, 2006). 

Interspecies transmission occurs readily among avian species and, more seldom, from the avian to the 

mammalian host. However, the wide range of mammals that have been affected by H5N1 indicates 

that for certain viruses crossing the avian/mammalian species barrier may be easier than originally 

believed (Capua and Alexander, 2007). Other notable examples include transmission of swine 

influenza to turkeys (Pillai et al., 2009) and humans (Myers et al., 2007; Shinde et al., 2009), and 

avian H1N1 (Pensaert et al., 1981) and H9N2 (Cong et al., 2007) to pigs. 

Adaptation of inter-species transmitted viruses to a new host species, for example, bird to mammal, 

usually requires a series of genetic adaptations to become successful, and these adaptations are the 

result of accumulating genetic changes that represent a complex polygenic viral trait (Forrest and 

Webster, 2010; Yassine et al., 2010), which may require several years to occur (Smith et al., 2009a). 

2.2. Animal models for human disease 

At present, determination of the relevance of the various molecular markers to pathogenesis and 

transmission in influenza virus can only be undertaken in animal models
6
. This approach has been 

illustrated best for influenza virus strains in avian species, where the intravenous pathogenicity index 

in 6-week-old chickens is used to discriminate low pathogenicity and high pathogenicity strains of 

influenza virus (OIE Manual, 2010).  

Although a similar relationship has not been established for mammalian influenza viruses, various 

animals, such as cat, dog, ferret, guinea pig, hamster, mouse, pig, poultry and primates, have been 

used in studies to investigate aspects of the pathogenesis and transmission of influenza virus strains 

(Belser et al., 2009). However, as a model for influenza in man, the ferret is regarded as the most 

appropriate because: i) it is naturally susceptible to all strains of influenza virus without the need for 

                                                      

 
6
 Animals that have been inoculated experimentally with strains of influenza virus are likely to develop clinical 

signs and may even die as a result of the infection. Animals should be killed, as well as those that are showing 

clinical signs indicating significant pain and distress, as soon as the scientific questions that have been posed 

have been answered. There is rarely a scientific need for animals to die. 
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prior adaptation, ii) clinical signs and illness parallel that which is produced in man with the same 

strains, and iii) the distribution of receptor types in the respiratory tract is similar to that in man (i.e. 

predominance of α2-6 receptors in the upper tract and both α2-3 and α2-6 receptors in the lower tract). 

None of the other species fulfil all of these criteria. 

i) Transmission 

Studies in ferrets have demonstrated the different transmission properties of mammalian and avian 

influenza viruses. In particular, these studies indicate that although HA and NA play a critical role, 

other virus genes, including the PB2 gene, contribute to transmissibility in the ferret model (Belser et 

al., 2010). In this ferret model, mammalian viruses (e.g. H1N1, H3N2) can be transmitted by both 

direct contact and also indirectly via the airborne route (respiratory droplets), whereas avian viruses 

(e.g. H5N1, several H7 subtypes) generally are transmitted poorly, particularly by respiratory droplets 

(Katz et al., 2009). However, there are notable exceptions to this generality, such as an avian H7N2 

influenza virus isolated from a human patient transmitted efficiently in ferrets that was shown to have 

acquired receptor-binding properties similar to human influenza viruses (Belser et al., 2008). 

Similarly, some avian H9N2 influenza viruses preferentially bind α2-6 receptors, similar to human 

influenza viruses, although they appeared to transmit only by direct contact and not by an airborne 

route (Wan et al., 2008). This result reflects the reported observations of direct transmission to man of 

H9N2 viruses that recognise α2-6 receptors (Butt et al., 2005; Lin et al., 2000). 

A recent laboratory investigation demonstrated that reassortment between the 1997 HPAI H5N1 virus 

and human H3N2 virus generated reassortant combinations which can replicate in, but are not 

transmissible between, ferrets (Maines et al., 2006). This prompts questions about the potential of 

H5N1 viruses that are acquired from birds to adapt to, and be transmitted between, humans. 

ii) Virulence/pathogenesis 

Similarly, differences in virulence and pathogenesis of both mammalian and avian influenza viruses 

have been demonstrated in ferrets, which correlate with experience of the infection and disease in 

man (Belser et al., 2009). Again, there are notable exceptions to this generality. The HPAI H5N1 

viruses usually cause severe disease in ferrets (Belser et al., 2008), but there are isolates, generally 

derived from avian sources, that result in asymptomatic or milder infections (Lu et al., 2003; Salomon 

et al., 2006). Interestingly, some isolates have caused lethal infections in ferrets either fed or 

intragastrically inoculated with virus-infected meat (Lipatov et al., 2009). 

Studies on virulence have been extended in order to correlate different gene segments, constellations 

of genes and putative molecular markers with virulence and aspects of pathogenesis. These studies 

have reaffirmed and highlighted the importance of individual virus proteins, such as the HA, NA, 

polymerase and non-structural proteins, as well as their point mutations (see section 2.3 and 2.4). 

However, these studies have also emphasised that virulence and pathogenesis are not the properties of 

a single gene or protein. They are polygenic with the specific gene constellation being important 

(Katz et al., 2000), and the correlation between the molecular markers and the biological property is 

not absolute. 

2.3. Molecular markers 

A large number of mutations and molecular markers of the influenza virus genes has been linked to 

various properties of the virus, such as receptor binding, host and tissue tropism, virulence, 

modulation of the host immune response, and efficiency of replication and transmission (Arias et al., 

2009; Belser et al., 2009). In most cases, however, the phenotypic manifestation of particular 

characteristics is polygenic and does not rely on single mutations (see section 2.2). The following 

examples of some of these reported factors illustrate the difficulties in identifying reliable markers for 

specific properties of influenza virus. 

Changes in the RNP complex have long been implicated in the adaptation of avian influenza viruses 

to humans. The 1918, 1957, and 1968 pandemic viruses possessed a PB1 gene originating from an 

avian influenza virus (AIV). The repeated occurrence of this reassortment event suggests that an avian 
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PB1 segment can function in a mammalian adapted influenza virus, and avian PB1 may have a role in 

the emergence of a pandemic influenza virus (Chen et al., 2008). 

The PB1 gene of most avian and human influenza A viruses encodes a second protein, PB1-F2, 

expressed by an alternative reading frame (Neumann et al., 2009). The protein is truncated in many 

classical swine influenza viruses, including the pandemic H1N1 2009 virus. PB1-F2 induces 

apoptosis, enhances pro-inflammatory responses and increases the frequency of secondary bacterial 

infections. 

The role of PB2 in pathogenicity has also been linked to particular amino acid substitutions at 

positions 627 and 701 (E627K and D701N). The E627K mutation was reported to be a determinant of 

pathogenicity in human viruses and avian H5N1 viruses (Neumann et al., 2009). However, they were 

absent in early pandemic H1N1 viruses and introduction of these mutations by reverse genetics did 

not significantly alter replication or pathogenicity in mice and ferrets (Herfst et al., 2010). 

The NS1 non-structural protein has the capacity to bind double-stranded RNA and thereby modulate 

the host interferon response to infection. Several mutations have been linked to the ability to bind ds-

RNA and to modulate pathogenicity. 

2.4. Reassortment 

Since the genome of influenza A consists of eight separate RNA molecules (the genome segments), 

mixed infection by two viral strains within an individual can lead to reassortment. The rules that 

govern reassortment dynamics are largely unknown. For example, the currently circulating H5N1 

viruses mainly reassort within the H5N1 subtype (different sublineages), while H9N2 viruses reassort 

with several other subtypes (Capua, 2010). The emergence and characteristics of progeny viruses are 

unpredictable and may therefore contain previously unknown genetic profiles. 

The 2009 H1N1 pandemic provides an excellent case study in reassortment and its consequences. Of 

the eight segments in the pandemic H1N1 virus, six were derived from North American triple 

reassortant swine influenza viruses and the remaining two (M and N1) from Eurasian H1N1 swine 

influenza viruses. The 2009 H1N1 pandemic virus may therefore be seen as a result of a mixed 

infection event, most likely occurring in the latter part of the decade. Triple reassortant swine 

influenza viruses are themselves a product of earlier reassortment events, consisting of segments from 

“classic” swine influenza (NP, M, NS, H1, N1), human H3N2 seasonal influenza (PB1) and avian 

H1N1 (PB2, PA). The probable order of the reassortments resulting in triple reassortant viruses was: 

1) a reassortment between human H3N2 and classic swine H1N1 to produce a swine H3N2; 2) a 

reassortment between this swine H3N2 and an avian H1N1 (delivering avian PA and PB2 segments); 

and 3) a reassortment between that product and classic swine H1N1. Since both human H3N2 and 

Eurasian H1N1 swine influenza had several segments of avian origin, it is possible to trace complex 

pathways for single gene segments through several reassortment events. For instance, the PB1 

segment in the 2009 pandemic H1N1 has travelled from an avian source in 1968 into pandemic 

human H3N2, then onto porcine triple reassortant viruses via porcine H3N2 and finally back into 

humans as part of the pandemic H1N1 in 2009 (Smith et al., 2009b). Other reassortants between 

classic and Eurasian H1N1 swine influenzas, the “Thai 6+2” and “Thai 7+1” strain groups, have 

subsequently been discovered by computational mining of databases (Kingsford et al., 2009). 

A “worst-case scenario” in pandemic influenza was often assumed to be a mixed infection of a human 

seasonal strain with a highly pathogenic avian subtype for which the human population has little pre-

existing immunity, for example H5N1, producing reassortant progeny with the virulence of H5N1 and 

the ease of transmission of, for instance, H3N2. However, the 2009 pandemic H1N1 virus has 

demonstrated that new pandemics of influenza in man can come from other sources, in this case the 

reassortment of two porcine influenza strains. Thus, the most effective monitoring for new 

reassortments cannot be limited to humans at risk of mixed infection, such as poultry workers and 

people with backyard poultry, but should include other relevant susceptible species. 
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2.5. Phylogenetics 

Molecular methods have become invaluable tools to trace the transmission patterns of infectious 

diseases. The historical information contained in viral gene sequences is contributing to a better 

insight into emergence and early transmission dynamics, even before systematic epidemiological 

surveillance has been initiated. In addition, molecular investigations can also reveal the genetic 

determinants of viral emergence, including adaptation to new hosts or increased transmissibility. 

Thus, phylogenetics has an application at three levels of resolution: 1) assessment of the origins of 

current pandemic or seasonal viruses in humans, as has been recently performed for the 2009 H1N1 

pandemic virus (Dawood et al., 2009; Fraser et al., 2009) and retrospectively for previous pandemics 

back to 1918 (Smith et al., 2009a); 2) assessment of the origins of influenza strains in intermediate 

hosts; and 3) deep phylogeny of influenza subtypes in their reservoir hosts (Gatherer, 2009b, 2010). 

For many years, phylogenetic analysis has been the main tool in influenza molecular epidemiology. 

By reconstructing a phylogenetic tree, epidemiologists are able to study the evolutionary history of the 

viral strains and assess the epidemiological linkage between them. Recent developments in this field 

have aimed at incorporating additional information associated with the sampled sequences into 

phylogenetic models to infer, for example, temporal, demographic and geographic processes. 

Assuming that the rate of accumulation of substitutions has remained roughly constant throughout the 

evolutionary history, phylogenies can be rescaled from mutations into real time scales. The rate at 

which this molecular clock is ticking for rapidly evolving RNA viruses, such as influenza, can be 

calibrated by incorporating the time of sampling for the sequences (Drummond et al., 2003). Using 

coalescent-based methods, population genetic processes can subsequently be inferred from such time-

scaled genealogies (Rodrigo and Felsenstein, 1999). Demographic inference, in particular, has 

become a popular tool in reconstructing the epidemic histories of viruses (Raghava et al., 2003). 

These modern phylogenetic techniques allow for nuanced and flexible analysis of demographic and 

mutational patterns in the evolution of influenza. The power of fitting a statistical model of the 

evolutionary process to observed sequence data has clearly been demonstrated by a number of seminal 

studies, for example, by revealing patterns of influenza A H3N2 seasonality and characterizing the 

genomic dynamics of reassortment (Rambaut et al., 2008), or by providing genetic estimates for the 

pandemic potential of the 2009 H1N1 pandemic influenza virus (Fraser et al., 2009). The added value 

of time-measured phylogenies has also recently been demonstrated in order to disentangle the 

reassortment history of the H1N1 pandemic virus and for the elucidation of a relatively long 

unsampled history prior to its emergence (Smith et al., 2009b). 

The most recent addition to the phylogenetic framework comes from advances in modelling the 

spatiotemporal diffusion dynamics. Novel models that consider geographic spread in discrete or 

continuous space can efficiently track an epidemic based on viral genetic data as it unfolds in time 

and space (Lemey et al., 2009a, 2010), such as the 2009 H1N1 pandemic (Lemey et al., 2009b). Such 

approaches may, for example, assist epidemiologists in assessing whether geographic range 

determines the likelihood for cross-species transmission. 

Importantly, the model-based framework also opens up new opportunities for hypothesis testing by 

offering the possibility to incorporate more detailed geographic information, for example, air-traffic 

data, and to compare competing geographic models using model selection techniques. To fully 

appreciate the potential of these techniques, it is important to note that these probabilistic models are 

in essence general models of trait evolution. Host-species could, for example, be treated as a discrete 

state to estimate cross-species transmission throughout the evolutionary history and to test different 

potential predictors of such events. In addition, models for continuous traits may prove useful, for 

example, to investigate the relationship between genetic and antigenic evolution or to characterise the 

dynamics of properties that may be measured in animal models or specialised assays (e.g. glycan array 

technology). The integration of molecular data and such phenotypic data may, therefore, provide new 

opportunities for early warning of pandemic potential. 
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To harness the power of these state-of-the-art methods, in particular with respect to monitoring for 

emergence of new influenza strains, representative molecular data is required. Unfortunately, current 

databases are rather biased. For example, among influenza viruses circulating in aquatic wildfowl and 

shorebirds, H5 and H9 each have more than 1,000 non-identical sequences deposited in the NCBI 

Influenza Virus Resource database. At the other extreme, H8 and H12 to H16 inclusive have fewer 

than 100 each. Deep phylogenetic analysis of influenza A would therefore benefit from more 

extensive sampling and sequencing of under-represented subtypes.  

Archaeological or legacy samples are also of importance in addressing the issue of subtype extinction. 

Phylogenetic studies of avian influenza haemagglutinin and neuraminidase evolution (Gatherer, 

2009a, 2010; Suzuki and Nei, 2002) produce trees which demonstrate the diversification of subtypes 

from their most recent common ancestor (MRCA). However, such tree building does not address the 

question of whether influenza was in fact less diverse in previous centuries, or whether there was 

always a proliferation of subtypes. In the first scenario, the date of the MRCA represents a genuine 

founder, in other words, a primordial AIV that either entered the avian population from a different 

host or which evolved from a different avian virus. In such a case, influenza A may be regarded as an 

emerging disease of the last millennium or so, which has relatively recently (i.e. in the past two 

centuries) also begun to spread to humans and other mammalian hosts. 

In the second scenario, the MRCA would merely be one subtype among many in its time, and its 

apical position in the tree is simply an artefact of lineage extinction. The fact that the MRCAs of HA 

and NA are roughly equivalent in age (Gatherer, 2010) perhaps provides some weak support for the 

first option, but further sequencing would be needed to remove this question from the realms of 

speculation. 

3. Epidemiology 

It is intended in this section to outline some important epidemiological features that may influence 

overall monitoring and surveillance systems in man, pigs and birds. In particular, which data would be 

considered essential when combined with molecular/genetic information for phylogenetic analyses in 

order to improve our understanding of influenza virus biology and early alerts for the emergence of 

new strains.  

3.1. Avian influenza viruses as precursors of pandemic strains 

Wild birds, primarily wild ducks, gulls and shorebirds, are the natural hosts and reservoirs for all type 

A influenza viruses (Kawaoka et al., 1988; Stallknecht and Brown, 2007) and they provide a source of 

viral HA and NA subtypes antigenically novel to humans. 

Direct transmission of avian viruses to humans is an infrequent event, and may result in a mild 

condition (viruses including H9N2, H7N7, H7N2, H7N3) or a severe condition (HPAI H5N1). All 

events described in recent times have resulted in only limited or no human to human transmission 

(Capua and Alexander, 2007). 

Analysis of the historical and scientific data of previous pandemics may lead to a better understanding 

of the role of avian influenza viruses in the emergence of pandemic strains. Genetic analysis showed 

that the H2N2 1957 Asian pandemic virus acquired three gene segments from an avian virus (PB1, 

HA and NA) and kept five remaining gene segments from the H1N1 human strain circulating prior to 

1957 (see Figure 1). Similarly, the 1968 H3N2 Hong Kong pandemic virus possessed two gene 

segments from an avian virus (PB1 and HA) and maintained six other genes from the H2N2 human 

strain that circulated in 1957-1968 (Webster et al., 1992). Molecular epidemiological studies also 

suggested that the avian derived genes of H2N2 and H3N2 pandemic viruses may have been 

generated through a series of multiple reassortment events and emerged over a period of years before 

the pandemic event (Smith et al., 2009a). 
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Unlike the 1957 and 1968 pandemic viruses, genetic analysis of the 1918 pandemic virus suggests that 

all of its eight gene segments originated from the avian reservoir by a mechanism of adaptation of a 

pre-existing avian genome to humans (Taubenberger et al., 2005). However, it is not clear how long it 

took for an avian originated influenza virus to become adapted to mammals. Recent evolutionary 

studies have shown that the components of the 1918 pandemic strain were circulating in mammalian 

hosts at least 2 to 15 years before pandemic occurrence, thus suggesting a possible complex process 

of human adaptation and generation of precursor viruses preceding the actual pandemic (Smith et al., 

2009a).  

Although an antigenically novel HA subtype is a likely requirement for pandemic emergence, avian 

influenza viruses have usually not been transmitted efficiently from human to human. After at least a 

decade of continued circulation, HPAI H5N1 and LPAI H9N2 viruses continue to produce spill-over 

infections in humans but person to person transmission has been rare (Tarantola et al., 2010; 

Ungchusak et al., 2005; Yen et al., 2009). 

Avian H1, H2 and H3 viruses have been of scarce interest to the veterinary community as they only 

cause mild disease and are not notifiable infections. The limited knowledge available on the 

epidemiology and molecular properties of these avian influenza subtypes, combined with their 

apparently scarce antigenic reactivity with human antibodies, increase the likelihood that these 

subtypes may find a way to donate the haemagglutinin gene again and contribute to the generation of 

the next pandemic virus. In addition to these considerations, the emergence of an H5N1 or H9N2 

pandemic virus is a continuing concern. These two subtypes in poultry have spread across a large area 

of the world. LPAI H9N2 virus with dual or human-like receptor specificity has become endemic in 

poultry in many of the affected Asian countries and has resulted in sporadic human infections. H5N1 

HPAI virus has now spread in poultry and wild birds throughout Asia and into Europe and Africa, 

thus posing an ongoing zoonotic threat. 

Several reasons render the emergence of H5N1 a singular event in avian influenza history (Alexander 

and Brown, 2009) and the high pathogenicity to humans raises concerns about its pandemic potential. 

Both H5N1 and H9N2 are still evolving rapidly and their evolution into antigenically distinct clades, 

possibly driven in part by the use of poultry vaccines, makes it difficult to predict where H5N1 and 

H9N2 evolution is going and what to expect next.  

Globalisation of trade, the increase in human consumption of poultry meat and the size of poultry 

farms may impact on the evolution of AI epidemiology. However, biosecurity within large scale 

commercial farms is generally adequate, at least in the EU, and AI outbreaks are infrequent. 

Nevertheless, the continued occurrence of spill-over events of avian influenza between wild birds and 

poultry indicate that gaps still exist (Kilpatrick et al., 2006; Tarantola et al., 2010; Terregino et al., 

2007). A more important scenario involves live bird markets and rural farms, which have been 

demonstrated to play an integral role in the dynamics of influenza virus transmission and evolution. 

H1N1 AIV 

H2N2 

H3N2 

PB1, H2, N2 

PB1, H3 

AIV 

Figure 1. Reassortment events involved in generation of the pandemics of 1957 and 1968 
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They often bring together different species of animals, thereby facilitating reassortment of virus 

strains and interaction between susceptible hosts. Human infection with avian influenza viruses 

mainly results from intimate or prolonged contact with domestic birds (Vannier, 2007). 

3.2. Swine 

Influenza viruses of H1N1, H3N2 and H1N2 subtypes are endemic in pig populations worldwide, but 

there has been a clear genetic distinction between North American and Eurasian lineages of swine 

influenza viruses (SIVs) (Olsen et al., 2006). The predominant H1N1 viruses in Europe have an 

entirely avian genome and were introduced from wild ducks to pigs in 1979 (Pensaert et al., 1981). 

These “avian-like” H1N1 viruses have established a stable lineage and are currently co-circulating 

with H3N2 and H1N2 SIVs. The European swine H3N2 viruses contain haemagglutinin (HA) and 

neuraminidase (NA) genes similar to those of A/Hong Kong/68-like human influenza viruses, while 

the genes encoding internal proteins are of avian-like swine H1N1 origin. The dominant H1N2 viruses 

are considered triple reassortant viruses between a human H1N1 virus from the 1980s, from which 

they obtained the HA protein, the swine H3N2 virus, from which they obtained the NA, and the avian-

like swine H1N1 virus, from which they inherited their internal genes (Brown et al., 1998). In North 

America, viruses of the classical swine H1N1 lineage were the dominant cause of influenza among 

pigs until the late 1990s. Beginning in 1998, H3N2 viruses with genes of classical swine, avian and/or 

human origin became established in pig populations. These viruses further reassorted with classical 

swine H1N1 viruses, leading to H1N2 and reassortant H1N1 viruses, and resulted in a very complex 

picture (Vincent et al., 2008). Thus, the SIVs in Europe differ significantly in their antigenic and 

genetic make-up from those circulating in North America, while still other variants are circulating in 

various Asian countries (Brockwell-Staats et al., 2009). 

Upon experimental inoculation, all established subtypes (H1N1, H1N2, H3N2) and genotypes 

examined cause a typical respiratory infection with strong tropism for all respiratory tissues and no 

tropism shown for extra-pulmonary organs. Disease signs are mild and transitory. Several factors, 

even upon experimental inoculation, are known to influence the severity of disease, such as route and 

dose of inoculation, age and physiological status of the animals. 

As mentioned in section 2.1.3, inter-species transmission of influenza viruses from other mammalian 

and avian species to pigs are regularly recorded. Accumulating evidence therefore suggests that pigs 

are indeed a mixing vessel with the potential for reassortments of influenza A viruses from many 

mammalian and avian species, and that the directional flow of virus goes both ways (i.e. to and from 

pigs; see Ma et al. (2009) for a review). 

The mixing vessel hypothesis was first proposed 25 years ago by Scholtissek et al. (1985) based on 

observations that pigs were more readily infected by both avian and human viruses than seemed to be 

the case for direct transmission between birds and humans, thus creating a potential bridge for transfer 

of viruses between the latter, whilst also providing the basis for formation of reassortants with new 

properties and replicative potential. The hypothesis was further supported by the differential 

distribution of α2-6 and α2-3 cellular receptors in these species (see 2.1.1) and, although it has 

become clear that the receptor specificity alone does not determine host range, the underlying 

observations of pigs as a host for a wide range of influenza viruses still seem to be valid. 

The most recent example of pigs contributing to the generation and emergence of new influenza 

viruses was the appearance of the pandemic H1N1 virus in 2009. Although the exact origin and 

pathways leading to the emergence of this pandemic virus in humans in the spring of 2009 remain 

enigmatic (Dawood et al., 2009; Kingsford et al., 2009; Smith et al., 2009b), it is beyond doubt that 

several swine influenza viruses circulating in various parts of the world are the nearest ancestors of 

this pandemic virus. 
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3.3. Humans 

3.3.1. Seasonal influenza 1977 to 2008 

Influenza virus types A and B cause acute respiratory illness. Although both types are able to cause 

epidemics, significant disease and deaths, type B infections are on the whole milder than A/H3N2 but 

not always milder than seasonal A/H1, and are thought to be confined to humans as hosts. They are 

more often detected in the context of localized outbreaks and are not associated with pandemics. In 

contrast, type A viruses, which on the whole cause more severe symptoms, are those responsible for 

the greater burden of human disease during seasonal epidemics and are responsible for the occasional 

worldwide pandemics. In Europe, influenza occurs in regular annual epidemics in the winter between 

week 40 in one year and week 20 in the next, and this is called the influenza season. However, in 

recent years, epidemics have rarely started in earnest in Europe until the Christmas to New Year 

holiday period. These then affect all European countries for one to two months and last in Europe for 

3-4 months with a tendency to progress from West to East in most, but not all, seasons (Paget et al., 

2007). Sporadic infections also occur outside of the influenza season, though the incidence is very 

low in the European summer months when infections may be the result of imported cases from 

equatorial areas (where transmission is more year round) and the southern hemisphere, where most 

infection takes place in the European “summer”. A global overview is always available from the 

WHO Global Influenza Programme summaries. All age groups are affected but the incidence of 

infection is usually highest in children. The proportions of the affected groups seen in community 

surveillance vary from country to country (and to a lesser extent from year to year). However, the 

variation in the observed annual pattern is also influenced by care seeking behaviour and the 

availability of services, as well as the dominant viruses in the year and the level of population 

immunity. The pattern of disease is, however, different from that of infection as more severe disease 

is focused in certain risk groups, notably older people and persons with chronic illness. The European 

Centre for Disease Prevention and Control (ECDC) estimates that in each season, on average, there 

are about 38,500 deaths attributable to seasonal influenza in the EU/EEA countries (ECDC, 2010). 

Following severe epidemics in the late 1990s, and a particularly severe millennium winter (1999-

2000), the annual epidemics during the first years of the new century were milder. However, the 

extent of transmission and the severity of illness depends on the circulating strains, with some years 

being dominated by influenza A(H1N1) and other years by A(H3N2) viruses, which are more 

pathogenic among older people and account for higher numbers of deaths, as occurred in the 2008/9 

season. Seasons dominated by influenza B viruses are uncommon but they are especially mild. In the 

2007/8 winter, a new oseltamivir-resistant seasonal A(H1N1) virus, named A(H1N1)H274Y, 

seemingly emerged in Europe, and it came to predominate over non-resistant viruses (Meijer et al., 

2009). The pattern of the current season and preceding years can be examined for the EU as a whole 

or by individual countries via the European Influenza Surveillance Network (EISN) website. 

An important point that must be stated is that all the above data applies to the seasonal influenza mix 

from 1977 to 2008, the so-called old seasonal influenza (Nicoll and Sprenger, 2010). What is yet to be 

determined is how different the pattern of infection and disease will be in the “new” seasonal 

influenza, including the new pandemic A(H1N1). However, from the first view of ECDC’s Forward 

Look Risk Assessment it appears that the pattern will be more similar than different (ECDC, 2010). 

3.3.2. Pandemic influenza 

To date, only viruses of the H1, H2 and H3 subtypes are known to have caused pandemics and 

establish subsequent global circulation. Following each of the recorded pandemics, the new pandemic 

virus has tended to become the dominant virus in seasonal influenza and has even replaced the 

prevailing strain. 

http://www.who.int/csr/disease/influenza/en/index.html
http://www.ecdc.europa.eu/en/activities/surveillance/EISN/Pages/index.aspx
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It is known that at least one past pandemic influenza subtype in humans has now disappeared: the 

H2N2 subtype, which gave rise to the 1957 pandemic and which circulated seasonally in humans for a 

decade afterwards. Additionally, H1N1 disappeared from human populations at the time of the 1957 

pandemic and only re-emerged in 1977. Although seasonal subtypes may present considerable public 

health problems, the focus of interest for potential novel pandemic strains must be in the reservoir 

hosts (aquatic wildfowl and shorebirds) or intermediate hosts (principally pigs and domesticated 

poultry). 

Appreciation of the importance of pigs in the evolution of influenza pandemic strains has waxed and 

waned. Since the emergence of the 2009 pandemic A(H1N1), seemingly from pigs, the interest is 

currently high. The number and frequency of human infections with swine influenza in Europe is 

essentially unknown. Only a few infections have been confirmed in recent times (Adiego Sancho et 

al., 2009; Myers et al., 2007) and it seems likely there may be others that are undetected. It is also 

unclear whether there is any, or at least sufficient, communication between medical and veterinary 

diagnostic systems in Europe to support the detection of swine influenza viruses infecting humans, 

unless isolates are sent to National Influenza Centres or equivalent research laboratories. 

4. Monitoring 

The objectives of monitoring are to capture viral events (genetic, host range) that would signify an 

altered and expanded potential for replication in host populations considered relevant for acquiring 

pandemic potential. Like phylogenetics, monitoring can be seen as operating at three levels: 1) 

detection and assessment of the significance of molecular or antigenic changes in currently circulating 

strains that may greatly increase their pathogenicity; 2) assessment of similar changes in intermediate 

host strains, particularly in regard to reassortment events of the kind which resulted in the derivation 

of the 2009 H1N1 pandemic virus from triple reassortant swine influenza; and 3) assessment of the 

potential for appearance of novel subtypes in the reservoir host populations. 

The third of these levels constitutes the most basic level of “early warning system”. The application of 

phylogenetics to data acquired through monitoring systems has allowed an assessment of past patterns 

of subtype diversification, and the historical distribution of diversification events in the avian 

haemagglutinin phylogenetic tree provides some circumstantial evidence for the suggestion that 

climate change may have been a factor (Gatherer, 2010). This is supported by some ecological studies 

on influenza in current avian populations (Gilbert et al., 2008). The mechanism by which this occurs 

may be related to disruption of avian migration patterns (Carey, 2009; Tingley et al., 2009) and 

consequent allopatric cladogenesis of the virus in isolated or marginal host populations, which is a 

well established phenomenon in population genetics (Mayr, 1942). This implies that the most 

appropriate aquatic wildfowl and wader populations for sampling would be those on the extremities 

of their species range, or those which are in recognised isolated habitats, especially if there is previous 

ecological evidence of niche disruption over the last century. Domestic poultry populations in 

proximity to these candidate wild avian populations could be sampled for evidence of transmission of 

any novel sequence variants. This can only be achieved by a multidisciplinary effort incorporating 

ecologists, veterinarians, virologists, epidemiologists and bioinformaticians. However, with careful 

choice of target populations by the ecologists, the expense need not be great. 

If future pandemics arise as described above, this interval may provide the best opportunity for health 

authorities to intervene in order to mitigate the effects of a pandemic or even to abort its emergence 

(by early development of candidate vaccines). However, such an approach would require high-

throughput characterisation of all eight gene segments of human virus isolates, even those that have 

unremarkable HA antigens, particularly from human viruses isolated in hotspots for zoonotic 

infections with avian influenza viruses. At present, global influenza surveillance in humans focuses 

attention primarily on haemagglutinin. Although this focus will continue to be required for strain 

selection for seasonal influenza vaccines, it is considered that this surveillance will not suffice for 

early warning of an incipient pandemic (Smith et al., 2009a). 
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4.1. Humans 

Global influenza virological surveillance in humans is carried out by the Global Influenza 

Surveillance Network (GISN) coordinated by the WHO. The objectives of GISN are to monitor the 

circulation of influenza viruses and epidemics and to provide recommendations for influenza 

preparedness and response in certain areas, including vaccines, diagnosis, antivirals and continuing 

risk assessment. The Network also serves as a global alert mechanism for the emergence of influenza 

viruses with pandemic potential. Established in 1952, the GISN currently comprises 6 WHO 

Collaborating Centres (WHO CCs), 4 Essential Regulatory Laboratories (ERLs), 135 National 

Influenza Centres in 105 countries and 11 WHO H5 Reference Laboratories. 

On a voluntary basis, the GISN has contributed greatly to the understanding of influenza viruses and 

their epidemiology, and has served as a scientific foundation for other control measures, including the 

twice annual update of the composition of influenza vaccines for the subsequent influenza season in 

the Northern and Southern Hemispheres. The value of the Network has been proved through the 

response to the 2009 influenza A(H1N1) pandemic, from the identification of the pandemic virus, to 

the global laboratory confirmation capacity, to the selection, development and making available of 

pandemic vaccine viruses for pandemic vaccine development and production. 

Surveillance in the EU combines both primary care surveillance and virological surveillance but is 

relatively weak for severe cases, as seen in hospitals, and accounting for premature mortality. 

Virological surveillance contributes to the detection of new strains (such as the oseltamivir resistant 

viruses) and selection of vaccine candidate viruses matching the virus strains most likely to circulate 

in the coming season. The surveillance in national laboratories (called National Influenza Centres) in 

EU countries feeds into the GISN. This is comprised of the National Influenza Centres, including 

those that are part of the Community Network of Reference Laboratories for Human Influenza in 

Europe, which are managed and supported by the ECDC. These continuously report and share 

influenza viruses with the highly specialist WHO Collaborating Centres.  

In Europe, a WHO Collaborating Centre is located in the UK (Mill Hill), where there is also the 

National Institute of Biological Standards and Controls (NIBSC), which further refines and prepares 

suitable viruses for passing onto industrial vaccine producers. Based on data arising from this 

surveillance, the WHO convenes specialist meetings each year at which it agrees on recommendations 

for the composition of the influenza vaccine for the next season. Separate meetings and 

recommendations are made for the Northern Hemisphere (which includes Europe) and the Southern 

Hemisphere. Current influenza vaccines are recommended to contain antigens protecting against two 

influenza A subtypes, H3N2 and H1N1, and one of the two lineages of the type B virus. 

4.2. Pigs 

Timely identification of new swine influenza virus (SIV) strains requires an adequate monitoring 

programme that presents a representative overview of the strains circulating among pigs.  

At present, influenza is not a notifiable disease in pigs and the SIV strains that find their way into 

laboratories mostly originate from attempts to diagnose the cause of a clinical respiratory problem in 

pigs, which to some extent parallels the situation in the medical field. However, influenza virus 

isolation is attempted in only a very small proportion of pigs suffering from respiratory disease. Even 

so, serological surveys indicate that SIV is a common respiratory pathogen in pigs (Loeffen et al., 

2003).  

Research that involves monitoring influenza virus in pigs provides a second source of SIV strains. It 

also provides some indications, although fragmented, of the global distribution and spread of these 

strains. As a consequence, the current view of the strains circulating among pigs may be quite biased, 

and new SIV strains may be detected only after a considerable time has elapsed since their emergence, 

especially if they do not result in marked clinical problems in pigs. Late detection of new strains is 

also suggested by the work of Smith et al. 2009b) that indicates that the 2009 H1N1 pandemic virus 

may have circulated among pigs for a few years before the pandemic in humans started. However, this 
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work also suggests that monitoring systems have the potential to be refined to provide earlier 

detection of new strains. 

It is also a challenge to gather SIV strains and deliver them into animal health laboratories in a timely 

manner and so detect the emergence of new strains or changes in geographical ranges. Ideally, this 

would require a global initiative to develop a flexible monitoring system adapted to the varying 

systems of pig husbandry across the world (as recommended in the OFFLU surveillance strategy; 

OFFLU, 2010b). Knowledge of the emergence of new strains in the past may help target future 

surveillance/monitoring programmes. Some steps towards this goal have been made in Europe by 

means of the consecutive research projects, ESNIP 1 and ESNIP 2 (ESNIP, 1999, 2006), which were 

developed to establish surveillance networks for swine influenza. The continuation of these projects 

through the current ESNIP 3 (ESNIP, 2010) will maintain and expand this network to include 21 

participants from 11 EU MS with additional cooperation from partners in China and North America. 

Although this network is predominantly based on voluntary submission of diagnostic samples, and 

therefore mirrors the medical GISN on a smaller scale, it may provide a greater understanding of the 

epidemiology of SIVs at the global level and alert to the emergence of new reassortants. However, the 

project is based on research funding and therefore represents only a temporary solution to the long 

term threat to human and animal health. 

4.3. Poultry/wild birds 

As for pigs and man, timely identification of new influenza virus strains in birds requires an adequate 

monitoring programme that gives a representative overview of the strains circulating among birds. In 

contrast to pigs, some forms of AIV are notifiable and for many years there have been global statutory 

requirements that apply to high pathogenicity AIV subtypes H5 and H7. These requirements were 

extended within the EU in 2003 with the introduction of an annual serological survey for poultry to 

detect LPAIV of subtypes H5 and H7. Between 2006 and 2009, over 225,000 holdings were sampled. 

In the report for 2009 (SANCO, 2011), LPAIV was detected in only 90 holdings (0.26 %) with 52 

holdings positive for the H5 subtype and 38 for the H7 subtype. The detection of H5 virus on 9.6 % 

and H7 virus on 42 % of the serologically positive holdings indicated ongoing infection. 

Following the recognition of the global H5N1 crisis, the EU introduced further monitoring procedures 

to include compulsory surveillance for HPAIV in wild birds and the reporting of results. Between 

2006 and 2009, more than 350,000 wild birds were sampled and tested for HPAIV in EU MS 

(SANCO, 2011). Generally, surveillance among wild birds in MS was carried out by actively 

sampling live birds (75 % of samples) and passively sampling sick or dead birds (25 % of samples). 

More than 1,000 (0.38 %) birds found dead or sick have tested positive for HPAIV of the H5N1 

subtype, while only about five (0.006 %) healthy live birds tested positive during that 4-year period. 

This finding highlights that passive surveillance of sick and dead birds is more efficient at detecting 

H5N1 HPAI viruses. However, in 2009, LPAIV (H5 or H7 subtype) was detected mainly through 

active sampling of water fowl but it was found in only 162 birds (0.3 %). 

Historical records and recent molecular analyses have highlighted the involvement of only H1, H2 

and H3 subtypes in previous human pandemic events and the contribution of AIV genes to all of these 

pandemics (see Figure 1). The contribution of avian H1, H3 and N2 genes to these pandemic strains 

indicates that restricting the monitoring of AIV to the H5 and H7 subtypes will miss the emergence in 

birds of reassortants with potential public health importance. The extension of monitoring systems to 

embrace a wider range of subtypes (such as H1, H2, H3 and H9) will generate novel epidemiological, 

molecular and antigenic data which will improve our understanding of the dynamics of the influenza 

virus gene pool in wild and domestic birds and will be strategic for supporting both public and animal 

health. 

Although wild birds play a key role in the perpetuation of AI viruses of all H subtypes, the huge 

seasonal variation in AI infection prevalence observed in wild birds, the high degree of adaptation of 

influenza viruses to their natural reservoirs and the need for huge economic efforts to implement an 

effective emerging virus surveillance makes it unlikely that wild birds will be a sustainable 
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surveillance target for capturing viral variants with pandemic potential. The higher contact rate 

existing between domestic poultry and mammals, including humans, and evidence that evolution 

occurs more rapidly in poultry species compared to wild aquatic birds (Widjaja et al., 2004), suggest 

that introduction of avian influenza viruses needs to be identified promptly in domestic animals. 

Certainly, the emergence and global spread of the 2009 H1N1 pandemic virus suggests that it is 

imperative that we improve our surveillance, analytic and predictive capacities in order to optimise 

our public health response and manage the related animal health issues. The 2009 H1N1 pandemic 

virus emerged in an animal reservoir and contained a unique combination of genes from three species 

and two hemispheres. In a global environment, mapping gene movement across species and national 

borders and identifying mutations and gene constellations with pandemic potential or virulence 

determinants appears to be the first step required for examining the influenza gene pool as one 

evolving entity. This is in line with, and possibly the best example of, the “One Health” vision:  a 

multidisciplinary collaborative approach to improve the health of humans, animals and the 

environment that is endorsed by the FAO, OIE and WHO (Capua and Alexander, 2010; Capua and 

Cattoli, 2010). 

CONCLUSIONS AND RECOMMENDATIONS 

TOR1: TO INDICATE THE MOST IMPORTANT FACTORS TO BE MONITORED IN ANIMALS THAT 

WOULD SUGGEST A RISK OF EMERGENCE OF A NEW PANDEMIC INFLUENZA STRAIN 

CONCLUSIONS 

 Only a subset of the 16 haemagglutinin (H1, H2, H3, H5, H7, H9, H10) and 9 neuraminidase 

(N1, N2, N3, N7) subtypes of influenza A virus have been observed in humans, of which only 

H1, H2, H3, N1 and N2 have been shown to be involved in pandemic and seasonal influenza. 

 Receptor specificity is an important characteristic of influenza virus which influences host 

susceptibility. 

 Mutations in the receptor-binding site of the virus may change binding preference.  

 Recent findings show that not only pigs but also man and some gallinaceous avian species 

express α2-3 and α2-6 linked receptors. Therefore, each of these hosts may be co-infected by 

both avian and mammalian viruses, thus facilitating reassortment events between mammalian 

and avian influenza viruses and extending the number of species that need to be considered as 

“mixing vessels”. 

 Most of the structural and non-structural influenza virus proteins involved in replication and 

transcription of the viral genome also affect the number of species that can be infected, level 

of viral replication, temperature permissiveness and excreted titre. 

 New influenza strains emerge through natural reassortment and adaptation to their new host. 

 Past experience has shown that reassortment events involving inter-species transmission are 

necessary steps in the evolution of new pandemic strains. However, it is not always clear in 

which species these events occur. Monitoring such events should therefore include important 

target species. 

 Avian influenza viruses have played a role in the generation of the known human pandemic 

viruses, as in all instances at least one out of eight segments was donated by an avian virus. 

 The rules that govern reassortment and the successful gene combination of a novel influenza 

strains are largely unknown. 
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 Most SIVs are reassortants of avian and mammalian viruses and have become stable lineages 

in pig populations. There are distinct variants in Europe, North America and Asia. 

 Several molecular markers in influenza virus genes have been reported as being associated 

with certain biological properties, such as receptor binding, host and tissue tropism, virulence, 

and modulation of host immune response, as well as efficiency of replication and 

transmission. These associations have been inconsistent between strains. 

 Studies in animal models have reaffirmed and highlighted the importance of individual virus 

proteins, such as the HA, NA, polymerase and non-structural proteins, and even point 

mutations within these molecules. They have also emphasised that the correlation between the 

molecular markers and biological properties is not absolute. Virulence and pathogenesis are 

not the properties of a single gene or protein. They are polygenic and the specific gene 

constellation is also important.  

 Consequently, no single genetic marker or genetic constellation can be reliably associated 

with increased pathogenicity or transmissibility of influenza virus strains in mammals and 

cannot therefore be used to identify an emerging problem. 

TOR2: TO ASSESS POSSIBLE OPTIONS OF MONITORING FOR THE PRESENCE OF THE MOST 

IMPORTANT FACTORS THAT WOULD SUGGEST A RISK OF EMERGENCE OF INFLUENZA VIRUSES 

(POTENTIALLY LEADING TO A PANDEMIC) IN DIFFERENT ANIMAL POPULATIONS, THAT COULD ACT 

AS RESERVOIRS, MIXING VESSELS OR OTHERWISE CONTRIBUTE TO THE RISK POSED TO HUMANS 

AND ANIMALS BY INFLUENZA VIRUSES 

CONCLUSIONS 

 Influenza A viruses are found in a variety of hosts, and are prone to interspecies transmission. 

These occur more readily among avian species than among mammalian species. Jumps of 

avian viruses to mammalian species and vice versa are detected relatively infrequently. 

 Examples of incidental spill-over transmission from one mammalian species to another have 

been documented but becoming established and transmitting freely in that new species is 

considered a much rarer event. 

 Transmission and adaptation to a new host population and subsequent establishment within 

that population may require changes in several genes over an extended period of time. 

 Although several species have been used in studies to investigate pathogenesis and 

transmissibility of influenza virus in humans, the ferret is generally considered to be the 

model of choice as it most closely mimics the behaviour of influenza infection in man without 

the need for virus adaptation. 

 This system, along with other laboratory-based investigations, therefore offers a potentially 

useful way to identify influenza A virus strains (including mutations) that might cause 

clinically important disease in man, although it should be noted that there can be important 

exceptions (e.g. not all HPAI H5N1 isolates are virulent in ferrets). 

 Global influenza surveillance in humans focuses primarily on haemagglutinin, and this will 

continue to be required for strain selection for seasonal influenza vaccines. However, such 

surveillance will not suffice for early warning of an incipient pandemic. 

 It appears that there is insufficient coordination between medical and veterinary diagnostic 

systems in Europe to support the routine detection of swine or avian influenza viruses 

infecting humans. 

 Current monitoring through the GISN has been able to provide an alert for the emergence of 

new human influenza strains of public health significance. 
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 It is very likely that there is an incomplete view of the influenza virus strains circulating 

among pigs globally, although in Europe consistent information about circulating strains has 

been obtained through the ESNIP projects. 

 The current ESNIP 3 network, based on passive surveillance, mirrors the medical GISN on a 

smaller scale. It will extend the body of knowledge and information to promote a greater 

understanding of the epidemiology of SIVs at the global level and will establish a baseline to 

support alerts for the emergence of new reassortants. 

 Routine monitoring of poultry and wild birds for AIV subtypes, other than H5 and H7, is not 

mandatory and, consequently, knowledge on viruses such as H1, H2, and H3 is rather scarce. 

This gap limits understanding of their epidemiology, molecular diversity and potential 

contribution to strains of public health concern. 

 The close and frequent contact between domestic poultry and mammals, including humans, 

and evidence that evolution occurs more rapidly in poultry species compared to wild aquatic 

birds, suggest that introduction of avian influenza viruses needs to be promptly identified in 

poultry. 

 With the current state of knowledge, new reassortants of public health significance are more 

likely to be detected by monitoring human samples. Nevertheless, interpretation of the origins 

and pandemic potential would require knowledge of the influenza gene pools in both pigs and 

birds, as well as other animal species, when relevant. 

TOR3: TO ASSESS THE POSSIBLE PREDICTABILITY OF THE EMERGENCE OF A NEW PANDEMIC 

INFLUENZA STRAIN BY MONITORING THE MOLECULAR EVOLUTION AND DEVELOPMENT OF 

INFLUENZA VIRUSES IN DIFFERENT ANIMAL POPULATIONS. 

CONCLUSIONS 

 The potential of applying phylogenetics to the influenza virus has been demonstrated by 

revealing patterns of seasonality and tracking of the current 2009 H1N1 pandemic.  

 However, at present, further application for answering questions on emergence and evolution 

of influenza viruses is constrained by the uneven representation in databases of influenza 

virus sequences from different species and geographical areas. 

RECOMMENDATIONS 

 There should be long term support for a passive monitoring network based on current 

diagnostic practices, such as the ESNIP network, in order to promote greater understanding of 

the evolution of SIVs at the global level and establish a baseline to support alerts for the 

emergence of new reassortants. 

 There should be long term support for an enhanced passive monitoring network, based on 

current diagnostic practices and regulatory requirements, in order to promote greater 

understanding of the evolution of AIVs at the global level and establish a baseline to support 

alerts for the emergence of new reassortants. Monitoring should be extended to include AIVs 

that express the HA and NA subtypes that have been observed in man, particularly H1, H2 

and H3. A risk-based approach focusing on domestic poultry, and animals in contact with 

them, should be used. 

 Maximum benefit from such networks should be obtained by applying an integrated approach. 

This should include the development and implementation of harmonised tools and 

approaches, exchange of virus strains and sequence data, and enhancing the coordination and 
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dissemination of the findings from the human, swine and avian networks, as well as from 

other species, when relevant. 

 Monitoring should include typing of the H and N genes as a minimum, whereas strains that 

are not typed with currently used subtype reagents are of special concern and should be 

subjected to full genome sequencing. 

 Full sequencing of the virus is the preferred option, as this will provide important additional 

information, including reassortant events. Depositing data in publicly accessible platforms for 

data analysis and interpretation in conjunction with epidemiological information would 

support and accelerate the general advancement of knowledge on the zoonotic and pandemic 

risk linked to influenza viruses. 

 However, such an approach would require high-throughput characterisation of all eight gene 

segments of human virus isolates, even those that have unremarkable HA antigens, 

particularly for human viruses isolated from where zoonotic infections with avian influenza 

viruses are likely to occur. 
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APPENDIX A. UNDERSTANDING INFLUENZA A AND THE HOST SPECIES BARRIER 

1. INTRODUCTION 

With the ever increasing connectedness of distant human populations and the omnipresent threat of 

animal diseases spreading to humans, interest is growing for determining the threat that is posed due 

to our associations with animals and on how we can minimise the resulting risks.  

There are many dynamics that can be responsible for animal disease being transmitted to humans but 

in all situations, in order for disease to transmit from animals to humans, the crossing of the host 

species barrier is required. 

The host species barrier is not a simple concept and can include not only biological factors but also 

behavioural factors. It is known, for example, that in some cases the primary barrier impeding disease 

transmission between species is lack of adequate contact. The host barrier can take many forms and 

the form this barrier takes is critical for understanding how disease transmits between species. 

Therefore, this section will describe, in terms of the host barrier, when linking models is beneficial to 

form control strategies and what types of models should be linked in order to model multi-species 

dynamics, as well as how these models should be linked and the possible implications for modelling 

multi-species dynamics. Lloyd-Smith [15] recently reviewed all models used to study zoonotic disease 

dynamics and provided a good, comprehensive review of what has been accomplished. 

Obligate zoonoses are organisms that never achieve an Ro in humans of > 1. Thus, new cases are 

dependent on spill-over from the animal reservoir. Some zoonotic diseases can be classified as 

obligate zoonoses, and common examples include avian influenza (H5N1) and brucellosis. When 

considering obligate zoonoses, the dynamics within humans do not need to be explicitly modelled. 

Depending on the questions of interest, researchers have considered the force of infection, which is 

directly proportional to the number of cases in the animal reservoir, in order to determine human 

impact [12]. Alternatively, population density can be used to determine spatial infection patterns that 

result from various spatial distributions of organisms or migration patterns of the host species [19]. 

Models of spill-over have also been used to study food-borne and vector-borne pathogens [15]. These 

systems can reasonably be represented using mathematical models as evolution is not a key feature 

and the disease spread within the human host is generally highly dependent on the dynamics within 

the animal population at all stages. 

2. STAGGERING CHAINS WITH EVOLUTION 
When a pathogen initially infects a new host species, it is often ill adapted to that organism in terms 

of its ability to survive in the new host and transmit to other members of the recipient species [16]. It 

is thought that through multiple introductions, the pathogen will have increased opportunities and thus 

higher probability of adaptation to the recipient species [1]. As a virus adapts to a new host through 

staggering chains of transmission, its fitness in the donor host is usually reduced [16]. Since 

adaptations to a recipient host are likely to be deleterious to the donor host, such mutations are likely 

to be driven either towards extinction or adaptation. Critically, for modelling emergence, this leads to 

a situation in which competent disease is not passed through a semi-permeable membrane but rather 

only one, or possibly a few, successful introductions are expected.  

In the case of swine and human influenza, the barrier has traditionally been thought to be strong, so 

that many mutations are required for establishment of a swine influenza lineage in humans and it is 

extremely unlikely that all of these will be acquired in one recombination event [10, 14, 23, 27]. As 

evidence that swine influenza viruses do not easily establish lineages in the human host, we see 

frequent cases of individuals with occupational exposure to swine contracting swine influenza and 

occasionally passing it on through very close contact, usually with a spouse, although, despite these 

isolated and frequent events, pandemic influenza has only emerged 10 to 20 times in the past 250 

years. 
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Models of staggering chains with evolution in a stochastic spatial model have probably not been 

found in the literature for a number of reasons. Firstly, virus evolution is poorly understood and 

modelling of evolution is in its infancy. This is compounded by the fact that there is generally no data 

to inform parameters associated with mutated viruses, or how Ro will change in each species through 

the evolution process. Secondly, the evolutionary events that lead to emergence are thought to be 

extremely rare, especially when multiple mutations are required [10, 14, 23, 27] that cause 

computational problems for time consuming simulation models. So, when evolution cannot be 

separated from the emergence process, only a few simple deterministic models have been used to 

study steady states and bifurcation points (for example, see Coburn et al. [5] and Iwami et al. [11]). 

Thirdly, dynamics in which a competent virus is seeded once or only a few times, lead to nearly 

independent epidemics in the host and recipient species so that only the initial probability that the 

epidemic is sparked is highly dependent on the donor species dynamics [7]. Since the seeding of one 

or a few viruses with Ro > 1 leads to between-host dynamics that are almost independent and because 

of the difficulties associated with attempting to predict the probability of a virus with Ro > 1 infecting 

a human, most modellers choose to initiate their model with one infected human and ignore both 

animal dynamics as well as host barrier dynamics.  

Almost all influenza models found in the literature were developed under the assumption that 

between-host dynamics were not contributing significantly to new cases. Some of these models 

focused specifically on early containment of an influenza outbreak and these were generally directed 

from other models in the literature, since they considered a relatively small spatial scale (for example, 

see Ferguson et al. [8]). It has largely been accepted that containment must occur at a local scale, 

since once a virus has spread in a major city, control measures can only delay spread for short periods 

of time and containment is not realistic [6]. 
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GLOSSARY 

 

Allopatric cladogenesis: speciation that occurs when one species is separated into two groups by 

some physical barrier, resulting from, for example, climate change, a geological event, or a human-

induced change in the environment. Once separated, each group may accumulate genetic changes that 

eventually may lead to new species being established. 

 

Pandemic: An epidemic that becomes very widespread and affects a whole region, a continent, or the 

world. An epidemic is a sudden outbreak that affects more than the expected number of cases of 

disease occurring in a community or region during a given period of time. 
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