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ABSTRACT 

 
 

VIRAL SHEDDING AND ANTIBODY RESPONSE OF  

MALLARD DUCKS TO AVIAN INFLUENZA VIRUSES 

Wild ducks are a key reservoir for avian influenza (AI) viruses.  Their long 

distance migrations, coupled to frequent contact with domestic poultry enhances risk for 

spread of highly pathogenic avian influenza (HPAI) viruses.  Despite years of study, our 

understanding of how AI viruses are maintained and transmitted in nature remains poorly 

understood.  The work described here examines several aspects of avian influenza virus 

infections that play a role in perpetuation and spread of this disease, including persistence 

of virus in duck feces, effect of prior exposure to AI viruses on subsequent infections and 

the passage of maternal antibodies between hen and duckling. 

In recent years, the emergence of H5N1 HPAI virus stimulated establishment of 

massive international surveillance programs to detect that virus in wild waterfowl. One 

deficit in these efforts was a lack of data on the stability of AI virus and AI virus RNA in 

bird feces under different environmental conditions.  Consequently, an experiment was 

designed to address this knowledge gap.  Feces were collected from mallards infected 

with a low pathogenic avian influenza (LPAI) virus (H5N2) on days 3 and 4 post 

infection and kept in environmental chambers for 21 days under the following conditions: 

32°C/20% relative humidity (RH), 32°C/50%RH, 32°C/90%RH, 4.5°C/50%RH, 

4.5°C/90%RH, and 0°C/50%RH.  Sensitivity of detection of infectious virus in fresh 

fecal material was equivalent to that from cloacal swab samples, while time and 

environmental conditions did not significantly affect detection of AI virus RNA by PCR.  
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Infectious virus was isolated from feces for considerably shorter intervals than RNA 

could be detected and was isolated for longer periods of time when feces were maintained 

under cold conditions.  High relative humidity also had a negative effect on virus 

isolation at 4.5°C.  Use of quantitative reverse transcriptase PCR to detect AI virus in 

fecal samples is as a valuable tool in limiting the labor involved in surveying wild ducks 

for AI virus. 

Few prior studies have examined virus shedding over the course of short interval, 

sequential infections of ducks with LPAI viruses, as likely occurs in natural settings such 

as breeding grounds.   We characterized such infections by sequential inoculation of 

ducks with homosubtypic versus heterosubtypic with H5N2 and H3N8 LPAI viruses.  

We found that prior infection with either virus reduced the duration of viral shedding 

during a subsequent infection initiated 14 or 28 days later.  Further, shedding was 

significantly shorter when the secondary infection occurred 28 days following the initial 

infection compared to 14 days.  No difference in rate of shedding for the secondary 

infection were noted based on the viral subtype causing the initial infection, suggesting 

induction of some degree of heterosubtypic immunity.  As reported from previous 

studies, some ducks shed virus but did not develop detectable antibody titers.  There was 

no evidence of subtype cross-reactivity by antibodies as demonstrated by 

hemagglutination inhibition testing.  The antibody response to a heterosubtypic virus was 

not improved by a prior infection while a second infection with the same virus was 

capable of boosting the antibody response to that virus.  This information should be 

useful in parameterizing models examining the ecology of avian influenza infection. 
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Another factor of significance in understanding transmission of AI viruses among 

wild ducks is the influence of passive immunity. A third study was performed to evaluate 

the magnitude of passive transfer of anti-influenza virus antibodies in mallard ducks and 

to determine their rate of decay in ducklings. Since not all ducks develop antibodies 

following natural infection with AI virus and the antibody titers are typically low, a 

vaccine was used to induce consistent seroconversion.  Four, 11 month-old mallard hens 

were inoculated with a recombinant H5 protein in adjuvant.  Specifically, hens received a 

single injection of 20 µg of hemagglutinin protein derived from A/Vietnam/1203/2004 

emulsified in Freund's incomplete adjuvant.  Beginning two weeks post-vaccination, eggs 

were collected daily.  Yolk was harvested from eggs laid at one-week intervals and the 

remainder of the eggs incubated for hatching.  All hens developed detectable antibody 

titers with an average log 2 hemagglutination inhibition titer (HI) of 6.4.  Maternal-origin 

antibodies were detected in the yolk of eggs laid by all hens.  Antibody titers peaked in 

yolks three weeks post vaccination for two hens and were still rising four weeks post 

vaccination for the other two hens.  The highest yolk HI antibody titer was 32.  Serum 

samples from the ducklings hatched from vaccinated hens were collected between days 0 

and 22 post-hatch.  The calculated mean half-life of maternal antibody in ducklings was 

2.3 days with a range of 1.6 to 4.0 days.  The short duration of passive immunity in ducks 

is similar to what has been reported for other species of birds and suggests that maternal 

antibodies may not play a major role in modulating protection against AI virus infection 

in natural populations. The strong immune response elicited by the H5 protein suggested 

that further evaluation should be performed to determine the viability of this vaccine for 

ducks. 
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CHAPTER I  
LITERATURE REVIEW 

INTRODUCTION 

 Influenza A viruses are an important disease-causing agent in humans, several 

species of mammals and birds worldwide.  Viruses that have undergone gradual antigenic 

changes as a result of genetic drift cause seasonal human influenza epidemics.  Sporadic 

pandemic strains arise from genetic shifts due to reassortment of different influenza 

viruses, which can yield viruses that induce significant morbidity and mortality.  Recent 

research stimulated by the threat posed by highly pathogenic avian influenza (HPAI) 

H5N1virus has suggested that pandemic strains may also result from avian influenza (AI) 

viruses adapting directly to humans.  The genetic unpredictability of influenza viruses 

requires that vaccines against seasonal influenza viruses be manufactured each year based 

on predictions of which will be the predominant circulating strains.  Additionally 

vaccines to protect against future pandemic viruses are difficult to produce because of the 

random nature in which they are generated.  To better prepare for pandemic influenza 

viruses, it is essential to enhance our understanding of the potential reservoir for these 

viruses. It is believed that avian influenza viruses serve as a genetic pool from which all 

other influenza viruses have originated.  Research is needed to determine how the wide 

varieties of influenza viruses are maintained in wild bird populations.  This dissertation 

examines the longevity and the ability to detect AI viruses in mallard (Anas 

platyrhynchos) feces, the effects of a pervious AI virus infection on subsequent infections 

in mallards and the transmission of maternal AI antibodies in mallards. 
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HISTORY OF AVIAN INFLUENZA 

The name influenza comes from the Italian word influentia – to influence, and 

was originally used to describe epidemic diseases with unknown origins (1).  The Italian, 

Perroncito, recorded the initial description of chickens infected with HPAI in 1878 using 

the term fowl plague (2).  AI was demonstrated to be caused by a filterable agent by 

Centanni and Savunozzi in 1901 (3).  Human influenza virus was first demonstrated to be 

a filterable agent in 1933 by Wilson Smith et al. (4), who was also the first person to 

grow the disease agent for AI in the lab (5).  Schafer finally determined that the etiologic 

agent of fowl plague was an influenza A virus in 1955 (6).  During the 1960s, low 

pathogenic avian influenza (LPAI) and moderately pathogenic avian influenza viruses 

were first described (2).  Numerous names have been used to describe AI including: fowl 

pest, peste aviarie, Gefl"gelpest, typhus exudatious gallinarium, Brunswick bird plague, 

Brunswick disease, fowl disease and fowl/bird grippe (2).  At The First International 

Symposium on Avian Influenza in 1981, the term highly pathogenic avian influenza was 

adopted as the official disease name instead of fowl plague (2).   

The initial isolation of an influenza virus from deceased wild birds was from an 

epizootic of common terns (Sterna hirundo) during 1961 in South Africa (7).  The 

epizootic resulted in the death of over 1300 terns.  The authors made the earliest 

suggestion that migratory birds might spread influenza between domesticated poultry.  

Further evidence of the involvement of wild birds in the ecology of influenza viruses was 

the discovery in 1970 of antibodies to the virus in wedge-tailed shearwaters (Puffinus 

pacificus) and noddy terns (Anous minutus) in Australia (8).  Viruses were eventually 

isolated from healthy wild birds including a wedge-tailed shearwater in Australia in 1971 
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and migrating California ducks in 1972 (9-11).  The connection to human influenza and 

waterfowl was suggested in the 1970s when Robert Webster and Graeme Laver showed 

similar antigenicity between the H3 protein of the 1968 Hong Kong influenza outbreak 

and that of a duck AI virus (1).  Today HPAI is a listed disease by the World 

Organization for Animal Health (Office International des Epizooties – OIE) and a 

reportable disease to the United States Department of Agriculture (USDA). 

Ecology of Avian Influenza 

The wildlife reservoirs for AI viruses include waterfowl (Anseriformes) and 

shorebirds (Charadriiformes and Laridae) (12, 13).  Except for the recently described 

H17 influenza subtype found only in bats, all 16 hemagglutinin (H) and 9 neuraminidase 

(N) subtypes have been isolated out of wild birds and in almost all combinations (14, 15).  

Across multiple surveys in North America, AI viruses are most frequently isolated from 

mallards (Anas platyrhynchos) (14).  Therefore, the studies presented here focus on 

infections of Mallard ducks.  Poultry are not considered reservoirs for influenza viruses, 

but are infected when the virus is transmitted to them from wild birds (16).  Recently it 

was suggested that passerines may play a role in the passage of influenza virus to 

domestic birds, but a prevalence of AI virus of only 0.89% was detected in 4,341 samples 

(17).  The avirulent infections caused by AI in waterfowl and shorebirds, which indicates 

a balanced host virus relationship, lends supports to these animals being a reservoir host 

(12).  Additionally, the evolutionary rate of AI viruses in ducks is slow, while when 

introduced into poultry, the rate is high.  This is likely attributable to adaptation to its new 

host, similar to what is seen in mammals such as humans and swine (18, 19).  The genes 
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of AI viruses found in ducks are conserved, while the genes of influenza viruses isolated 

from humans show considerable antigenic drift (20). 

While humans and other mammals transmit and are infected by influenza viruses 

via a respiratory route, birds can be infected by influenza viruses by the fecal-oral route 

in addition to respiratory transmission (21).  The fecal-oral route of transmission for wild 

birds was first suggested in 1976 (22).  LPAI influenza viruses replicate in the intestinal 

mucosa of ducks (23-26) resulting in the shedding of LPAI viruses in large quantities in 

the feces (25).  Transmission occurs between wild birds via the fecal-oral route, most 

likely from contaminated water (25, 27, 28).  LPAI viruses remain infective and can be 

detected in feces from the environment as well as under laboratory conditions for up to 

30 days at 4°C (25, 27).  Previous work on the influence of environmental temperature on 

viability has been reported only for an H7 avian influenza virus, but without examining 

the effect of relative humidity (25).   

AI viruses are most frequently detected during the southern migration of 

waterfowl and the northern migration of shorebirds (29).  The percentage of birds where 

AI viruses are isolated is highest in breeding grounds when juvenile birds gather prior to 

migration (14).  The frequency with which AI viruses are isolated decreases as birds 

progress south during migration.   A study in Louisiana has shown that AI viruses can be 

isolated in wintering waterfowl, but at a very low prevalence (1986 + 1987 avg. 3.1%) 

(30).  The most frequently isolated subtypes are H3, H4 and H6 (14).  Viruses of the H5 

and H7 subtype, which have potential to become highly pathogenic to poultry, are 

recovered at a significantly lower rate, ranging from 0.25% to 2% of isolates (14).  There 
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is a periodicity to the isolation of different subtypes from ducks, possibly mirroring 

turnover in previously exposed individuals of the population (29).   

It was originally believed that ducks and shorebirds had separate lineages of 

influenza viruses, but more recent research has shown the viruses from these groups of 

birds are related (31-34).  A survey of viruses infecting wild birds did not note stable 

constellations of genes (35).  In general, it is believed that lineages of avian influenza 

viruses are geographically restricted (33, 34, 36-47).  This includes the hemagglutinin 

gene for LPAI H5 and H7 viruses in North America and the HPAI H5N1 virus in Asia 

(48, 49).  The exchange of genetic material between the Eurasian and North American 

lineages of avian influenza is infrequent, but has been previously documented (32, 33, 35, 

40, 47, 50-53).  The movement of a complete virus genome between Eurasia and North 

America has not been documented (47). 

Waterfowl are able to asymptomatically carry HPAI H5N1 virus infections under 

non-migratory conditions in the wild and in the laboratory (54-56).  Migrating birds stay 

as close to wintering grounds as open water permits in order to conserve energy.  As a 

result, outbreaks of HPAI H5N1 virus in wild birds is associated with temperatures 

approximate to 0°C (57).  The HPAI H5N1 virus is now endemic in poultry in Southeast 

Asia, representing a constant source for possible transmission to migratory waterfowl 

(56, 58).  A study in Thailand showed a strong association between HPAI H5N1 

outbreaks in chickens and the presence of free-grazing domestic ducks (59).  This 

suggests that the free-grazing ducks may be a reservoir for HPAI H5N1 or may allow the 

passage of the virus between wild ducks and chickens.  Long-distance migrants have 

been shown to have a higher prevalence of infection by LPAI viruses most likely due to 
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an increase in exposure to susceptible individuals during migration allowing for the 

perpetuation of the infection throughout a population (60, 61).  The presence of a 

constant source of exposure for migrating waterfowl and the known role of waterfowl in 

the spread of LPAI viruses indicates that there is a possibility that wild birds will spread 

HPAI viruses.  Regardless of the current biology of HPAI H5N1, there is a constant risk 

for the adaptation of the virus making it more likely to spread to migratory birds.  The 

lack of certainty about the risk of spread of HPAI H5N1 in migratory waterfowl and the 

known ability of these birds to asymptomatically carry the virus makes it prudent to 

monitor these species for early detection of the virus in new regions. 

Seasonal Human Influenza 

Seasonal epidemics in humans occur due to influenza A and B viruses that 

circulate during the winter months of temperate climate zones (62).  In tropical areas 

these viruses usually occur without seasonality, but in some regions they occur primarily 

during rainy periods (62).  Seasonal influenza epidemics are the result of antigenic drift, 

point mutations in viral RNA resulting in amino acid changes in hemagglutinin (HA) and 

neuraminidase (NA) surface glycoproteins (63).  The change in the structures of the HA 

and NA proteins causes altered antigenicity of the virus and the immune system selects 

for viruses that have undergone antigenic drift because the surface glycoproteins are the 

predominant target for antibody production (3).  This change in immunogenicity allows 

for seasonal epidemic viruses to circulate in the population even though people have been 

previously exposed to the same subtype (64).   

Seasonal epidemic strains of influenza virus are the descendants of the most 

recent pandemic strain (12).  The strain responsible for each new pandemic usually 
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causes the current circulating seasonal influenza strain to be displaced (12).  The 

exception is the 1977 H1N1 pandemic virus, which continued to co-circulate with the 

H3N2 virus derived from the 1968 pandemic (12).  Seasonal influenza epidemics result in 

over 30,000 deaths a year in the United States (65).  The majority of fatalities are people 

older than 65 years of age (62).  Young children are also at significant risk for more 

severe illness (62).  In comparison, the pandemic viruses of 1957 and 1968 resulted in 

hundreds of thousands of deaths worldwide (65).   

Pandemics 

Only a limited set of viral subtypes have resulted in pandemic strains of influenza 

viruses including HA subtypes H1, H2, H3 and NA subtypes N1 and N2 (13).  The origin 

of these pandemic viruses has been postulated to be a result of recombination of gene 

segments, genetic shift, or direct adaptation of an AI virus.  In the previous century, 

pandemics included H1N1 1918 (Spanish flu), H2N2 1957 (Asian flu), H3N2 1968 

(Hong Kong flu) and H1N1 1977 (Russian flu) (5).  The 1977 H1N1 virus was 

genetically similar to H1N1 isolates from the 1950s and it has been postulated that it was 

a release from a laboratory (5, 66).  The most recent influenza pandemic in 2009 resulted 

from an H1N1 virus with genetic segments from an Asian swine virus (NA and M), a 

classic swine virus (HA, NP and NS), a swine triple reassortant virus of avian origin 

(PB2 and PA) and a swine triple reassortant virus of human origin (PB1) (67). 

The 1918 Spanish flu is believed to have infected one third of the world’s 

population at that time (500 million people) (68).  The mortality rate was 2.5% resulting 

in 50 million deaths, which is exceptionally higher than the estimated 0.1% death rate for 

the 1957, 1968 and 1977 pandemics (68, 69).  The Spanish flu pandemic was unique in 



 

 8 

that it resulted in three waves of illness from 1918 to 1919 with each wave being more 

severe (68).  Another difference from the 1957 and 1968 pandemics was that  healthy 

young adults were overrepresented in the number of deaths from the 1918 Spanish flu 

(68).  Paraffin samples of lung recovered from an Inuit woman buried in the Alaskan 

permafrost in 1918 allowed reconstruction of the 1918 virus (70), which showed high-

virulence, including a lack of a need for trypsin to grow in cell culture (71).  Genetic 

analysis of the genes of the 1918 pandemic strain suggest that the virus was directly 

transmitted from birds to humans or was only recently introduced to mammals before the 

pandemic (72).  Supporting the close relationship of the 1918 H1N1 virus to avian strains 

is that an isolate A/New York/1/18 preferentially bound avian receptors (73).  The crystal 

structure of the HA of the 1918 influenza virus closely resembles those of AI viruses (74, 

75).  Additionally, only a single amino acid change was required to change the specificity 

from the human preferred virus to avian preferred receptors (73).  Phylogenetic analysis 

of PB1, PB2 and PA suggests the 1918 virus originated from an avian virus (76). 

The H2N2 virus that emerged in 1957 resulted from a recombination event with 

the circulating H1N1 virus gaining three new genes (PB1, HA and NA) (77).  Isolates of 

H2N2 virus have shown that the NA has adapted to cleaving human receptors over time 

(78, 79).  The H3N2 virus that emerged in 1968 resulted in a recombination event with 

the circulating H2N2 virus and gained H3 and PB1 genes (77).  The H3 gene was similar 

to one isolated from ducks suggesting an avian origin for this segment (77).  Early 

isolates of H3N2 replicated in ciliated human airway epithelial cells in vitro similarly to 

avian viruses, while later isolates replicated in both ciliated and non-ciliated human 

airway epithelial cells (80).  This furthers the assertion the HA gene segment originated 
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from a reassortment with an avian virus.  Genetic analysis of the PB1 gene from the 1957 

and 1968 pandemics indicated this gene had an avian origin (81).  During the pandemic 

years of 1918, 1957 and 1968 the majority of deaths were in people less than 65 years of 

age, while the percentage of deaths this age group comprised in following years 

dramatically decreases (82).   

A key question has been from where do pandemic influenza viruses arise?  Pigs 

have receptors for both human and avian influenza viruses on their tracheal epithelial 

cells (83).  After entering the swine population, avian HA have been shown to increase 

their binding to human receptors (83).  Since pigs are permissive to infection with both 

avian and human influenza virus strains it has been postulated that they serve as a mixing 

vessel during co-infection allowing for the generation of new viruses through genetic 

shift (19, 84).  This idea that pigs could serve as a mixing vessel for human and avian 

influenza viruses was initially proposed by Scholtissek et al. 1985 (85).   

Experimentally, reassortant viruses have been generated by co-infecting pigs with 

avian and human influenza viruses (86).  Currently there are no human-avian reassortant 

virus isolates from pigs that are direct precursor to viruses that have caused a human 

pandemic (87).  Therefore, it cannot be determined that swine served as a mixing vessel 

for viruses that caused either the 1957 or 1968 pandemics.  Phylogenetic evidence has 

suggested that avian and human viruses have re-assorted and circulated among pigs (88, 

89).  There have even been swine, human and avian triple reassortant viruses isolated 

from pigs (90, 91).  Previously to the most recent H1N1 pandemic, triple reassortant 

swine, human and AI viruses have been identified in human infections (92).  A child in 
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Italy was infected by an avian-human reassortant virus from pigs and there is serologic 

evidence for such events (89, 93). 

Until recently, new pandemic and seasonal strains of influenza virus were thought 

to originate in China (62).  It had been proposed that Southern China is an epicenter for 

the introduction of new influenza viruses into the human population because of the high 

population density and close interactions between people and farm animals (94).  

Additionally, chickens, ducks and pigs intermingle in the Chinese agricultural system 

(94).  The presence of the HPAI H5N1 virus in Southeast Asia increased the concern that 

it could become a pandemic strain by adapting directly to humans or re-assorting with 

other viruses.  There has been a paradigm shift when the initial human infections with the 

2009 H1N1 pandemic virus occurred in Mexico, indicating that novel human influenza 

viruses could arise in places outside of Southeast Asia (67).  

Human Infection with Avian Influenza Viruses 

The first reported isolation of an AI virus from a human was a patient with 

hepatitis in 1959 (95, 96).  The virus was of H7N1 subtype and was not initially 

suspected of causing his illness.  A laboratory worker in 1976 developed 

keratoconjunctivitis after accidentally exposing her eye to allantoic fluid containing a 

chicken-derived H7N7 virus (97).  In 1980, a marine biologist performing a necropsy on 

an influenza virus-infected harbor seal (Phoca vitulina) developed conjunctivitis from an 

H7N7 virus of avian origin (98, 99).  Human volunteers in a 1990 study were 

experimentally infected with avian H4N8, H6N1 and H10N7 viruses resulting in mild 

respiratory illness (100).  Although the test subjects shed virus, not all of them 

seroconverted, which suggests infection with AI viruses may be more common than has 
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been documented.  In 1996, an Irish woman with conjunctivitis, who had contact with 

waterfowl, was shown to be infected with an AI H7N7 virus (101, 102).  An avian H9N2 

virus was isolated out of 2 children with influenza like illness (gastro-intestinal illness 

and respiratory illness) in Hong Kong in 1999 (103, 104).  Antibodies against the H9N2 

virus were found in the serum of blood donors in Hong Kong suggesting the exposure to 

this virus was more than the two children showing illness (103).  The internal genes of 

the H9N2 virus are closely related to HPAI H5N1 virus that has infected people (105).  

Genetic analysis indicated that the H9N2 virus was solely of avian origin (105).  An 

H9N2 virus isolated from viruses circulating in poultry sampled from a Hong Kong live 

bird market in the late 90s had specificity to the human receptor (106).  During the 2003 

HPAI H7N7 virus outbreak in poultry in the Netherlands, 89 people were confirmed to 

have been infected (by virus isolation) including three individuals exposed by contact to 

infected poultry workers (107).  The symptoms ranged from conjunctivitis to influenza-

like illness including one fatality (108).  The total number of infected people is believed 

to be greater than those from whom virus was isolated.  Serology indicated that 49% of 

508 exposed poultry workers and 64% of 63 contact individuals were positive for H7 

antibodies by hemagglutination inhibition testing (109).  Some estimates went as far as 

saying 1000 people had been infected (110).  In 2003, a man in New York City was 

infected with an H7N2 virus of unknown origins resulting in respiratory illness (111).  

Additionally, a child with flu-like symptoms in 2003 in Hong Kong was infected with a 

H9N2 virus of unknown origins, but was similar to those found circulating in live poultry 

markets (111, 112).  Two human patients became infected with a HPAI H7N3 avian 



 

 12 

influenza virus from an outbreak in chickens in British Columbia in 2004 (113-115).  The 

symptoms included conjunctivitis and “mild influenza-like illness.”   

Further evidence of the risk to humans from infection with avian influenza viruses 

has been demonstrated by serologic and ferret model studies.  In a 1985 study, 

neuraminidase inhibition assays found serologic evidence of infection with AI viral 

subtypes N4, N5, N6, N7 and N9 in residents of Milan, Italy (116).  Analysis of serum 

collected from 1992-1993 found neuraminidase inhibitory antibodies to N4 in Chinese 

people with contact to ducks (117).  A serological survey of poultry workers in Italy 

found seven workers with serologic evidence of infection with H7N3 during a time 

period of sporadic LPAI and HPAI H7N3 virus outbreaks in Italy (1999-2003) (118).  A 

1999 study in China found that 19% of people tested had antibodies to an H9N2 AI virus 

(119).  HI is not as sensitive for detecting antigen towards avian influenza viruses in 

human patients as combining microneutralization assays with Western blot, or ELISA 

and Western blot (120).  Therefore, evidence of other previous exposures may have been 

missed.  Ferrets (a model for human infection) have been successfully infected by LPAI 

H6, LPAI H7 and HPAI H7 influenza viruses (121-123).  Additionally, a mallard H7N3 

virus could infect and be transmitted between ferrets without adaptation (124). 

Highly Pathogenic H5N1 Avian Influenza Virus 

 A fatally ill 3-year old boy was the first recorded human case of HPAI H5N1, 

which occurred in Hong Kong SAR, China in May 1997 (125).  Genetic analysis showed 

this virus was fully of avian origin (126, 127).  The 1997 HPAI H5N1 virus isolated from 

humans retained its pathogenicity for chickens (128).  #$%!&'()(*!&+!,$(-!.('/-!(-!

/*0*&1*2!3/,!,$%!(*,%'*45!)%*%-!+&'!,$%!6789!6:;<!.('/-!4'%!=&-,/54,%>!,&!$4.%!
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Between May and December of 1997, 17 more people were confirmed infected with 

HPAI H5N1 resulting in five deaths (132, 133).  This outbreak was curtailed by mass 

culling of poultry in Hong Kong (134).  All human cases were believed to be due to 

direct contact with poultry without human-to-human transmission, although there was 

serologic evidence of exposure in contact individuals (135-137).  The HPAI H5N1 virus 

retained its !2,3SA receptor preference, which may have prevented transmission between 

humans (138).  Most of these cases involved healthy individuals without underlying 

disease (132).  Disease was characterized by viral pneumonia sometimes followed by 

acute respiratory distress, fever and lymphopenia (132).  Some patients also had 

conjunctivitis, gastro-intestinal disease, liver disease and kidney failure (132, 139).  

Individuals who died had multiple organ failure (132).  HPAI H5N1 viruses from the 

same lineage continued to circulate in southern China from 1997 to 2002 (140-142).  The 

viruses were initially classified into five genotypes (A-E) in 2001, but by 2002 eight 

different genotypes were exclusively detected (V, W, X1, X2, X3, Y, Z and Z+) (141, 

143). 

Additional epizootic outbreaks of HPAI H5N1 occurred in several Southeast 

Asian countries in poultry in 2003-2004 (143, 144).  The index re-emergence case in 

humans was a family in Hong Kong (145).  Additional human cases occurred in 

Southeast Asia in 2003-2004 (146, 147).  Unlike the initial outbreak of HPAI H5N1 

where the virus was mainly restricted to the respiratory tract, cases of infections 

following 2003 resulted in virus disseminating to organs outside the respiratory system 

(148, 149).  Human infections following 2003 primarily mirrored those of the earlier 
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1997 outbreak being characterized by viral pneumonia with complications including 

acute respiratory distress and multiple organ failure (145, 146).  There is little evidence of 

human-to-human transmission except for a few cases where there is circumstantial 

evidence such as lack of contact of infected individuals to poultry (146, 150).  Some 

HPAI H5N1 isolates from humans have adapted to bind both human and avian receptors 

(151). 

In 2002, a strain emerged that was highly pathogenic to waterfowl resulting in the 

deaths of numerous wild birds in Penfold and Kowloon Parks in Hong Kong (152, 153).  

It was recognized that the HPAI H5N1 virus had become established in wild birds from 

an outbreak that resulted in the deaths of a large number of bar-headed geese (Anser 

indicus), brown-headed gulls (Larus brunnicephalus), great black-headed gulls (Larus 

ichthyaetus) and great cormorants (Phalacrocorax carbo) in April 2005 at Quinghai 

Lake, China (154-156).  The same virus was isolated later that year in Mongolia and 

Russia (156).  The HPAI H5N1 virus has since spread from Asia to the Middle East, 

Europe, and Africa potentially by migrating waterfowl (54, 56, 60, 80, 157-166).  Other 

means including the transport of poultry may have been responsible for the spread of the 

HPAI H5N1 virus (167-171).   

THE VIRUS 

Classification 

Influenza A viruses belong to the family Orthomyxoviridae, which has not been 

assigned an order.  Viruses in the family Orthomyxoviridae have a genome consisting of 

6-8 single stranded negative sense RNA segments.  The virions are enveloped and either 

spherical or filamentous.  Orthomyxoviridae contains 6 genera including: Influenzavirus 
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A, Influenzavirus B, Influenzavirus C, Isavirus, Thogotovirus and a recently described but 

unnamed genera of viruses (172).  The genus Thogotovirus is comprised of tick-born 

viruses while Isavirus virus causes infectious salmon anemia.   

Influenza A, B and C viruses are differentiated by the antigenicity of the NP and 

M1 proteins (66).  Influenza A viruses are further divided by the antigenicity of their HA 

(H1-17) and NA (N1-9) glycoproteins (15, 66).  The genome of influenza A and B 

viruses consists of 8 negative stranded segments, while influenza C has 7 segments (173).  

All three types can infect humans, with infections by type A generally being most severe 

and type C being the least.  Seasonal epidemics are caused by both influenza A and B 

viruses (174).  Unlike influenza A viruses, influenza B and C viruses do not have an 

animal reservoir and circulate exclusively in people with sporadic isolation in other 

mammals (174).  As a result, only influenza A viruses cause pandemics due to the 

introduction of novel genes or whole viruses into the virus population that is circulating 

among humans.    Influenza A viruses are the only viruses in the order Orthomyxoviridae 

that naturally cause infection in birds (175). 

Influenza viruses are also identified by the host species which they infect.  

Influenza A viruses are known to infect a wide variety of birds, humans, swine, horses, 

sporadically sea mammals and recently, domestic dogs (12, 176, 177).  In 2004 an H3N8 

influenza virus believed to have originated from an equine virus began circulating in dogs 

(177).  Phylogenetically, based on the nonstructural (NS) gene, virus isolates can be 

grouped into human-swine, American avian-equine, equine avian-swine, gull group and a 

group with one equine isolate (178).   
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Genome 

The Influenza A virus genome consists of eight negative strand RNA segments 

ranging in size from 890-2341 nucleotides coding for 10 to 12 proteins (179-181).  The 

segments are ordered based on size and code for the following proteins: segment 1: PB1 

and sometimes PB1-F2 and/or N40; segment 2: PB2; segment 3: PA; segment 4: HA; 

segment 5: NP; segment 6: NA; segment 7: M1 and M2; and segment 8 NS1 and NS2 

(179-181).  Transcription of M2 and NS2 require splicing of the viral mRNA (12).  The 

complimentary 3’ and 5’ ends of each strand form base pairs resulting in a panhandle 

shaped structure (182, 183).  There is conservation of the 12 terminal nucleotides at the 

3’ end and the 13 nucleotides at the 5’ end, which are complimentary to each other (184-

186).  These conserved terminal residues at both the 3’and 5’ ends serve as a promoter 

and there is a binding site for RNA-polymerase at residues 9 to 12 on the 3’ end (187-

190).  A stretch of uridine residues is present 17-22 bases from the 3’ end of each 

segment (184, 191). 

The combination of a high rate of mutation due to misinsertion errors and a fast 

rate of replication in RNA viruses allows for rapid evolution and antigenic drift (192, 

193).  Misinsertion errors occur due to a lack of proof reading ability in the RNA-

dependent RNA-polymerase.  The high mutation rate allows for plasticity in the genome 

of RNA viruses, permitting these viruses to change host species (192).  The high 

mutation rate also allows for a quick increase in fitness in the new host (192).  

Additionally, the presence of these viruses in quasispecies allows for a dynamic pool of 

viruses with differing genetic characteristics improving the virus’ adaptability (194).   



 

 17 

Structure 

Influenza A viruses consist of spherical, pleomorphic or filamentous enveloped 

particles containing 8 ribonucleoproteins (12, 180, 181, 195).  The virion ranges in size 

from 80-120nm (179).  The envelope is derived from the host membrane with three viral 

proteins embedded (HA, NA and M2) (12).  Underneath the envelope there is a protein 

shell consisting of the structural protein M1 (196-198).    The genome is packaged as 

eight separate viral ribonucleoprotein (vRNP) complexes consisting of the RNA 

segments coated with NP and an attached RNA-polymerase (56, 60, 161, 199-202).  This 

vRNP is maintained in a circular supercoiled form (203).  The attached RNA-polymerase 

is a heterotrimer consisting of PB1, PB2 and PA (201, 204). 

Polymerase Proteins: PB1, PB2 and PA 

The three proteins of the viral RNA-polymerase, PB1, PB2 and PA, are encoded 

on separate gene segments (12).  The polymerase proteins are named as such because 

PB1 and PB2 are basic proteins with PB1 being larger (179).  PA is the only acid protein 

of the polymerase complex.  The viral RNA polymerase transcribes the viral messenger 

RNA (mRNA), complimentary RNA (cRNA) and genomic viral RNA (vRNA).  The 

viral RNA-polymerase is packaged into virions bound both to the 3’ and 5’ end of each 

genomic vRNA segment (161, 205).  PB1 initiates the process of transcription of RNA 

segments (206).  PB1 binds both the 5’ and 3’ end of the vRNA prior to initiating 

transcription (207).  PB1 is also responsible for elongating the growing RNA chain by 

addition of nucleotides (208, 209).  PB2 is responsible for binding the cap of host RNA 

(206, 208, 210-215).  Co-immunoprecipitation experiments show that PB2 interacts with 

NP and several host proteins (216).  Although initially attributed to PB1, the PA subunit 
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has the endonuclease activity responsible for cleaving the 5’ cap from cellular mRNA 

(214, 217, 218).  PA plays a role in stabilizing the polymerase complex, cap binding 

activity as well as binding of the polymerase complex to the promoter region of vRNAs 

(219, 220).  Mutations in PA affect packaging of all genomic vRNA gene segments into 

the virion (221). 

Hemagglutinin 

HA is a glycoprotein embedded in the viral envelope (12).  It forms a homotrimer 

and is a major determinant of antigenicity (12).  HA concentrates in lipid rafts on the 

virion to allow for improved viral fusion with the cell compared to a diffuse distribution 

(222).  HA is cleaved by host trypsin-like proteases into HA1 and HA2 connected by a 

disulfide bond (12, 223).  HA1 forms a globular head and there is a stalk consisting of 

HA2 and a small portion of HA1 (12, 223).  Cleavage of HA is a required step allowing 

the viral membrane to fuse with the host cell membrane.  In fact, the cleavability of HA is 

a critical component determining the pathogenicity of AI viruses (224).  HA1 binds to the 

viral receptor, sialic acid residues on host glycoproteins and glycolipids (223).  The virus 

enters the cytoplasm through fusion of the viral and host membranes via a conformation 

change of the HA2 due to low pH in the endosome (223, 225, 226) 

Nucleoprotein 

The influenza virus NP coats vRNA by binding to the phosphate sugar backbone 

of the vRNA and thus is not sequence specific (182).  NP forms a homo-oligomer and has 

a nuclear localization signal (227, 228).  NP has been shown to directly interact with PB1 

and PB2 proteins of the RNA polymerase and it has been suggested that this interaction 

results in switching the polymerase from transcription to replication (229).  The NP 



 

 19 

interaction with the viral RNA polymerase to allow for unprimed initiation of RNA 

transcription to form cRNA and genomic vRNA (230).  Besides binding to PB1 and PB2, 

NP has been shown to bind M1 and several host proteins (231). 

Neuraminidase 

NA is an integral membrane protein that cleaves sialic acid at its !-ketosidic 

linkage to adjacent sugar residues (232).  Besides HA, NA is the other major antigenic 

molecule located on the surface of the influenza virion (12).  NA is a homotetramer with 

an enzymatic head and a stalk, which inserts within the viral envelope (232).  NA is 

thought to cleave sialic acid in mucins allowing the virus to penetrate through mucus 

secretions to reach target cells (232).  Additionally, NA is thought to cleave sialic acids 

on infected cells to prevent aggregation of virus and allow for viral release (189, 233, 

234).  The sialic acid specificity of NA generally matches that of the HA (78, 79).  The 

tail of the NA is involved in the morphology of influenza viruses, with mutations in NA 

containing no tails resulting in a higher percentage of viruses in the filamentous shape 

(235).  The NA inhibitors oseltamivir (Tamiflu®) and zanamivir (Relenza®) bind NA 

preventing the release of the virus from the host cell (236). 

Matrix 1 Protein 

M1 is the most abundant protein in the virion and is the primary protein 

responsible for virus particle formation and budding (237, 238).  M1 is encoded by 

segment 7 of the influenza genome, which also encodes the M2 protein (12).  M1 is 

transcribed from unspliced viral mRNA (12).  It is found in an ordered helix shell 

underneath the viral envelope surrounding the vRNPs (196-198).  M1 creates the 

structure of the virion by forming a shell beneath the membrane by oligomerization (227, 
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239).  It is associated with vRNPs through binding to both RNA and NP (56, 60, 240-

242).  Interactions between M1 and the cytoplasmic tails of NA and HA contribute to the 

formation of virus particles at the cell membrane (238, 243-245).  M1 associates with the 

membrane of the virus particle through interactions with the cytoskeleton and/or 

electrostatic interactions (241, 246, 247). 

Besides a structural roll, M1 is important during viral replication.  Once the virion 

is in the host cell endosome, M1 disassociates from vRNPs and undergoes a structural 

transformation due to a decrease in pH caused by protons entering the virion through M2 

(160, 163, 197).  This allows the vRNPs to leave the virion and enter the nucleus.  M1 is 

bound by NS2 resulting in a vRNP-NS2-M1 complex that is exported from the nucleus of 

infected cells (248, 249).  The M1 protein promotes the export of vRNPs from the 

nucleus to the cytosol and the prevention of their re-entry into the nucleus (160).  M1 

binds viral RNA preventing the initiation of transcription thus serving as a possible 

means for switching between viral replication and assembly (250).  More recently it has 

also been described that M1 is capable of blocking the classical complement pathway 

both in vitro and in vivo (251). 

Matrix 2 Protein 

M2 is a transmembrane protein embedded in the virion envelope and is coded 

from the same segment as M1, sharing only 8 N-terminal residues (12, 252, 253).  The 

M2 protein is transcribed from spliced viral mRNA from segment 7 of the influenza virus 

genome (12).  M2 is a homotetramer held together by disulfide bonds (254, 255).  M2 

forms an ion channel that allows protons to flow into the virion when in the endosome 

during viral entry to the cell (256, 257).  The protons acidify the inside of the virion 
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causing a conformational change in M1 allowing for the release of vRNPs into the 

cytoplasm (160, 258).  M2 is the target of the antiviral drugs amantadine and 

rimantadine, which block the acidification of the virion and subsequent release of vRNPs.   

Nonstructural Protein 1 

NS1 is important in suppressing the host antiviral response.  Segment 8 of the 

influenza virus genome encodes for both NS1 and NS2 (12).  NS1 has been shown to 

inhibit cytokine response to infection in cell culture (259, 260).  NS1 prevents the 

interferon response of the host as demonstrated by the ability of viruses with deletion 

mutations of the NS1 gene capable of replicating in STAT1 deficient mice, but not in 

wild-type mice (261).  NS1 binds to double stranded RNA preventing activation of the 

dsRNA-dependent protein kinase (PKR), which results in an interferon response (262-

265).  Additionally, NS1 directly inhibits the activities of PKR by binding to the protein 

(266).  Deletion mutants of NS1 in a swine influenza virus demonstrated that NS1 was 

responsible for preventing production of IFN-!/" (267).  NS1 inhibits the activation of 

NF-#$, which prevents the production of IFN-!/" (268).   

In addition to inhibiting the host antiviral response, NS1 modulates host cell 

physiology and viral RNA synthesis.  NS1 inhibits polyadenylation of host mRNA by 

binding to cleavage and polyadenylation specificity factor, as well as poly(A)-binding 

protein II (269-272). This has the added benefit of preventing the production of IFN-" 

mRNA; thus further limiting the cellular interferon response (272).  The host machinery 

is not needed for providing a poly(A) tail on viral mRNA because the viral polymerase 

makes the poly (A) tail by copying a repeated uridine track (273).  Binding of NS1 to 

cellular mRNA also prevents already polyadenylated cellular RNA from being exported 
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from the nucleus (270).  By binding the spliceosome, NS1 prevents the splicing of 

cellular pre-mRNA (274-276).  NS1 stimulates the translation of viral proteins by 

recruiting eukaryotic translation initiation factor 4GI to viral mRNA (277-279).  

Additionally, NS1 has been shown to be involved in the induction of apoptosis in 

infected cells (280).   

Nonstructural protein 2/Nuclear Export Protein 

NS2 was renamed nuclear export protein (NEP) when its presence was 

demonstrated in the virion (248, 281, 282).  NEP is translated from an mRNA derived 

from the eighth segment of the genome from splicing of the NS1 gene (283).  

Accumulation of NEP triggers the switch from producing mRNA products to transcribing 

genomic vRNA (284).  NEP has a nuclear export system and has been shown to play a 

role in the export of vRNPs (282). 

Recently Described Proteins PB1-F2 and N40 

PB1-F2 is a protein expressed from a +1 open reading frame from the PB1 gene 

and was first described in 2001 (180).  PB1 has been found to localize to the 

mitochondria, but is also found in the cytoplasm and nucleus of host cells (180, 285-288).   

PB1-F2 contributes to the pathogenesis of some influenza viruses in the mouse model as 

well as HPAI H5N1 in mallard ducks (289-293).  It has been suggested that the inclusion 

of avian origin PB1 genes in the H2N2 outbreak of 1957 and the H3N2 outbreak of 1968 

contributed to the virulence of these viruses in the human population (81, 180).  Although 

the complete mechanism has not been elucidated, PB1-F2 promotes apoptosis by altering 

mitochondrial function and permeabalizing the mitochondrial membrane possibly by pore 

formation (285, 286, 294-296).  It has been suggested that this apoptotic effect, including 
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the targeting of monocytes, is important in increased pathogenesis (180).  Later research 

has shown this effect of PB1-F2 to be strain dependent (288, 291).  Increased virulence 

has been further suggested to be due to immunopathology due to increased expression of 

cytokines and recruitment of immune cells to the lungs (290-292).  It has also been 

shown that PB1-F2 can bind PB1 and increase viral RNA-dependent RNA-polymerase 

activity in a tissue and strain dependent manner (288, 293, 297, 298).  Intact sequence for 

PB1-F2 has been found in a high prevalence of avian influenza viruses, 96% of 861 

isolates examined (287).  N40 was first described in 2009 as a protein translated from a 

separate AUG at PB1 gene segment codon 40 (181).  Little is currently known about 

N40.  It appears to have a roll in replication in some isolates, but it is not necessary for 

viral replication nor is it expressed by all viruses. 

Influenza Virus Receptors 

AI viruses preferentially bind to !2,3SA-gal while human influenza virus isolates 

preferentially bind to !2,6SA-gal (58, 61, 168, 171, 299-302).  The difference in the 

receptors is due to the linkage of the sialic acid to the penultimate sugar of glycolipids or 

glycoprotein to the third or the sixth carbon for !2,3SA-gal or !2,6SA-gal respectively 

(162).  The presence of !2,6SA-gal linkages in mucin prevents viruses with this 

specificity from binding to human airway epithelial cells by binding free virus (303).  

Additionally, neuraminidase from avian isolates primarily recognize and cleave avian 

receptors, while human and swine isolates primarily recognized both !2,3SA-gal and 

!2,6SA-gal receptors (79).   

The small and large intestinal epithelial cells in domestic ducks and turkeys have 

!2,3SA-gal linkages but not !2,6 SA-gal linkages (83, 164, 304, 305).  Supporting the 
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lack of !2,6SA-gal receptors, experiments with human influenza viruses have not 

resulted in infection of duck intestinal epithelial cells (304).  In contrast, chicken and 

quail small and large intestinal epithelial cells have both !2,3SA-gal linkages and !2,6 

SA-gal linkages (164, 306).  Both !2,3SA-gal and !2,6SA-gal linkages are present on 

the epithelial cells of the trachea of chickens, domestic ducks, turkey and quail (164, 

307).  The presence of influenza virus receptors has not been demonstrated in the lungs of 

chickens, ducks or turkeys, although lung tissue has been demonstrated to be infected by 

AI viruses (164, 308-310).  The tubular epithelial cells of the kidney and mucosal 

epithelial cells of the esophagus in chickens, ducks and turkeys have both !2,3SA-gal 

linkages and !2,6 SA-gal linkages (164).  The epithelial cells lining the oviduct of 

chickens, ducks and turkeys have only !2,3SA-gal linkages (164).  Receptors have not 

been detected in the brain, breast muscle, bursa, spleen or cecal tonsils of birds (164).  

This in contrast to studies showing the presence of viral antigen in brain, skeletal muscle, 

spleen and bursa (64, 153, 308, 310, 311).  The presence of both receptors on some avian 

cells suggests that human or avian viruses could reassort within birds.  Additionally, the 

HA of an avian virus could adapt to binding !2,6 SA-gal linkages within their avian host. 

There is a risk that humans co-infected with influenza viruses of avian and human 

origin may result in reassortment because numerous cell types have both receptors.  

Ciliated epithelial cells of the nasal mucosa, pharynx, trachea, bronchi and bronchioles 

have sialic acid residues of both !2,3SA-gal and !2,6SA-gal linkages (28, 80, 157, 167, 

303, 312, 313).  The non-ciliated epithelial (goblet) cells have both linkages, but !2,6SA-

gal linkages predominate (80, 157, 167, 303, 312).  Cells with !2,3SA-gal linkages occur 

sparsely in the upper respiratory tract, but are common in the lower respiratory tract 
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(157).  Although both linkages have been found to be present on non-ciliated epithelial 

cells, in studies AI virus replicated solely in the ciliated epithelial cells (80, 167).  

Seasonal human influenza viruses infect both ciliated and non-ciliated airway epithelial 

cells (80, 167).  Within the lungs, !2,3SA-gal linkages are found on type II pneumocytes 

while !2,6SA-gal linkages are found on both type I and type II pneumocytes (157, 313).   

Outside of the human respiratory system, !2,3SA-gal linkages are found on the 

neurons in the brain and intestine, T cells of the spleen, ocular and lacrimal duct 

epithelial cells as well as endothelial cells throughout the respiratory tract, brain, 

placenta, liver, heart, intestine and interstitial and glomerular tissue of the kidney (157, 

165, 314).  Additionally, !2,6SA-gal linkages are found on Hofbauer cells of the 

placenta, bile duct epithelial cells, Kupffer cells, hepatocytes, distal tubule epithelial cells 

and B cells of the spleen (157, 165).  The distribution of !2,6SA-gal linkages on 

endothelial cells is similar to that of !2,3SA-gal linkages (157).  Although !2,6SA-gal 

linkages have not been detected in the human intestine there are conflicting reports to its 

presence (157).  It has been reported that !2,3SA-gal linkages are and are not present on 

intestinal epithelial cells, although human intestinal mucosa has been reported to be 

infected by the HPAI H5N1 virus (157, 315, 316).   

Replication 

The initial step of infection involves attachment of the virion to the host cell 

receptor through binding of the viral HA to host sialic acid residues (317).  For successful 

viral replication there needs to be a balance between both HA and NA specificity and 

activity (318-320).  The influenza virus then undergoes receptor-mediated endocytosis 

into cells via coated endosomal vesicles (317, 321).  Proton pumps in the vesicle 
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membrane acidify the endosome causing a conformational change in HA (226).  This 

conformational change results in HA2 fusing the viral and endosomal membranes (225, 

226).  Concurrently, within the acidified endosome, the M2 ion channel allows proteins 

to flow into and acidify the virion (12, 317).  The M1 protein disassociates from the 

vRNPs due to the decreased pH within the virion (160).  Following membrane fusion and 

disassociation of M1, vRNPs are released into the cell’s cytoplasm (317).  Finally, 

vRNPs are then actively transported into the nucleus through nuclear pores (163).   

It is within the nucleus that viral mRNA and genomic vRNA is transcribed (322).  

The RNA-polymerase is already attached to the vRNAs when they enter the nucleus 

(271).  Viral RNA-dependent RNA-Polymerase initially copies the vRNA into mRNA 

(12).  Without a primer, the viral genome is then copied into the uncapped intermediate 

cRNA, which is used as a template to make new genomic vRNA.  The vRNA is then 

used to increase the number of copies of mRNA and for packaging into new virions.  The 

viral RNA-dependent RNA-polymerase binds both the 5’ and 3’ terminal sequences of 

vRNA, which activates the cap binding and endonuclease activity of the RNA-

polymerase (190, 207, 323).  It has been shown that binding of only the 5’ end of the 

vRNA is required for cap-snatching (324).  Viral mRNA polymerization is primed with a 

5’ cap of 10 to 13 bases long that are cleaved from host RNA by the endonuclease 

activity of the PA subunit of the viral RNA-polymerase, while the template for genomic 

RNA is synthesized without the cap and is not polyadenylated (214, 217, 218, 325-328).  

Approximately 17-22 bases from the 3’end of the segment, a stretch of 4-7 uridine 

residues are present (184, 191 , 326).  At this stretch of uridine bases, the viral RNA 

polymerase creates a poly-A tail on the mRNA through reiterative copying.  The creation 
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of cRNA requires the transcript to be initiated without a 5’cap (329).  The NP protein is 

further needed to block the viral RNA-polymerase from creating a poly-A tail and 

creating a full transcript (329).  Cellular enzymes are used to splice the mRNAs for M1 

and M2 as well as NS1 and NS2 (271).  As the M1 protein accumulates in the nucleus it 

interacts with genomic vRNA and inhibits transcription (250). 

Host cellular machinery is used to translate viral proteins from viral mRNA in the 

cytoplasm (204).  HA, NA and M2 proteins are transported to the cell surface while PB2, 

PB1, PA, NP, NS1, NS2 and M1 are actively transported to the nucleus of cells using a 

nuclear localization signal through nuclear pore complexes (317, 330, 331).  The newly 

formed vRNPs are exported to the cellular membrane with M1 and NS2 (317).  The M1 

and NS2 proteins promote the export of vRNPs from the nucleus for viral assembly (160, 

332).  The cytoplasmic tails of NA and HA have a redundant function in interacting with 

M1 in virus assembly and are required for proper virion shape and genomic packaging 

(243, 333, 334).  It is believed that the eight vRNPs are incorporated into each virion by a 

controlled process that requires specific coding signals within each segment (335-343).  

Influenza viruses assemble at and bud from areas of cellular membrane rich in lipid rafts 

(344).  The replication cycle eventually results in lysis or apoptosis of the host cell (317, 

345, 346). 

INFECTION 

High Pathogenicity versus Low Pathogenicity 

LPAI viruses cause localized infections, while HPAI is characterized as a 

systemic disease causing high mortality (2, 347).  AI viruses only of the H5 and H7 

subtype have been documented to have the potential of becoming highly pathogenic to 
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poultry (175, 348).  A HPAI virus is defined as having an intravenous pathogenicity 

index > 1.2 or causes mortality in at least 6 of 8 experimentally inoculated chickens 

(349).  Additionally, it can be defined as having multiple basic amino acids at the HA 

cleavage site, where as LPAI viruses have only one (350-352).  The ability of HA to be 

cleaved is a critical component of what determines the pathogenicity of AI viruses (224).  

The cleavability of the HA is also affected by glycosylation and therefore glycosylation 

affects the virulence (353).  It has been shown through recombinant viruses that amino 

acid residues outside of the cleavage site, as well as within the cleavage site, play a role 

in the pathogenicity of the HPAI H5N1 virus for chickens (354).  Recent outbreaks of H5 

and H7 HPAI viruses have not adhered to the generalization of the association of basic 

amino acids in the cleavage site and pathogenicity (355).  LPAI viruses can become 

pathogenic through genetic drift, as was shown to have happened in 1994 with a LPAI 

H5N2 virus in Mexico (356).  As a result, all H5 and H7 avian influenza outbreaks are 

reportable to the OIE because of the unpredictable risk of the viruses changing to a highly 

pathogenic form.   

Surveys of AI viruses noted that the cleavability of HA is a determinant of 

pathogenicity in chickens (224).  This has been experimentally demonstrated by the 

production of viruses with varying degrees of HA cleavability from a known HPAI H5N9 

virus via a reverse genetic technique (357).  Viruses with a greater HA cleavability 

resulted in increased pathogenicity in chickens.  The HA of HPAI viruses can be cleaved 

by ubiquitous endoproteases including furin and PC6 (358-360).  This allows HPAI 

viruses to form plaques in cell culture without the addition of trypsin (350).   
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LPAI viruses have restricted tissue tropism because the cleavage of the HA can 

only be accomplished by trypsin-like proteases present in specific tissues (361).  The HA 

of LPAI viruses has been shown to be cleaved by plasmin in cell culture, blood-clotting 

factor x-like protease in chick embryos and tryptase Clara in rat bronchiolar epithelial 

cells (362-364).  Commensal organisms have also been demonstrated to be involved with 

cleavage of HA through proteases produced by Aerococcus viridans and Staphylococcus 

aureus as well as the stimulation of plasmin production by Streptococci sp. and 

Staphylococci sp. (365). 

Virulence Factors 

Experiments utilizing recombinant viruses have demonstrated that the HA, NP, 

PB2 and M2 proteins and the NS gene are involved with virulence of the HPAI H5N1 

virus in chickens (259, 366-368).  Additionally, a glycosylation site within the NA also 

contributes to the pathogenicity of HPAI H5N1 virus for chickens (354).  The increased 

pathogenicity due to the NS1 gene has been attributed to inhibiting the interferon 

response (259).  Conversely, the increased pathogenicity due to the NP gene has been 

attributed to an increase in IFN-!, IFN-%, Mx1 and iNOS (367).  Similarly, H5N1 viruses 

isolated out of swine were used to show by means of reverse genetics that NS1 

contributes to virulence of influenza viruses in chickens (369).  Besides individual genes, 

pathogenicity has been linked to certain constellations of genes.  Pathogenicity of HPAI 

viruses in chickens has been correlated to an appropriate combination of polymerase 

genes (370).  The polymerase proteins and NP have been shown to be an important factor 

in determining pathogenicity due to increased replication efficiency of AI H7N7 viruses 

in chick embryos (371).  A study examining HPAI H5N1 virulence in ducks 
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demonstrated that the PA gene was a determinant (372).  Reverse genetics studies 

showed that changes in the polymerase PA and PB1 genes resulted in increase 

pathogenicity for mallards in a 2004 HPAI H5N1 virus (373). 

Studies have been performed in mice examining the virulence of both human and 

avian origin influenza viruses resulting in some similar conclusions to the responsible 

genes.  For a mouse adapted strain of H1N1 it was shown that mutations in NA, PB1, 

PB2, HA and NA had roles in virulence (374).  In a mouse model, mutations in PA, PB1 

and PB2 of a seasonal human H1N1 virus contributed to virulence by enhancing the 

ability of the virus to replicate (375).  Another study using a variant of the same strain of 

H1N1 virus in mice indicated that virulence was due to the HA, NA and polymerase 

genes and it was attributed to the viruses ability to replicate faster than the innate antiviral 

response could be formed (376).  Studies with the 1918 pandemic H1N1 virus in mice 

indicated that the PB1, NS1, HA and NA proteins are responsible for virulence when 

recombinant viruses were made with a seasonal H1N1 virus (377-379).  NS1 and PB1-F2 

have been demonstrated to contribute to increased replication and virulence of specific 

isolates of the 2009 H1N1 pandemic virus in mice (380). Neurovirulence has been 

attributed to mutations in the NA, M, NS and HA genes through studies in mouse models 

(381).   

Similar to results seen in chickens, an increased ability to replicate due to 

mutations in the polymerase genes PB1, PB2 and PA through adaptation of an HPAI 

H7N7 virus to mice was associated with increased virulence (382).  Therefore, virulence 

in a new host may be associated with adaptation and optimization of replication within 

the host.  Mutations in HA and PB2 have been shown to contribute to the virulence in 
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mice of the HPAI H7N7 virus from the outbreak in the Netherlands that resulted in 

human deaths (383).  PA contributed to the pathogenicity of some mouse-adapted strains 

of an LPAI H5N2 virus in mice (384).  Using reverse genetics to create chimeric viruses 

of the HPAI H5N1 virus of low and high pathogenicity to mice were used to demonstrate 

that virulence was polygenetic and influenced by the combined effects of mutations in the 

HA, NA and PB2 genes in mice (385).  The virulence of HPAI H5N1 in mice was 

associated with the increased cleavability of HA (159).  A similar approach demonstrated 

minor amino acid differences of M1, PB1, PB2 and NS1 can alter the pathogenicity of 

HPAI H5N1 in mice (159, 386-388).  The increased pathogenicity due to NS1 was 

associated with an enhanced ability to antagonize IFN-!/" and inhibit the dsRNA 

activation of NF-#" and IRF-3 (387).   

Studies using other animal models have also been used to explore the genetic 

basis for increased virulence of influenza strains.  Exchanging the polymerase genes of 

the HPAI H5N1 virus with that of a less virulent H5 virus resulted in attenuation of the 

pathogenicity in ferrets and mice suggesting that the polymerase genes are important in 

contributing to the virulence of influenza viruses (389).  By examining unique residues in 

PB2 and NS1 proteins of an HPAI H5N1 virus, ferret studies suggested that these 

proteins are involved in pathogenicity (390).  NS1 has been shown to be a virulence 

factor in swine influenza viruses by inhibiting IFN-!/" (267).  In comparison, genetic 

characterization of H7N7 and H5N1 HPAI viruses infecting humans suggests that 

mutations in PB2 are important in the pathogenicity of avian influenza viruses in humans 

(108, 147).  
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Clinical Disease in Birds 

Ducks infected with LPAI are asymptomatic and virus replication is primarily 

restricted to the epithelium of the enteric tract (24-26, 391-393).  Ducks shed virus for 

approximately 3 to 8 days (394).  It has been shown in wild mallard populations infected 

with LPAI viruses that the level of virus shedding is inversely correlated with body mass, 

suggesting natural infections affect the health of wild birds (394).  The authors described 

the lower weights as being mild losses, but the overall health effects are unknown.  

Ducks infected with HPAI generally have either subclinical or mild symptoms 

(395-398).  Although the infection is considered subclinical, decreased feeding by 

mallards has been observed (397).  Splenomegaly, decreased lucency of the air sacs and 

bursal atrophy have been noted on gross examination (396).  Lesions have been described 

in subclinically infected ducks throughout the respiratory system.  These lesions include: 

necrotizing/heterophilic rhinitis, sinusitis, laryngitis, tracheitis, airsacculitis and 

interstitial pneumonia (310, 396, 397).  Additional lesions have been described in other 

organs: lymphoplasmacytic perivascular cuffing of cerebral blood vessels and gliosis in 

the brain as well as hyalinization and necrosis of skeletal muscle (310, 396).  Although 

ducks may be asymptomatic and lacking significant gross pathology to HPAI, there still 

can be systemic spread of the virus (310, 396).  Virus has been detected in the epithelium 

of the airways, lungs, ependymal cells of the brain, kidneys, periosseous mesenchymal 

cells of the skull, and skeletal muscle (310, 396, 397). 

Occasionally, HPAI causes severe disease in ducks similar to what is seen in 

poultry.  An outbreak of an HPAI H7N1 virus from 1999-2000 in Italy resulted in the 

death of Muscovy ducks (Cairina moschata) and domestic geese (Anser anser var. 
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domestica) (399).  This outbreak caused neurologic disease in the Muscovy ducks, which 

exhibited tremors.  Gross pathology included hardening and discoloration of the pancreas 

and hemorrhagic duodenitis.  Histopathologic examination demonstrated foci of necrosis 

of the acinar cells in the pancreas.  Additionally, lymphocytic encephalitis and 

perivascular cuffing in the brain was observed. Virus was demonstrated via 

immunohistochemistry from the acinar cells of the pancreas and astrocytes of the central 

nervous system, neurons and glia.   

Since 2002, some strains of HPAI H5N1 have resulted in high morbidity and 

mortality of domestic and wild ducks (64, 152, 153, 373, 400-406).  Ducks infected with 

HPAI H5N1 viruses shed the virus both orally and cloacally (406).  The course of disease 

has been described using experiments with both domesticated ducks and wood ducks (Aix 

sponsa) (153, 393, 400, 403, 406, 407).  Clinical signs include cloudy eyes, ruffled 

feathers, weight loss, respiratory signs, diarrhea and weakness (153, 393, 400, 406).  

Neurologic signs include depression, blindness, loss of balance, ataxia, tremors and 

paralysis (153, 393, 400, 407).  Death most frequently occurs from between 3 and 7 days 

post infection (64, 403).  Higher mortality due to infection with HPAI H5N1 virus is seen 

experimentally in 2-week old ducks compared to older ducks (402, 403).  Gross 

examination reveals lung hemorrhage, mottled pancreas, petechiation of the pancreas, 

splenomegaly and necrosis of cecal tonsils (152, 400).  Histopathology reveals similar 

lesions to asymptomatic ducks including: sinusitis, rhinitis and airsacculitis (401).  More 

severe central nervous lesions are observed: encephalitis, hemorrhagic meningitis, 

perivascular cuffing, gliosis and nerve cell necrosis within the brain (153, 393, 400, 407).  

Further pathology includes pancreatic necrosis, pancreatitis, splenic vasculitis and 
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necrosis, hemorrhagic splenitis, adrenalitis, necrosis of adrenal corticotropic cells, 

myocarditis, degeneration and necrosis of the myocardia and myocytes (153, 393, 400, 

403, 406, 407).  Virus disseminates systemically and is located in respiratory epithelial 

cells, air sac epithelium, lung, parasympathetic, small intestine, ganglia of the small 

intestine, cerebellar neurons, pancreatic acinar cells, spleen, liver, kidney, adrenal 

corticotropic cells and medullary cells, cardiac myocytes, testicles, bursa, skeletal 

muscle, tissue macrophages and endothelial cells of numerous tissues (153, 393, 400, 

401, 403, 408).   

HPAI virus infections causing high morbidity and mortality in other waterfowl 

that are usually asymptomatic have been described.  Infections in four species of geese, 

Bar-headed (Anser indicus), Cackling geese (Branta buccinator), Canada geese (Branta 

Canadensis) and domestic geese (Anser anser domesticus), have been described (152, 

395, 396, 405, 407).  Infection in geese can include ruffled feathers, cloudy eyes, 

diarrhea, depression, listlessness, seizures, tremors, torticollis, ataxia and death.  On 

examination, geese have conjunctivitis, rhinitis, tracheitis, airsacculitis, lung edema, 

hemorrhage into the lungs, thinning of the intestinal wall, cerebral malacia, gliosis, 

lymphoplasmacytic perivascular cuffing, encephalitis, splenic congestion, pancreatitis, 

hepatitis and adenitis, thymic and bursal atrophy.  Areas of necrosis are also seen within 

the brain, glia, ependymal cells, pancreas, liver and adrenals.  Viral antigen has been 

demonstrated within neurons of brain, pancreatic acinar epithelium, cardiomyocytes, 

hepatocytes, Kupffer cells, biliary epithelial cells, and adrenal glands. 

Clinical signs and pathology in swans including black swan (Cygnus atratus), 

Coscoroba swan (Coscoroba coscoroba), trumpeter swan (Cygnus buccinators), mute 
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swan (Cygnus olor) and whooper swan (Cygnus cygnustrumpeter) have been described 

(152, 405).  During infection swans can present with seizures, tremors and ataxia and 

even acute death without clinical signs.    Necrotic foci are seen in the liver, spleen, 

kidney, intestines, proventriculus, cecal tonsils, ovaries and oviduct.  Virus has been 

demonstrated in trachea, air sacs, lung, gastrointestinal tract, intestinal parasympathetic 

ganglia, astrocytes, parenchyma of the brain, pancreas, spleen, liver, kidney, adrenal 

gland and endothelial cells in numerous organs. 

Laughing gulls (Larus atricilla), shorebirds also considered to be a wildlife 

reservoir for AI, are asymptomatic for infection with a HPAI H5N3 virus and early 

isolates of the HPAI H5N1 virus (309, 409).  Pathology still occurs in laughing gulls 

without clinical signs resulting in decreased lucency of the air sacs, splenomegaly, 

pancreatic mottling and conjunctival edema.  Histologically, heterophilic to 

lymphoplasmacytic airsacculitis, interstitial pneumonia, necrotizing pancreatitis and 

hepatitis are seen.  Virus can be isolated from the lung and kidney and viral antigens have 

been demonstrated in the liver and pancreas.  Some more recent HPAI H5N1 isolates 

cause high morbidity and mortality in laughing gulls similar to affected ducks (400).  

Clinical signs include ruffled feathers, cloudy eyes, weakness, ataxia and torticollis.  

Petechial hemorrhage is seen in the ventriculus, heart, cerebrum and pancreas.  

Histopathology shows necrotizing pancreatitis, neural necrosis of the brain, 

lymphoplasmacytic perivascular encephalitis, heterophilic pancreatitis and adenitis.  

Virus was located in air sacs, lungs, small intestine, eye, neurons, glial cells, ependymal 

cells, pancreatic acinar cells, cortical and medullary cells of the adrenal gland, kidney, 

heart, thymus and endothelial cells.  
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While AI infection in ducks is mainly an enteric disease, respiratory signs 

primarily characterize LPAI infection in poultry.  LPAI infections in turkeys is similar to 

chickens (398).  The virus is capable of replicating in and being excreted from both the 

respiratory and intestinal tracts (308, 410).  Clinical signs of LPAI in chickens can 

include: rales, coughing, conjunctivitis and airsacculitis (411).  There may be a decrease 

in egg production with the presence of misshapen eggs (347).  Lesions restricted to the 

respiratory tract, including tracheitis, bronchitis, airsacculitis and pneumonia (308, 412, 

413).  Histologic signs of LPAI in chickens and turkeys include: loss of cilia, heterophilic 

infiltrate and luminal exudate in the trachea as well as bronchitis and interstitial 

pneumonia (411).  Some isolates of LPAI have been shown to result in renal tubule 

necrosis, interstitial nephritis, lymphocyte necrosis and depletion in the cloacal bursa, 

spleen and thymus in addition to respiratory pathology (414).  Virus can be isolated from 

lung and has demonstrated in the air sac epithelium (413).  Virus can also be isolated 

from the oviduct, ovary and tubular epithelium of the kidney of LAPI infected chickens 

although there is no pathology (413, 414).  Experimental systemic infections induced by 

intravenous inoculation of chickens with LPAI virus has been shown to lead to virus 

isolation frequently in the kidney tubule epithelial cells leading to tubule necrosis and 

nephritis (412).   Chickens that succumb to LPAI infections die from respiratory failure 

and in some cases, renal failure (412). 

Infection in chickens with HPAI H5N1 is similar to infection with other HPAI 

viruses (415).  Described clinical signs include anorexia, ruffled feathers, swollen 

hemorrhagic necrotic wattle and comb, congested legs, cyanosis, dermal hemorrhage, 

hematochezia, coma and can even include acute death without clinical signs (414, 416, 
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417).  Gross lesions include subcutaneous edema, mottled pancreas, petechial 

hemorrhage on the surface of serosa, splenomegaly, renomegaly, systemic 

congestion/hemorrhage, pulmonary congestion, pulmonary hemorrhage and 

edema/consolidation, conjunctival hyperemia/edema and hemorrhage of the enteric tract 

(415, 416).  Histologic lesions that are observed include loss of cilia of the respiratory 

tract, interstitial pneumonia, perivascular cuffing of the brain, gliosis, lymphocytic 

meningitis, meningoencephalitis, nephrosis, nephritis, adrenalitis, myocarditis, myositis, 

depletion and necrosis of lymphocytes in the cloacal bursa, spleen, thymus and cecal 

tonsils (308, 310, 407, 414-417).  Necrosis is observed in the intestinal epithelial, 

pancreas, spleen, adrenal glands, collecting duct, proximal and distal tubules of the 

kidney, heart, bursa and skeletal muscle (308, 310, 407, 414-417).  HPAI virus infection 

results in a systemic infection with detectable virus in inflammatory cells and 

endothelium of the lung, smooth muscle of small intestine, brain neurons, glia, 

ependymal cells, choroid epithelium, pancreatic acinar epithelium, islet cells, 

hepatocytes, kidney tubular epithelial cells, adrenal corticotropic cells, thymic 

epithelium, cardiac myocytes, skeletal muscle, theca cells of the ovary, interstitial cells of 

the testicle, feather follicular cells, osteoclasts, erythroid and myeloid precursors in bone 

marrow, tissue macrophages and endothelium (308, 310, 407, 414, 415, 417, 418).  

Similar clinical signs, pathology and presence of virus in tissues are seen in other 

gallinaceous species including: turkeys (Meleagris gallopavo), Japanese quail (Coturni 

coturnix japonicus), bobwhite quail (Colins virginianus), Pearl guinea fowl (Numida 

meleagris), ring-necked pheasants (Phasianus colchicus) and Chukar partridge (Alectoris 

chukar) (398, 401, 409, 415). 
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Investigators have looked at the pathogenicity of the H5N1 virus in other families 

of birds.  Passerines may serve as an intermediate host allowing for transmission of HPAI 

viruses between wildlife reservoirs and/or to poultry.  Experimental infection of zebra 

finches (Taeniopygia guttata), house finches (Carpodacus mexicanus) and house 

sparrows (Carpodacus mexicanus) with the HPAI H5N1 virus found that these birds had 

a disease course similar to chickens although they had varying morbidity and mortality 

(311, 419).  On the other hand, European starlings (Sturnus vulgaris) shed virus but 

remained healthy throughout the experimental infection and lacked pathologic lesions 

(311).  Budgerigars (Melopsittacus undulatus), psittacines, are kept as pets and may 

transmit HPAI H5N1 virus to humans.  HPAI infection in budgerigars is also similar to 

chickens, but generally results in less mortality (311).  Ratites, which are farmed and 

therefore have economic importance and close contact with humans have also been 

experimentally infected with HPAI.  Emus (Dramaius novaehollandiae) and ostriches 

(Struthio camelus) exhibit clinical signs and pathology similar to chickens (328, 396, 

409). 

Clinical Disease in Humans 

Humans infected with seasonal influenza viruses display a disease course that is 

best characterized by cough, fever and nasal congestion, but may also include: headache, 

sore throat, muscle soreness, weakness and loss of appetite (420).  Human infection with 

the HPAI H5N1 virus ranges from subclinical to death (421).  Infections do occur in 

previously healthy individuals without any pre-existing conditions (146).  The disease is 

characterized by lower respiratory tract clinical signs with or without upper respiratory 

tract disease, intestinal disease, bleeding from the nose/gums and even encephalopathy 
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(146, 149, 421).  Conjunctivitis has also been described in humans infected with HPAI 

H5N1 (139).  Human cases of HPAI H5N1 have lead to hemorrhagic and consolidated 

lungs (148).  Also seen in the lungs is alveolar damage with lymphoplasmacytic 

infiltrates (148).  Furthermore, central lobular necrosis of the liver as well as tubular 

necrosis of the kidneys is seen (148).  Additionally, brain edema also is observed (148) 

Matching the location of the receptor in humans, HPAI H5N1 virus can be found 

in the type II pneumocytes, ciliated and non-ciliated epithelial cells of the respiratory 

tract, neurons in the brain, T-cells, intestinal mucosa and fetal tissues (315, 422).  HPAI 

H5N1 can also infect cultured cells of the nasopharynx, adenoids and tonsils (28).  

Although numerous cell types are permissive for replication of AI viruses, HPAI H5N1 

replicates primarily in cells in the lower airway (423).  In the lower respiratory tract, 

human influenza viruses primarily attach to ciliated epithelial cells in the trachea and 

bronchi and type I pneumocytes in the alveolus, while AI viruses bind primarily to non-

ciliated epithelial cells and type II pneumocytes (HPAI H5N1 also infects alveolar 

macrophages) (28, 166, 169, 423, 424).  Experimental studies have confirmed that HPAI 

H5N1 can infect human pulmonary endothelial cells resulting in productive replication 

and induction of unusually high levels of inflammatory cytokines (425).  Confirming the 

presence of avian receptors in eyes, AI viruses of subtypes HPAI H5N1, HPAI H7N7, 

LPAI H7N7 and HPAI H7N3 have resulted in conjunctivitis from infecting ocular tissues 

(97-99, 101, 102, 108, 113-115, 139). 

Adaptation 

Adaptation of HA to bind !2,6 sialic acid receptor improves transmission of 

influenza viruses among humans (170, 426, 427).   Although the difference in receptors 
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for human and avian hosts is a significant barrier, the HA of the 1918 H1N1 virus 

requires only one amino acid substitution to change preference for the avian receptor 

(73).  One of the initial adaptations of pandemic influenza viruses is to bind !2,6 sialic 

acid linkages, which can require minimal amino acid changes (168, 428).  A single amino 

acid changed the receptor binding specificity of a human H3N2 virus from being able to 

bind both to only the human receptor (429).  Mutation in only two amino acids in the HA 

of HPAI H5N1 changed the receptor specificity to the human receptor (430).  The change 

in two amino acids in the HA of a human H3 virus can change receptor specificity to 

!2,3 sialic acid linkages (431).  Changes in two amino acids in the HA of human H1 

allowed for replication in ducks (432).  The HA gene has been implicating in the 

virulence of and in adapting seasonal human influenza viruses to mice (433).  In the 

laboratory, receptor preference of influenza viruses can be changed by passage in a new 

host.  Egg adapted strains of human influenza viruses demonstrate an increased binding 

affinity for !2,3sialic acid linkages (302).  Studies of H3N2 viruses show that the 

antigenicity of virus is closer to human isolates grown in MDCK cells as compared to 

egg grown virus (434).  An important step may be balancing of the HA and NA activities 

of the virus, which is required for efficient viral replication (435).  NA from avian 

isolates primarily recognizes avian receptors, while human and swine isolates primarily 

recognize both !2,6SA-gal and !2,6SA-gal receptors (79).  The difference in recognition 

between receptors is as a little as two amino acids (79). 

The ability to cross the species barrier appears to be a polygenic trait requiring 

compatibility between different genes (3).  Adaptation to the mouse host of an H1N1 

virus, mutations in NA, PB1, PB2, HA and NA have been identified (374).  The 
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polymerase genes play an important role in the adaptation of H7N7 AI virus to mice 

(371, 382). 

The roll of PB2 appears to be especially important.  Mutations in PB2 have been 

shown to be important in the adaptation of influenza viruses to humans as well as mice 

(123, 436).  PB2 has been shown to be a determinant of whether influenza virus can 

efficiently adapt to replicate in either human or avian cells (216, 437, 438).  In studies of 

human and avian cell lines, adaptations to new hosts rely heavily on NP and PB2, which 

are important components allowing the proteins to enter the nucleus of the infected cell 

(439).  One study suggested that cellular proteins regulating the interaction of NP and the 

viral RNA-polymerase restrict adaptation of avian influenza viruses to humans (440).  

The importance of NP is furthered by an experiment with an AI virus with a temperature 

sensitive mutant of the NP gene, which could not be rescued by duel infection with 

human isolates in chick embryo cell culture (85). 

Host Immune Response 

The immune response to AI viruses in birds is poorly understood compared to 

infections of HPAI viruses and human influenza viruses in mammals.  Antibodies to HA 

are protective and block the HA binding site for its receptor preventing attachment of the 

virus to the cell (441, 442).  Additionally, antibodies against the other major surface 

glycoprotein NA can also be protective (443).  Vaccine producers have focused on the 

surface glycoprotein because of the protective role of antibodies that recognize these 

molecules. 

Not all vaccines produce detectable hemagglutination inhibition (HI) antibody 

titers, but can still prevent disease in ducks.  Vaccination with an inactivated oil emulsion 
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vaccine against HPAI H5N1 from recombinant virus resulted in complete protection, but 

some ducks did not have detectable HI antibody or virus neutralization titers (158).  

Ducks were protected from infection with a HPAI H5N1 virus after receiving a bivalent 

H5N9/H7N1 inactivated virus oil emulsion vaccine that was boosted 3 weeks later, 

although they did not have detectable HI titers to the HPAI H5N1 virus (444).  This 

vaccine prevented illness but did not prevent shedding in all birds.  A recombinant duck 

enteritis virus vaccine expressing H5 resulted in prevention of clinical signs, although 

one duck shed virus (445).  This vaccine resulted in detectable HI titers in five out of six 

ducks at two weeks post vaccination. 

 Some vaccines result in low antibody titers that only rise to high levels following 

a booster.  In one study, a group of 30 day old Pekin ducks inoculated with an inactivated 

oil emulsion vaccine created using a LPAI H5N2 virus developed an antibody titer of 

log2 GMT 2.69 (446).  Only after a second vaccination the titer reached 7.69 log2 GMT.  

This vaccination prevented both illness and viral shedding.  These results were mirrored 

in another study using Muscovy ducks where initial vaccination with an inactivated oil 

emulsion vaccine resulted in an HI titer of 5.4 log2 that was boosted to a titer of 7.5 log2 

(447).  In comparison a fowlpox-vectored recombinant vaccine expressing the H5 of an 

HPAI H5N1 isolate produced an initial antibody titer of 2.5 log2, which was boosted to 

3.4 log2.  Both vaccines prevented illness, but did not prevent shedding of virus.  A 

reverse genetic derived inactivated H5N3 oil emulsion vaccine created with the H5 from 

a HPAI H5N1 that was boosted 3 weeks following the initial administration of the 

vaccine resulted in titers that ranged from 8 to 64, with the majority of ducks having a 

titer of 32 (444).  This vaccine prevented illness and shedding in all birds.   
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 In another study the kinetics of HI titers following vaccination in ducks with an 

inactivated oil emulsion vaccine containing an H5N1 virus created by reverse genetics 

was examined (448).  Antibodies were detectable at 1 week following vaccination and 

were 3 log2.  The peak HI antibody titer was at 4 weeks following vaccination and was 8 

log2.  The antibodies declined to 4 log2 14 weeks following vaccination.  A booster 

vaccination increased titers to 10 log2.  This vaccine prevented illness and shedding of 

virus.  The variable response of ducks to vaccination against HPAI H5N1 indicates 

further research needs to be performed to create a vaccine that reliably produces a high 

antibody response and that is protective.  A recombinant subunit vaccine in Chapter IV, 

which is used as a means of assessing maternal antibody transfer, may prove through 

further research to be a reliable duck vaccine for HPAI.  

  In vitro studies suggest that influenza viruses are capable of replicating in avian 

macrophages and disrupting their function (449, 450).  CD8+ T lymphocytes from 

chickens infected with LPAI H9N2 virus provided a degree of cross-protection to 

infection by HPAI H5N1 virus (451, 452).  Changes in NP have been shown to increase 

the pathogenicity of HPAI H5N1 in chickens and correlates with an increase in alpha-

interferon, gamma-interferon, Mx1 and iNOS (367).  In comparing two H5N1 viruses 

and their ability to cause disease in chickens it has been demonstrated that residue Ala149 

in NS1 resulted in high pathogenicity and caused an inhibition of interferon response in 

cell culture (259).  Interferon also restricts the replication of avian influenza viruses in 

chicken embryo culture cells (453).  RIG-I has been proposed as a key molecule in innate 

immunity that allows HPAI infections in ducks to be asymptomatic, while the absence of 

RIG-I in chickens results in high pathogenicity (454).  RT-PCR of cytokine gene 
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expression in mononuclear cells of chickens and ducks indicates a difference in response 

to LPAI.  The chicken response was characterized by increased levels of IL-1", IL-6 and 

IFN-". (455).  Levels of these cytokines were nearly unchanged in ducks while IL-2 was 

strongly increased.  There was an increase in both IFN-! and IFN-% in both chickens and 

ducks, but chickens had a greater increase in IFN-%.  

Similar to what has been observed with birds, antibodies to HA and NA are an 

important component of the immune response to influenza viruses in humans (12).  

Cytotoxic T lymphocytes (CTL) have been shown to recognize and lyse cells containing 

the influenza internal proteins PB1, PB2, PA and NS1 (456).  Mice studies have shown 

that the NP is the major target molecule recognized by cytotoxic T cells, although CTL 

can also recognize HA (457, 458).  Influenza infection in mammalian cells has been 

shown to induce the IFN-!/" response (459).  Interferon can also protect mammalian 

cells from influenza infection (459).  Different NS1 genes have been shown to result in 

different induction of host interferon responses in lung epithelial cells (460).  The 

increased pathogenicity due to NS1 is associated with an enhanced ability to antagonize 

IFN-!/" and inhibit the dsRNA activation of NF-#" and IRF-3 (386).  The Mx1 protein 

of mice inhibits transcription of influenza viral mRNA, while MxA protein of humans 

prevents viral mRNA from being transcribed (461).  Mx appears to have little to no effect 

on AI replication in duck and chicken studies (462). 

The pathogenicity attributed to H5N1 in human cases is believed to be caused in 

part by a proinflammatory cytokine induction resulting in a cytokine storm.  It has been 

shown that HPAI H5N1 induces a strong TNF-! and IFN-" response in human 

macrophages (360).  As compared to a seasonal H1N1 virus isolate, HPAI H5N1 virus 
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infections produced a more potent response of pro-inflammatory cytokines as measured 

by IP-10, IFN-", RANTES and IL-6 in pulmonary epithelial cells in culture (463).  In 

human cases it has been shown there are increases in serum cytokines (145).  Even 

though the cytokine response to the HPAI H5N1 virus has been suggested to be 

responsible for the morbidity and mortality, mice deficient in IL-6, TNF-! or CC 

chemokine ligand 2 or who have their cytokine response suppressed with corticosteroids 

are not protected from death (464).  Recombinant swine IFN-!, IFN-% TNF-! do not alter 

viral infection in swine lung epithelial cell culture (260).   
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CHAPTER II  
DETECTION OF H5N2 AVIAN INFLUENZA VIRUS IN MALLARD FECES UNDER 

DIFFERENT ENVIRONMENTAL CONDITIONS 

INTRODUCTION 

It has been postulated that some of the spread of the highly pathogenic avian 

influenza (HPAI) H5N1 virus from Asia to the Middle East, Europe, and Africa occurred 

due to migrating waterfowl (34, 154, 155, 465-475).  Others have argued that waterfowl 

have a lesser role in the spread of the HPAI H5N1 virus (476-480).  At the moment, there 

is not enough information to determine the role of migration in the spread of the HPAI 

H5N1 virus, but a strong argument can be made for a sensible research approach to 

examining the possibility (480-483).  Waterfowl are able to asymptomatically carry the 

infection under non-migratory conditions in the wild and in the laboratory (55, 467, 475).  

The HPAI H5N1 virus is now endemic in poultry in Southeast Asia, representing a 

constant source for possible transmission to migratory waterfowl (143, 467). Long-

distance migrants have been shown to have a higher prevalence of infection by low 

pathogenic avian influenza (LPAI) viruses most likely due to an increase in exposure to 

susceptible individuals during migration allowing for the perpetuation of the infection 

throughout a population (34, 484).  The presence of a constant source of exposure for 

migrating waterfowl and the known role waterfowl play in the spread of LPAI viruses 

indicates that there is a possibility that wild birds will spread HPAI viruses.  Regardless 

of the current biology of HPAI H5N1 virus infection, there is a constant risk for the 

adaptation of the virus making it more likely to spread to migratory birds.  The lack of 

certainty about the risk of spread of the HPAI H5N1 virus in migratory waterfowl and the 
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known ability of these birds to asymptomatically carry the virus makes it prudent to 

monitor these species for early detection of the virus in new regions. 

The pattern of infection of LPAI viruses in North American waterfowl peaks just 

prior to fall migration and decreases as the birds head south (419, 485-488).  Of concern, 

is the scenario that birds migrating from Asia may transmit the HPAI H5N1virus to North 

American waterfowl species in the Arctic.  The virus would then spread along fall 

migration routes.  To confront this risk, the United State Department of Agriculture 

(USDA), Animal Plant Health Inspection Service (APHIS), Wildlife Services has 

partaken in a strategic plan for the early detection of HPAI H5N1 virus focusing on 

migrating waterfowl and shorebirds (489).  From April 2006 through March 2009, this 

surveillance program collected 261,946 samples from wild birds and 101,457 fecal 

samples, representing a large commitment in resources by the USDA and other agencies 

(490).  Collecting fecal samples is more appealing than capturing wild birds because it 

potentially requires fewer resources and avoids the stress of handling the birds.  

Similarly, the need for the ease of environmental sampling has resulted in the 

development of a method to detect HPAI H5N1 virus by concentrating the virus from 

surface water on erythrocytes before isolation in embryonated chicken eggs (491). 

LPAI viruses replicate in the intestinal mucosa of ducks (23-25).  This results in 

the shedding of LPAI viruses in large quantities in the feces (25).  Transmission occurs 

between wild birds via the fecal oral route, most likely from contaminated water (25, 27, 

492).  LPAI viruses remain infective and can be detected in feces from the environment 

as well as under laboratory conditions for up to 30 days at 4°C (25, 27).  Previous work 

has been done only with an H7 AI virus to examine the viability at different temperatures, 
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but without examining the relative humidity (25).  From 2006 and into early 2009, the 

USDA limited their fecal sampling only to fresh feces.  The USDA stopped collecting 

fecal samples as of April 2, 2009 because the value of environmental sampling by fecal 

swabs under different conditions compared to cloacal swabs of captured waterfowl is 

unknown.  The results of this study suggest environmental sampling of fecal material 

may be a valuable tool in surveying migratory birds for avian influenza viruses. 

AIMS:  This study was undertaken to establish the efficiency of detecting avian 

influenza viruses by swabbing feces under differing environmental conditions.  The first 

aim was to demonstrate that detection of an LPAI virus in fresh fecal samples reflected 

that of cloacal swabs at days 3 and 4 post infection.  Secondly the study sought to 

compare efficiency of detection of virus from feces by real-time RT-PCR and virus 

isolation under differing environmental conditions of temperature and relative humidity.   

HYPOTHESES:  Real-time RT-PCR detection of LPAI virus in fecal material 

will accurately predict infection in mallards at days 3 and 4 post infection.  Post-

defecation time, ambient temperature and relative humidity will not affect the detection 

of LPAI virus by real-time RT-PCR in fecal material.  In contrast, post-defecation time, 

ambient temperature and relative humidity will affect the detection of LPAI virus by 

virus isolation from fecal material.   

MATERIALS AND METHODS 

Animals, Housing and Infection 

A mixture of male and female juvenile mallards (n=15) were kept under animal 

biosafety level 2 conditions.  Five groups of three ducks were housed uncaged in a room 

with ad libitum feed and water.  Ducks were labeled 1-15 by placing colored zip-ties 
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loosely around one leg.  All ducks were humanely euthanized following the experiment.  

The ducks were infected with 1 ml of brain-heart infusion broth (BHI) containing 1 x 106 

pfu/ml of A/Mallard/MN/346250/00 LPAI H5N2, which was administered by 

distributing the inoculum ocularly, intranasally and orally. 

Collection of Samples 

Feces were collected on days 3 and 4 post infection, with that timing based on 

preliminary data indicating that mallards would reliably shed virus on those days (data 

not shown).  On the night prior to days 3 and 4 post infection, feed was removed from the 

duck rooms.  In the morning feed was placed back in with the ducks for half an hour and 

the ducks were then placed individually in cages and checked every 15 minutes for 

defecation.  Feces were collected from underneath the cages on wax paper and split into 

two samples in a weigh boat.  Although the fecal matter was split, it was not mixed in 

order to maintain a sample similar to what might be encountered in the environment. 

Immediately after collection, the fresh feces were placed in weigh boats and 

cloacal swabs were obtained from each duck. The weigh boats with fecal material were 

placed in environmental chambers under one of the following conditions: 32˚C/90%RH, 

32˚C/50%RH, 32˚C/20%RH, 4.5˚C/50%RH, 4.5˚C/20%RH and 0˚C/50%RH.  

Temperatures were chosen to reflect conditions during migration where waterfowl move 

South before freezing temperatures.  The high temperature of 32˚C was chosen to 

represent the conditions the birds may encounter at their warm wintering grounds.  Feces 

were swabbed at 12h, 24h, 48h, 72h, 5d, 7d, 14d and 21d, or until all feces were removed 

due to sampling.  Swabs were placed in 2ml of brain heart infusion broth containing 

50,000 U/ml penicillin, 2.5 µg/ml streptomycin, 100,000 U/ml polymyxin B, 2,500 U/ml 



 

 50 

nystatin and 100 µg/ml gentamicin.  The swabs were removed and the broth was split 

into 2 cryovials for either virus isolation or real-time RT-PCR and stored frozen at -80°C.  

Assays for AI virus 

The presence of infectious virus from cloacal and fecal swab samples was assayed 

by inoculation of embryonating chicken eggs. Each sample had been slowly thawed at 

room temperature and centrifuged at 400 x g for 5 minutes to remove particulate matter 

from the solution. Fertile specific pathogen-free chicken eggs (Sunrise Farms, Inc, 

Catskill, NY) were incubated at 36-39°C with 80% relative humidity for 9-11 days in 

GQF 1502 Digital Sportsman Cabinet Style Incubator (GQF Manufacturing Company, 

Savannah, GE) and candled to determine their viability; infertile or dead eggs were 

discarded.  Immediately prior to inoculation, the air pocket of the egg was located and 

marked, and a small hole was drilled into the shell through which 100 µl of swab sample 

fluid was inoculated into the allantoic fluid using a 25 gauge needle.  The hole in the shell 

was sealed using Elmer’s glue.  Three eggs were inoculated with each sample to detect 

infectious AI virus. The eggs were then incubated for 3 days after inoculation, chilled 

overnight and allantoic fluid was harvested and tested by hemagglutination. 

Chicken erythrocytes suspended in Alsever’s solution were purchased (Lampire, 

Biologic Products, Pipersville, PA), washed by repeated centrifugation and resuspension 

in PBS, and then diluted in PBS to make a 0.5% solution.  A screening hemagglutination 

assay was performed by placing 50 µl of allantoic fluid and 50 µl of 0.5% chicken 

erythrocyte solution into each well of a 96-well V-bottom microtiter plate.  The plates 

were allowed to incubate at room temperature for 30 minutes and wells were examined 

for the presence of hemagglutination.  A lack of hemagglutination was confirmed by 
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tilting the plates and observing a “tear drop”, the running of the erythrocyte pellet along 

the bottom of the well.  Each sample was assayed in duplicate and a sample with stock 

virus and allantoic fluid from a non-inoculated egg were included in each assay as 

positive and negative controls.   

In order to detect the presence of viral RNA in fecal samples, real-time, RT-PCR 

was performed.  Viral RNA was purified from fecal swab fluid using MagMax-96 AI/ND 

Viral RNA Isolation Kit (Applied Biosystems, Foster City, CA).  Real-time RT-PCR was 

performed using a matrix specific primer and probe set (493).  The detection limit of the 

assay has been determined by Spackman et al. to be 1,000 copies of RNA or 0.150% egg 

infectious dose of AI virus.  All real-time RT-PCR analysis was performed at the 

Colorado State University Veterinary Diagnostic Laboratory.  Samples were considered 

positive if the Ct value was less than 35. 

RESULTS 

Comparison of Cloacal Swab with Fresh Fecal Swabs 

Cloacal swabs of all ducks were positive via virus isolation and real-time RT-PCR 

on days 3 and 4 post infection.  Additionally, all swabs of fresh feces on days 3 and 4 

post infection were positive for virus isolation and real-time RT-PCR.  This indicated an 

association between the detection of virus from cloacal swabs and fresh feces. 

Isolation of Virus from Feces Under Different Environmental Conditions 

A summary of the virus isolation results is presented in Figure 2-4.  The limited 

amount of feces prevented sampling at some later time points.  Figure 2-1 depicts the 

proportion of positive samples for the relative humidity settings at 32˚C.  The proportion 

of positive samples decreased at a more rapid rate than for the colder temperature settings 



 

 52 

(Figures 2-1, 2-2).  The longest time period at which a sample was positive for virus 

isolation was day 21 for Mallard 6, day 4 collection at 0˚C/50%RH.  The harshest 

condition was 32˚C/50%RH where only one sample tested positive at 12 hours.   

 

 

Figure 2-1. The proportion of fecal samples testing positive for virus isolation at 32˚C 
with differing relative humidity levels.  The presence of infectious virus was tested by 
swabbing feces and injecting 100 µl of swab fluid into embryonated chicken eggs and the 
resulting allantoic fluids were tested for hemagglutination. 
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Figure 2-2.  The proportion of fecal samples testing positive for virus isolation at 4.5˚C 
and 0˚C with differing relative humidity levels.  The presence of infectious virus was 
tested by swabbing feces and injecting 100 µl of swab fluid into embryonated chicken 
eggs and the resulting allantoic fluids were tested for hemagglutination. 

The difference in average length of incubation time for positive samples between 

32˚C and the colder 4.5˚C and 0˚C conditions was statistically significant by analysis of 

variance using Tukey’s HSD (p<0.05, Figure 2-3).  When calculating the average length 

of time of virus presence, for colder temperatures only samples where the virus was at 

high enough concentrations to be detected at 12 hours were used.  There was also a 

significant difference between 4.5˚C/50%RH and 4.5˚C/90%RH.  The difference between 

the two relative humidities maybe also due to the growth of bacteria and enzymatic 

degradation of the viral particles.  Colder and dryer temperatures preserve the virus in 

feces over longer periods of time allowing for viral isolation. 
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Figure 2-3.  The average duration for virus isolation from fecal samples at different 
temperature relative humidity combinations.   Means with different letters are significant 
at p < .05, accounting for multiple tests using Tuckey’s HSD. 

Detection of Virus by Real-Time RT-PCR 

Real-time RT-PCR was performed on all fecal samples and cloacal swab samples 

on collection days.  The following samples did not test positive for the presence of viral 

RNA: Mallard 3 collection day 4 32˚C/50%RH days 7, 14 and 21 as well as Mallard 4 

collection day 4 0˚C/90%RH day 21 (Figure 2-4).  Detection of virus by real-time RT-

PCR does not indicate the presence of infectious material, but only the presence of viral 

RNA.  Although in old samples of feces infectious virus may no longer be present, they 

may remain a useful tool for surveying waterfowl populations for influenza infections. 
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32°C/90%RH 

 

Figure 2-4.  Detection of LPAI H5N2 virus in fecal samples by virus isolation/RT-PCR.  
NS indicates no sample for that time point 
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DISCUSSION 

The results of this study demonstrate that real-time RT-PCR can accurately detect 

shedding of LPAI virus in fresh feces and fecal matter stored for up to 21 days old.  

Environmental conditions greatly affected virus isolation over time, but not the detection 

Figure 2-4 Continued.  Detection of LPAI H5N2 virus in fecal samples by virus 
isolation/RT-PCR.  NS indicates no sample for that time point 
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rate of real-time RT-PCR.  The LPAI H5N2 virus remained viable for longer periods of 

time under colder conditions.  The proportion of positive fecal swabs that tested positive 

fluctuated up and down for 32˚C/20%H and 0˚C/50%H.  This is most likely because fecal 

matter is not a homogenous mixture.  Depending on where the swab was placed may 

influence the probability of detecting the virus.  Regardless of the individual samples; on 

the whole, the presence of infectious virus dissipated at a quicker rate at higher 

temperatures.   

At 32°C virus could be isolated for shorter periods of time at 90%RH compared 

to 50%RH.  One may have predicted that high relative humidity would have prevented 

the feces from desiccating as quickly as other samples at 32˚C, thus preserving the 

integrity of the virus.  Fecal material consists of a heterogeneous mixture of enzymes, 

chemicals and bacteria.  Moisture may allow enzymes to retain their function, bacteria to 

propagate and the overall sample to mix.  An H7N2 LPAI virus mixed into chicken 

manure lost infectivity 5-10x more quickly than virus maintained in allantoic fluid under 

the same conditions (494). The virus lost infectivity as assayed by inoculation into 

embryonated chicken eggs when mixed within manure under a week at temperature 

conditions ranging from 15-20°C.  This suggests that there are inactivating properties in 

bird feces. 

The use of mallards for this study was particularly pertinent because of their role 

in the biology of influenza viruses and their susceptibility to the HPAI H5N1 virus.  

Mallards are species of duck most frequently studied and most often detected in the wild 

to be infected with influenza compared to other waterfowl, except the closely related 

American black duck (34, 486).  An interagency strategic surveillance plan of shorebirds 
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and waterfowl over 2006-2008 in the United States found that the highest frequency of 

detection of H5 viruses was in mallard (495).  The most frequently detected H5 virus 

over this period was of the subtype H5N2, which is the same subtype used in these 

experiments (495, 496).  Additionally, nearly all subtypes of influenza virus have been 

isolated from mallards (497).  In Europe, LPAI viruses closely related to recent outbreaks 

of HPAI circulate in the wild in mallards (497).  Laboratory passage of the HPAI H5N1 

virus in domestic mallards results in the selection of viruses that are not pathogenic to 

ducks, but remains pathogenic to chickens (402).  This suggests that domestic ducks and 

possibly their closely related wild counterparts could maintain the HPAI H5N1 virus in a 

form that remains pathogenic to other species.  Domestic mallards are capable of 

shedding virus for prolonged periods of time; in one study they shed virus up to 17 days 

(402).  Mallards experimentally infected with HPAI H5N1 virus excrete high quantities 

of virus with few clinical signs (55, 475).  This information suggests that mallards may 

have the ability to spread HPAI H5N1 over their long distance fall migration. 

This study demonstrated that infectious virus can be maintained in feces at 

different temperature relative humidity combinations for periods of days.  Feces may be 

an important environmental source for the virus.  Contamination on shoes or other 

equipment may spread the virus.  Therefore, care should be taken to prevent transfer of 

fecal material when at a study site.  Additionally, influenza viruses may remain viable in 

feces until rains or floods result in fecal contamination of water bodies.  Environmental 

contamination is recognized as an important part of the biological cycle of AI infections.  

Modeling predicts that waterborne transmission of low pathogenic influenza viruses is 

critical in explaining the incidence and periodicity of infection as well as persistence of 
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influenza viruses within a population (498-500).  Avian influenza viruses have been 

shown to persist for extended periods of time under different environmental conditions in 

water (temperature, salinity, pH) with longer persistence at colder temperatures (27, 501-

505).  In a previous study it was shown that there is little difference in viability over time 

between LPAI H5 and H7 influenza viruses compared to other isolates, but the HPAI 

H5N1 viruses persist for shorter periods of time (504).  It is important to note the lack of 

difference in the persistence of H5 and H7 viruses because only AI viruses of the H5 and 

H7 subtype have been documented to have the potential of becoming highly pathogenic 

to poultry (175, 348).  Influenza viruses may persist in their avian reservoir by being 

maintained in the water environment (52).  This may be applicable in the difference in the 

prevalence of certain AI viruses in different species, as surface feeders like mallards have 

a higher prevalence of infection (16, 34, 506).   

Waterborne transmission has been identified as the cause of infection in farmed 

domestic ducks (507).  In some cases LPAI viruses have been isolated from surface water 

(392, 508, 509).  It is thought that in Alaska AI viruses can persist in nature in both water 

and ice over winter while migratory ducks are absent and infect ducks upon their return 

(503).  Sentinel ducks have become infected when placed in pens that allowed for contact 

with wild birds and local pond water (487, 508).  LPAI outbreaks in poultry have 

correlated with the presence of the virus in water (507, 509). 

Water is not the only environmental source for influenza viruses.  In the instance 

of an outbreak of H13N2 virus in 1991, it was suggested that turkeys contracted the virus 

directly from fecal material excreted by gulls or a contaminated water source (510).  

Another research group demonstrated that a 1997 isolate of HPAI H5N1 virus remains 
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infective longer under moist and cooler conditions (395).  HPAI H5N1 fecal material 

maintained in phosphate buffered saline at 4°C remained infective for 40 days.  

Comparatively, feces allowed to desiccate at room temperature 25°C lost infectivity by 

24 hours.  Feces maintained in PBS at room temperature remained infective for 4 days.  

Feces kept at 35°C in PBS lost infectivity after 48 hours.  HPAI H5N1 RNA has been 

detected by real-time RT-PCR in the hot humid climate of Cambodia up to 12 days after 

an influenza outbreak in environmental samples including: mud, pond water, water plants 

and soil swabs (511).  The virus could not be isolated from any of these samples further 

demonstrating the difference between the presence of infectious material and viral RNA.   

One limitation of this study was that, in contrast to LPAI viruses, HPAI H5N1 

virus appears to be primarily a respiratory tract infection in waterfowl (55, 152, 400, 402, 

475).  As a result, the fecal-oral route of contamination may not by the primary mode of 

spread.  This would make it more difficult to detect the virus in feces.  Additionally, it 

would be important to perform oral swab on ducks to detect HPAI H5N1 virus.  This 

does not prevent fecal swabs from being useful.  Adaptation of HPAI H5N1 virus may 

result in a tropism in ducks for the intestinal tract, thus making fecal swabs a good 

method for detection.  Fecal swabs can be pooled allowing for surveying larger numbers 

of waterfowl increasing the opportunity to detect the virus.  Another limitation was that 

the effects of ultraviolet light were not examined.  All samples were kept in the dark 

inside the environmental chambers.  This study does provide an initial estimate on the 

longevity of viral genetic material and viability that would be useful during overcast 

weather when ultraviolet light would have a minimal effect. 
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The results from this study also suggest that assay of fecal material can be a 

useful method for surveying wild duck populations for the presence of influenza viruses 

without stressing birds during capture.  Fresh fecal material is representative of infection 

by a LPAI H5 virus when compared to fecal swabs at 3 and 4 days post infection.  It 

would be more useful to take fecal samples when environmental conditions are known to 

be colder.  Although infective virus cannot be isolated from all samples, real-time RT-

PCR can detect the presence of viral material in older samples.  This methodology would 

be useful not only for the detection of HPAI H5N1 virus from Asia, but detect possible 

future HPAI viruses and gain a better understanding of the prevalence of LPAI viruses in 

their natural reservoir. 

SUMMARY 

The influence of environmental temperature and humidity on detection of a LPAI 

H5N2 virus in mallard feces was evaluated.  Feces was collected from LPAI H5N2 virus 

infected mallards on days 3 and 4 post infection and kept in environmental chambers for 

21 days under the following conditions: 32°C/20%RH, 32°C/50%RH, 32°C/90%RH, 

4.5°C/50%RH, 4.5°C/90%RH, and 0°C/50%RH.  Detection of virus in fresh fecal 

material was equivalent to cloacal swabs for days 3 and 4 post infection.  Time of 

incubation did not affect detection by real-time RT-PCR.  In contrast, virus could be 

isolated for longer periods of time under cold conditions.  High relative humidity also had 

a negative effect on virus isolation at 4.5°C, but not at warmer temperatures.  

Environmental conditions did not affect detection by real-time RT-PCR. 
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CHAPTER III 
SEQUENTAIL INFECTIONS OF LOW PATHOGENIC AVIAN INFLUENZA 

SUBTYPES H3N8 AND H5N2 IN MALLARD DUCKS 

INTRODUCTION 

One of the hallmarks of influenza A viruses is their antigenic diversity.  

Currently, there are 17 defined hemagglutinin (HA) and 9 neuraminidase (NA) types 

which, when shuffled via reassortment of gene segments can potentially lead to a large 

number of viral subtypes.  Except for the H17 HA recently discovered in bats (15), all 

other 16 HA types have been identified in waterfowl and shorebirds, both of which are 

considered to be the primary reservoir for all influenza A viruses (12).  Understanding the 

ecology of avian influenza (AI) viruses and how so many subtypes are maintained in 

waterfowl populations present critical challenges to understanding these pathogens.  

There is year-to-year variation in which subtypes circulate in waterfowl (469) and some 

subtypes are detected only infrequently (29).   Isolation of AI viruses from waterfowl is 

typically common prior to the beginning of migration in the fall, but the rate of isolation 

decreases as the birds head south (30).  AI viruses are infrequently isolated from 

waterfowl on their wintering grounds (30).  It is unknown how the viruses are maintained 

in the population to re-infect birds the following fall.  Understanding this seasonal cycle 

would be especially valuable if highly pathogenic (HP) AI virus H5N1 were to appear 

and potentially become established in North American waterfowl.   

Additionally, the viruses circulating through waterfowl constitutes a pool of 

potential viruses that can infect and cause disease in poultry.  Viruses of both H5 and H7 

low pathogenic (LP) AI subtypes are also frequently found in ducks (469).  As presently 

known, only viruses of the H5 and H7 subtypes have the potential to become highly 
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pathogenic in poultry and cause high morbidity, mortality and economic loss.  These 

viruses can also potentially be transmitted directly to other hosts or contribute genetics to 

influenza viruses present in other species.   

One feature of AI virus ecology in waterfowl that has received scant attention, but 

may be of great importance, is cross-subtype immunity.  With few exceptions, the 

protective effect engendered by infection with one subtype on infection with a different 

subtype is unknown.  One relevant study reported sequential infections of ducks with AI 

viruses using subtypes infrequently found in wild populations of ducks (H7N7 and 

H5N2) (512).  In this experiment, ducks were also re-infected with the primary virus 

before infecting them with the secondary subtype (512).  Additional studies have 

examined re-infection with the same virus (26) or focused on the effects of a prior 

homosubtypic and heterosubtypic LPAI infection on a HPAI H5N1 infection (513, 514).  

The studies presented here were designed to determine how successive infection of 

mallard ducks with two different subtypes of LPAI virus altered virus shedding and 

whether or not demonstrable cross protection was induced between the two viruses.  In 

contrast to previous studies, a LPAI H3N8 virus was chosen because previous surveys 

identified H3N8 as one of the most prevalent subtypes in North American waterfowl.  In 

one study it was determined that H3N8 viruses accounted for 22.8% of AI virus isolates 

from duck samples collected between 1976 and 2001 in North America (29).  

Interestingly, H3N8 and other common subtype viruses have been observed only 

infrequently in co-infections (515), suggesting perhaps that they induce a broadly cross-

protective immunity against AI viruses of other subtypes.   
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Conversely, viral subtypes that are detected infrequently have been identified 

more commonly as co-infections (515).  It has been postulated this occurs because these 

viruses are less well adapted to their avian host and therefore gain an advantage when co-

infecting a duck.  Although AI viruses of the H5N2 subtype are rarely detected, H5N2 

viruses have not been observed causing a co-infection (29, 515).  A survey of samples 

taken over 15 years in Alberta Canada, revealed that co-infections are a relative rare 

event (515).  Therefore, sequential infections may be a more common means of 

perpetuating the variety of subtypes of avian influenza observed in nature.  An H5N2 

virus was chosen for this study because of the potential for these viruses to convert to a 

HP phenotype.  The mallard was chosen for these experiments because they are the most 

abundant duck present in North America, Europe and Asia (469, 516).  Additionally, 

within North America, avian influenza viruses are most frequently isolated from mallards 

(14). 

AIMS:  There were three main aims of this project to characterize how mallard 

ducks respond to sequential influenza virus infections during the same season.  The first 

was to determine whether pre-infection with an H3N8 LPAI virus limited shedding after 

infection with an H5N2 LPAI virus and vice versa.  A second aim was to characterize the 

antibody response to sequential infections with H3N8 and H5N2 viruses and determine 

whether cross-subtype humoral immunity was induced that could be detected using a 

standard hemagglutination inhibition assay.  Finally, these experiments sought to 

determine whether there was a temporal difference in protection to AI infection between 

14 and 28 days following the initial AI infection.  Day 14 was chosen because it 



 

 65 

represents the earliest time point for a subsequent infection when the ducks have likely 

cleared the initial virus, while day 28 was chosen as a later time point for comparison. 

HYPOTHESES:  We hypothesized that prior infection with a heterosubtypic virus 

would result in decreased shedding of the second infection, but to a lesser degree than 

prior infection with a homologous virus.  Additionally, it was speculated that prior 

infection with both the homologous and heterosubtypic viruses would boost the antibody 

response to both the initial and secondary viral subtypes.  Finally, we hypothesized that 

secondary infection at the earlier time point (14 days) would result in less viral shedding 

than when secondary viral infection was induced at a later time point (28 days). 

MATERIALS AND METHODS  

Virus Strains 

Both viruses used in these studies were kindly provided by Dr. David Stallknecht, 

College of Veterinary Medicine, University of Georgia, Athens, GA.  The H3N8 subtype 

virus was A/Ring-Necked Duck/Minnesota/SG-00066/2007 and the H5N2 subtype virus 

was A/Mallard/MN/346250/00.  Stocks of both viruses were obtained by inoculation of 

10 day old specific pathogen free chicken eggs and harvest of allantoic fluid following 3 

days of incubation.  Allantoic fluids were frozen in multiple aliquots and titrated by 

plaque assay using Madin Darby Canine Kidney cells for the H5N2 virus and egg 

infectious dose (EID50) for the H3N8 virus. 

Animals 

A mixture of male and female juvenile mallards (n=25) were kept under animal 

biosafety level 3 conditions.  Ducks were purchased from a local game farm and were 12 

weeks of age at the time of purchase.  The ducks were allowed to acclimate to their new 
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surroundings for a period of seven days.  Prior to use, all ducks were tested negative for 

antibodies to H3 and H5 AI viruses via hemagglutination inhibition assay (described 

below).  Ducks were labeled 1-25 and were identified by colored zip ties placed 

comfortably around their legs. At the end of the study, ducks were humanely euthanized 

with an intravenous overdose of pentobarbital and carcasses were incinerated.  All 

experiments were approved the Institutional Animal Care and Use Committee at 

Colorado State University. 

Challenge and Collection of Samples 

Two experiments were conducted using a study design depicted in Figure 3-1.  In 

both cases, ducks inoculated with different viruses were housed in separate rooms.  

Ducks were infected by inoculation of 106 to 107 pfu of A/Mallard/MN/346250/00 H5N2 

or 106.5 EID50 Duck/Minnesota/SG-00066/2007 H3N8 viruses.  The inoculum was 

distributed intranasally, conjunctivally and orally. 

Blood was collected weekly via the brachial vein starting at day 0 and extending 

through four weeks following the second challenge. Blood was allowed to clot and 

centrifuged at 2000 x g for 10 minutes, and serum was decanted from the blood clot and 

frozen at -20°C. 

 Cloacal swab samples were collected to evaluate viral shedding.  All ducks were 

swabbed daily from day 0 through 7 following the first inoculation, then twice a week for 

another seven days post infection.  Swabs were twirled into 2 ml of brain heart infusion 

broth with antibiotics as previously described (Chapter II).  The swabs were removed and 

the broth was split into 2 cryovials and frozen at -80°C until assay.
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Study 1 

Study 2 

0 14 
28 

56 
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Ducks 1-7 
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Ducks 1-4 
H5N2 Inoculation 

Ducks 5-7 
H3N8 Inoculation

 Inoculation 

Ducks 8-13 
H5N2 Inoculation 

Ducks 8-10 
H5N2 Inoculation 

Ducks 11-13 
H3N8 Inoculation

 Inoculation 

Ducks 14-19 
H3N8 Inoculation

 Inoculation 

Ducks 20-25 
H5N2 Inoculation

Ducks 14-16 
H5N2 Inoculation

 Inoculation 

Ducks 17-19 
H3N8 Inoculation

 Inoculation 

Ducks 20-22 
H5N2 Inoculation

Ducks 23-25 
H3N8 Inoculation

Acclimation 

Primary Infection Secondary Infection 

Secondary Infection 

-7 

Figure 3-1. Experimental Design 
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Assay for AI Virus 

AI viruses from cloacal swab samples were assayed by inoculation of 

embryonating chicken eggs as described in Chapter II. Fertile specific pathogen-free 

chicken eggs (Sunrise Farms, Inc, Catskill, NY) were incubated at 36-39°C with 80% 

relative humidity for 9-11 days in GQF 1502 Digital Sportsman Cabinet Style Incubator 

(GQF Manufacturing Company, Savannah, GE).  Three eggs were inoculated with100 µl 

of swab sample fluid into the allantoic fluid using a 25 gauge needle; the hole in the shell 

was sealed using Elmer’s glue.  The eggs were then incubated for 3 days after 

inoculation, chilled overnight and allantoic fluid was harvested and tested by 

hemagglutination. 

A screening hemagglutination assay was performed in duplicate by placing 50 µl 

of allantoic fluid and 50 µl of 0.5% chicken erythrocyte solution into each well of a 96-

well V-bottom microtiter plate. The plates were allowed to incubate at room temperature 

for 30 minutes and wells were examined for the presence of hemagglutination or a pellet 

of erythrocytes at the bottom of the well.  A lack of hemagglutination was confirmed by 

tilting the plates and observing a “tear drop” running of the erythrocyte pellet along the 

bottom of the well.  A sample with stock virus and allantoic fluid from a non-inoculated 

egg were included in each assay as positive and negative controls.   

Hemagglutination Inhibition Assay 

 Humoral immune responses to AI virus infections were assessed using a 

hemagglutination inhibition assay as described previously (349, 517).  Chicken 

erythrocytes were prepared as described in Chapter II for the hemagglutination assay.  

Briefly, serial two-fold dilutions of duck serum were prepared in a 96 well V-bottom 
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microtiter plate, leaving a volume of 25 µl in each well.  The duck serum was not pre-

treated with receptor destroying enzyme because no non-specific inhibition was detected.  

In these wells 25 µl containing 4 hemagglutinating units of either the H5N2 or H3N8 

virus was pipetted.  Each assay contained a virus back titration, and positive and negative 

control sera. The virus and serum samples were allowed to incubate at room temperature 

for 30 minutes, then 50 µl of 0.5% chicken erythrocytes were added.  The samples were 

gently mixed and were allowed to incubate again for 30 minutes at room temperature.  

The hemagglutination inhibition (HI) titer is defined as “the highest dilution of serum 

causing complete inhibition of hemagglutination of 4 HAU of antigen” (517).  

Hemagglutination inhibition was determined by the presence of a button of red blood 

cells and a “tear drop” of erythrocytes running when the plate was tilted. All samples 

were assayed in duplicate and antibody titer was defined as the reciprocal of the highest 

dilution of serum in which hemagglutination was not observed.   

Statistical Analyses 

The major parameter evaluated in this study was the duration of virus shedding.  

In order to determine if prior infection with a heterosubtypic virus provided some 

immunity to subsequent infections, comparisons were made between the mean duration 

of shedding.  Analysis was conducted using SAS version 9.2.  Repeated measures were 

analyzed using Proc Mixed.  The response variable was duration of shedding.   The 

model included fixed effects corresponding to virus combination (H3xH5, H3xH3, 

H5xH5, H5xH3), secondary inoculation date (14 or 28 days), primary or secondary shed 

information plus all two and three way interaction effects.  The model also included a 

random duck effect to account for repeated measures (primary and secondary shedding 
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was measured on each duck).  Ducks are nested within the combination of virus 

combination and secondary inoculation date.  Contrasts were used to estimate and test 

various mean differences in duration of shed (Table 3-1).  Least squares means were used 

to estimate mean shedding duration for various groups when comparisons were made 

using repeated measures ANOVA.   

Direct comparisons between two means were based on Student’s two-sample or 

paired t-tests (one-tailed).  A paired t-test was used for the comparison of primary versus 

secondary mean shed duration for ducks initially infected with either the H3 or H5 virus.  

Two-sample t-tests were performed to compare mean duration of secondary shed for 

homologous and heterosubtypic infections.  A two sample t-test was also used to compare 

secondary shedding for ducks either initially infected with the H3 or H5 virus.  

RESULTS 

Virus Shedding During Primary and Secondary Infections with AI virus 

 In experiment 1, all ducks inoculated initially with either H3N8 or H5N2 viruses 

had detectable shedding of virus, indicating an active infection (Figure 3-2).  Four ducks 

infected with H3N8 virus shed for up to 10 days post infection, while 2 ducks infected 

with H5N2 shed virus up to 10 days.  The earliest day that virus was detected from 

cloacal swabs was day 1 post-inoculation for both H5N2 and H3N8 virus infected ducks.  

The range of time for which ducks shed virus was 3 to10 days for those inoculated with 

H3N8 virus and was 3 to 9 days for those inoculated with the H5N2 virus. 

 Ducks initially infected with H3N8 virus and then challenged 14 days later with 

the heterosubtypic H5N2 virus, shed virus 1 to 4 days following secondary infection.  For 

the duck that shed for only a single day, the inoculum passing through the intestinal tract 
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may have been detected because virus was only isolated 24 hours following the 

inoculation.  The ducks initially infected with H3N8 virus and challenged with the 

homologous virus all shed virus for 4 days.  

 Ducks initially infected with H5N2 virus and re-challenged with the same H5N2 

virus 14 days later shed virus for a range of 1 to 6 days.  In these birds, virus was detected 

24 hours after the infection in all three birds, but not detected again until 5 and 6 days 

later in two birds.  Therefore, the initial virus detection may be a result of infectious virus 

passing through the gastro-intestinal tract.  The birds may in fact have only shed for 0-1 

days.  In contrast, when ducks previously infected with H5N2 were subsequently infected 

with the heterosubtypic virus H3N8, shedding of that virus was detected from 3 to 7 days. 
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Figure 3-2. Proportion of duck shedding virus after primary infection on day 0 and 
secondary infection on day 14. (a) Primary infection with H3N8 virus,  (b) primary 
infection with H5N2 virus. 

(a) 

(b) 
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 In experiment 2, the initial inoculation of either an H3N8 or H5N2 virus was 

followed by shedding of virus in all ducks, confirming infection (Figure 3-3).  Ducks 

infected with the H3N8 virus shed virus for 4 to 7 days post-inoculation, where as ducks 

infected with the H5N2 virus had detectable shedding for a range of 2 to 8 days, similar 

to what had been observed in Experiment 1.  Prior infection with H3N8 virus followed by 

infection 28 days later with the heterosubtypic H5N2 virus resulted in a range of 

shedding from 1 to 4 days.  In contrast, secondary infection with the homologous H3N8 

virus resulted in shedding from only one of three ducks and lasted for 2 days.  In 

comparison, ducks in study 1 that were re-infected with the H3N8 virus at 14 days post 

initial challenge all shed virus. 

 Similar results were observed with ducks initially infected with the H5N2 virus 

and then re-challenged 28 days later.  When challenged with the heterosubtypic H3N8 

virus, all 3 ducks shed virus for 2 to 7 days and when challenged with the homologous 

H5N2 virus only 1 of 3 ducks shedding virus for a single day. 
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Figure 3-3. Proportion of duck shedding virus after primary infection on day 0 and 
secondary infection on day 28. (a) Primary infection with H3N8 virus, (b) primary 
infection with H5N2 virus. 

(b) 

(a) 
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No statistical difference was noted for the shedding duration of either the H3N8 

or H5N2 viruses during the primary infection (statistical analysis is presented in Table 3-

1).  Therefore, it was assumed that infection with these two different viruses were 

comparable.  We hypothesized that a prior infection with heterosubtypic virus would 

provide a degree of cross-protection for subsequent infections.  We found that there was a 

statistical difference between the shedding duration for the primary infection in 

comparison with the shedding duration for secondary infections with both the 

heterosubtypic and homologous viruses.  This indicated that a prior infection with a 

heterosubtypic virus provided a degree of immunity to the subsequent infections.  A 

difference was also noted between the heterosubtypic and homologous virus infections at 

day 28.  This suggested that over time an increase in adaptive immune responses to the 

previous homologous virus increased creating greater immunity for when the virus was 

encountered at a later time point.  Whether a mallard was initially infected with an H3 or 

H5 virus did not make a difference in the duration of shedding for the secondary 

infection.    

We also hypothesized that there would be decreased shedding of virus at the 

earlier time point (14 days) in comparison to an infection at 28 days.  We had believed 

that non-specific immunity would be active when the ducks were challenged with the 

secondary virus at an earlier time point.  A statistical difference was encountered when 

comparing the primary to the secondary shedding durations at both 14 and 28 days 

indicating that a prior infection provided a degree of immunity to subsequent infections.  

Contrary to our hypothesis, the duration of virus shedding for ducks infected at day 28 

was significantly shorter than the duration of shedding for ducks infected at 14 days.  
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When examining the data by comparing specific primary and secondary virus 

combinations for 14 and 28 days the only statistical difference was noted for ducks 

challenged with the homologous virus.  This suggested that subtype specific antibodies 

may have been responsible for this increased level of protection at the later time point.  

The longer time period may have allowed the ducks to develop memory B cells that are 

ready for the second encounter of the homologous virus. 
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Table 3-1.  Statistical analysis examining the difference in mean duration of shedding following either primary or secondary infection 
with either the LPAI H5N2 or H3N8 viruses.  T-tests were performed when simple, direct comparisons were made, while repeated 
measures ANOVA were used in other cases.  Sequential infections are represented as primary virus x secondary virus.  SE indicates 
the standard error.  Statistically significant comparisons are shaded grey (p<0.05). 

Group  Group 2 Group 1 Mean + SE Group 2 Mean + SE p value 
Primary infection: H3 (n=13) Primary infection: H5 (n=12) 6.2 + 0.6 5.2 + 0.6 0.250A 

Primary infection: H3 or H5 (n=25) Secondary infection: H3 or H5, 14 or 28 days post-
primary infection (n=25) 

5.7 + 0.4 2.8 + 0.4 <0.001A 

Primary infection: H3 or H5 (n=13) Secondary infection: H3 or H5, 14 days post-
primary infection (n=13) 

6 + 0.8 3.8+ 0.4 0.034T 

Primary infection: H3 or H5 (n=12) Secondary infection: H3 or H5, 28 days post-
primary infection (n=12) 

5.4 + 0.5 1.8 + 0.6 0.028T 

Secondary infection: H3 or H5, 14 days post-
primary infection (n=13) 

Secondary infection: H3 or H5, 28 days post-
primary infection (n=12) 

3.8 + 0.4 1.8 + 0.6 0.007A 

Primary infection: H3 or H5 (n=25) Secondary Homologous Infections: H3 or H5, 14 
or 28 days post primary infection  (n=12) 

5.7 + 0.4 2.3 + 0.6 <0.001T 

Primary infection: H3 or H5 (n=25) Secondary Heterosubtypic Infections: H3 or H5, 
14 or 28 days post primary infection (n=13) 

5.7 + 0.4 3.4 + 0.5 0.001T 

Secondary Heterosubtypic Infections: H3 or 
H5, 14 or 28 days post primary infection 

(n=13) 

Secondary Homologous Infections: H3 or H5, 14 
or 28 days post primary infection  (n=12) 

3.4 + 0.5 2.3 + 0.6 0.080T 

Secondary Heterosubtypic Infections: H3 or 
H5, 14 day post primary infection (n=7) 

Secondary Homologous Infections: H3 or H5, 14 
day post primary infection  (n=12) 

3.7 + 0.6 4.0 + 0.7 0.380T 

Secondary Heterosubtypic Infections: H3 or 
H5, 28 days post primary infection (n=6) 

Secondary Homologous Infections: H3 or H5, 28 
day post primary infection  (n=12) 

3.0 + 0.9 0.5 + 0.3 0.011T 

Secondary infection, H3 or H5 following 
primary infection with H3 (n=13) 

Secondary infection H3 or H5 following primary 
infection with H5 (n=12) 

2.5 + 0.4 3.3 + 0.7 0.273A 

Secondary infection: H3xH5, Day 14 (n=4) Secondary infection: H3xH5, Day 28 (n=3) 3.0 + 0.7 2.0 + 0.6 0.486A 
Secondary infection: H3xH3, Day 14 (n=3) Secondary infection: H3xH3, Day 28 (n=3) 4.0 + 0 0.7 + 0.7 0.035A 
Secondary infection: H5xH5 Day 14 (n=3) Secondary infection: H5H5 Day 28 (n=3) 4.0 + 1.5 0.3 + 0.3 0.021A 
Secondary infection: H5xH3 Day 14 (n=3) Secondary infection: H5xH3 Day 28 (n=3) 4.7 + 0.9 4.0 + 1.5 0.664A 

 
A  – repeated measures ANOVA.   T  – t-test. 
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Serologic Responses of Ducks Following Primary and Secondary Infection with AI 

Virus 

The antibody response to the initial infection to the H3N8 virus did not reach 

what is considered by the World Organization for Animal Health (OIE) to be a positive 

serum HI titer of 16 (517) in 5 of the 7 ducks by day 14 (Table 3-2).  An additional duck 

had a titer of 16 by 21 days post primary infection, but that was 7 days following the 

secondary challenge with the H5N2 virus.  It is unlikely that the H5N2 virus stimulated 

the increase in the titer because antibodies to the H5N2 virus were not detected until 14 

days following the secondary infection.  The two ducks with a positive titer only had a 

titer of 16.  The HI titer of ducks initially infected with the H5N2 virus was only 

marginally higher.  Four ducks had an HI titer of 16 and one had a titer of 32.  Infection 

with the homologous virus at 14 days boostered the titer of ducks that were challenged 

with either the H3N8 or H5N2 viruses.  The HI titers started to slowly wane by 28 days 

post infection.  None of the ducks produced a positive antibody titer to the heterosubtypic 

infection.  

 Only four ducks in study 2 produced positive antibody titers to the virus they were 

initially challenged with prior to the secondary challenge (Table 3-3).  Challenge with the 

homologous virus at 28 days post infection resulted in boostering of the HI antibodies.  

Antibody titers peaked at 128 for H3N8 virus and 256 for H5N2 virus, which is higher 

than that seen in study 1.  Similar to study 1, none of the ducks developed positive HI 

antibody titers following challenge to the secondary heterosubtypic virus. 
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Table 3-2.  Hemagglutination inhibition testing for mallards in study 1 for both H3N8 
and H5N2. Primary infection occurred on Day 0; secondary infection occurred on Day 
14.  The detection limit is an HI titer of 4.  – Indicates an HI titer <4, which is below the 
limit of detection. 
Duck 
Infection1 

HI 
Test 

Day 0 Day 7 Day 14 Day 21 Day 28 Day 35 Day 42 

H3 HI — 8 8 8 — — 4 Duck 1 
H3xH5 H5 HI — — — — — — — 

H3 HI — 8 8 — — 4 — Duck 2 
H3xH5 H5 HI — — — — — — — 

H3 HI — 4 8 16 8 8 4 Duck 3 
H3xH5 H5 HI — — — — 4 4 8 

H3 HI — 8 16 16 8 8 8 Duck 4 
H3xH5 H5 HI — — — — 4 4 4 

H3 HI — 8 16 32 16 16 8 Duck 5 
H3xH3 H5 HI — — — — — — — 

H3 HI — 8 12 24 8 8 8 Duck 6 
H3xH3 H5 HI — — — — — — — 

H3 HI — 8 8 16 8 8 8 Duck 7 
H3xH3 H5 HI — — — — — — — 

H3 HI — — — — — — — Duck 8 
H5xH5 H5 HI — 8 16 32 16 16 16 

H3 HI — — — — — — — Duck 9 
H5xH5 H5 HI — 8 16 32 24 16 16 

H3 HI — — — — — — — Duck 10 
H5xH5 H5 HI — — 16 — 24 8 16 

H3 HI — — — — — — — Duck 11 
H5xH3 H5 HI — — 4 16 — 8 4 

H3 HI — — — — — — — Duck 12 
H5xH3 H5 HI — — 32 16 16 16 16 

H3 HI — — — — — — — Duck 13 
H5xH3 H5 HI — 16 16 4 8 8 8 
1 Primary infection X secondary infection 
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Table 3-3. Hemagglutination inhibition testing for mallards in study 2 for both H3N8 and 
H5N2. Primary infection occurred on Day 0; secondary infection occurred on Day 28.  
The detection limit is an HI titer of 4.  – Indicates an HI titer <4, which is below the limit 
of detection. 
Duck 
Infection1 

HI Test Day 
0 

Day 
7 

Day 
14 

Day 
21 

Day 
28 

Day 
35 

Day 
42 

Day 
49 

Day 
56 

H3 HI — 64 24 16 16 16 16 16 8 Duck 14 
H3xH5 H5 HI — — — — — 4 4 4 — 

H3 HI — — — — — 8 8 4 4 Duck 15 
H3xH5 H5 HI — — — — — — 4 — 8 

H3 HI — — — — — — — 4 4 Duck 16 
H3xH5 H5 HI — — — — — — 8 8 — 

H3 HI — — — — — 32 32 64 16 Duck 17 
H3xH3 H5 HI — — — — — — — — — 

H3 HI — — — — — 128 32 64 32 Duck 18 
H3xH3 H5 HI — — — — — — — — — 

H3 HI — — — — — 64 16 32 16 Duck 19 
H3xH3 H5 HI — — — — — — — — — 

H3 HI — — — — — — — — — Duck 20 
H5xH5 H5 HI — — 16 8 12 192 64 32 32 

H3 HI — — — — — — — — — Duck 21 
H5xH5 H5 HI — — — — — 64 24 16 16 

H3 HI — — — — — — — — — Duck 22 
H5xH5 H5 HI — — — — 6 256 192 96 64 

H3 HI — — — — — — — — — Duck 23 
H5xH3 H5 HI — — — — — — — — 8 

H3 HI — — — — — — 8 8 4 Duck 24 
H5xH3 H5 HI — — 16 8 8 16 6 12 32 

H3 HI — — — — — — 4 4 4 Duck 25 
H5xH3 H5 HI — 16 16 12 8 6 4 4 8 
1 Primary infection X secondary infection 

DISCUSSION 

 Prior infection with a LPAI virus decreased the length of shedding of a 

subsequent infection by a second LPAI virus.  The duration of shedding for the primary 

infection in this study was similar to previous reports that ducks regularly shed virus in 

feces up to 7 days post infection (26).  Ducks can infrequently and sporadically shed 

virus after the 7 days post infection (26).  The length of shedding for a secondary 

infection was shorter than a primary infection when data from both subtypes were 

combined.  This is in agreement with our hypothesis that a prior heterosubtypic infection 
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would result in partial immunity to a secondary challenge resulting in decreased 

shedding.  We believed that a non-specific immune response as well as some antibody 

cross-reactivity would result in this protection.  The lack of antibodies that reacted across 

subtype suggests that a non-specific immune response plays the primary role in the 

decreased shedding duration.   

The results from our experiments are similar to a previous study, which reported 

decreased levels of shedding of virus following both a secondary (21 days post primary) 

homologous and tertiary heterosubtypic infection (14 days post secondary) (512).  The 

results presented here and previous studies suggest that there may be some heterosubtypic 

immunity provided by a previous AI infection.  The study by Jourdain et al. (2010) 

assessed shedding by RT-PCR, but not by examining the presence of infectious virus 

(512).  This study may have found even shorter shedding periods if only infectious virus 

was examined since RT-PCR detects viral RNA rather than intact infectious virions.  The 

tertiary infection with the H5N2 virus resulted in detectable shedding in only 4 out of 6 

birds (512).  This is in contrast to the present study where all ducks shed virus during the 

secondary heterosubtypic challenge.  There may have been a benefit of exposing birds to 

the same virus twice causing an overall increase in immune system activity.   

We found most ducks re-infected with the same virus shed virus post-challenge, 

regardless of whether ducks were re-infected at 14 days or 28 days post primary infection 

and regardless of subtype.  Some ducks that were infected with the homologous virus at 

the later time point did not shed virus, while all ducks at the earlier time point did shed 

virus.  This is in contrast to previous experiments where none of these birds shed virus in 

their feces following re-inoculation with a LPAI H7N7 (26).  Birds were protected up to 
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96 days post infection from re-infection in that study.  The research presented here 

suggests shedding of virus from ducks infected following secondary exposure to the same 

LPAI virus may be strain dependent.   

Since birds are not fully protected from a secondary heterosubtypic AI infection at 

short time periods, this may help to explain perpetuation of AI viruses in nature.  Ducks 

congregate in northern nesting areas prior to migration where isolation of AI viruses is 

highest (12).  This congregation may result in birds being exposed to numerous subtypes 

of AI viruses over a short period.  As a result, the birds may shed different viruses for 

short periods of time following an initial infection allowing for multiple viruses to be 

maintained.  As the birds migrate south the detection of AI decreases.  The birds may 

continue to be exposed and shed virus, but due to prior infections they would only shed 

for a short duration.  These short time periods may make it difficult to detect all of the 

circulating viruses in a population.  These short durations of shedding may explain why 

some viruses are isolated more frequently, why there seems to be a yearly periodicity to 

the subtype isolated and the lack of isolation in southern migratory locations.  

Ducks challenged with a secondary infection at 28 days following the primary 

infection shed virus for a shorter period of time than ducks challenged at 14 days.  We 

initially hypothesized that shedding would be shorter for the secondary infection at the 14 

day time point in comparison to the 28 day time point, believing that activation of the 

non-specific immune response would curb the secondary challenge at the earlier time 

point.  At the later time point we believed that this response would have waned.  Instead, 

the duration of shedding was significantly shorter for ducks challenged at 28 days.  The 

shorter duration of shedding at the 14 day time point, which was not statistically different 
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between homologous and heterosubtypic infections suggests that non-specific immunity 

plays a role in partially protecting ducks from sequential infections at short time intervals.  

At the 28 day time point, the homologous infection was significantly shorter than the 14 

day infection, suggesting that the ducks had time to develop a humoral immune response 

that played a greater role in protecting the duck at longer time points. 

 Other studies focused on the difference in morbidity and mortality of ducks 

previously infected by a LPAI virus then challenged with an HPAI H5N1 virus.  One 

study examined wood ducks (Aix sponsa) previously exposed with homosubtypic LPAI 

H5N1 and H5N2 viruses and heterosubtypic LPAI H1N1 virus 21 days prior to HPAI 

H5N1 virus exposure (513).  The study found that there was a significant level of 

protection by prior exposure to homosubtypic H5 virus infection.  Protection was 

afforded to the 5 birds infected with the LPAI H5N1 virus that did not develop a 

detectable humoral immune response by HI.  The infection resulted in an increase in HI 

titer to the initial virus.  In comparison, there was not a significant decrease in mortality 

by prior exposure to the H1N1 virus.  In the ducks previously infected with the H1N1 

virus, mortality was a moderate 60% in comparison to the naive ducks, which was 100%.  

Further demonstrating that there may be some cross protective effects by prior infection 

with a heterosubtypic virus, wood ducks that sero-converted to the initial H1N1 virus, 

only one third died.  In another paper, mallards were infected with LPAI H4N6 or H5N2 

viruses and 7 weeks later were inoculated with an HPAI H5N1 virus (514).  Prior 

infection with heterosubtypic H4N6 virus resulted in decreased morbidity and mortality.  

Prior infection with an LPAI H5N2 virus resulted in no clinical signs when ducks were 

later infected with the HPAI H5N1 virus.  The morbidity/mortality results were mirrored 
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by the results of viral shedding.  There was decreased viral shedding in the group that 

received the H4N6 virus, while only a few ducks in the study that were previously 

infected with the H5N2 virus shed.  Cross-protection from a LPAI virus to HPAI H5N1 

has also been noted in chickens (518).  These findings strengthen the role of prior 

infection with a heterosubtypic AI providing a degree of protection to ducks later infected 

with another AI virus. 

 Infection did not induce antibodies that cross-reacted between H3 and H5 subtype 

viruses.  Although antibodies were not detected in many ducks in study 2 following the 

initial challenge, there most likely was an immune response that resulted in activation of 

B cells with antibodies to the HA.  Ducks challenged with the homologous virus 

developed a strong immune response as determined by HI antibodies only seven days 

following the secondary infection.  None of the primary infections resulted in this robust 

of an antibody response.  Therefore, these results suggest the presence of memory B cells 

that responded to the secondary infection.  Potentially, the AI virus can be cleared from 

the GI tract before a detectable humoral immune response is necessary.  As a result, 

detectable HI titers do not occur. 

 Other previous studies noted a lack of antibody response in ducks to LPAI.  In 

one study, primary infection in ducks with an H7N7 virus did not result in an HI antibody 

titers greater than 20, while secondary infection resulted in antibody titers greater than 20 

in only four out of 6 birds (512).  In the same study these birds received a tertiary 

challenge with an H5N2 virus, resulting in H5 specific antibodies detected by ELISA in 

only 1 out 6 birds and none of the six birds had HI H5 titers greater than 20.  
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An unknown factor in this study is whether or not a cell mediated immune 

response is involved in cross-subtype protection.  Humans have CD8+ T cells that may 

provide a degree of cross protection by recognizing M1 and NP, which are more highly 

conserved than the surface glycoproteins HA and NA (519-522).  It has been suggested 

that multiple infections of influenza viruses of different antigenicity results in selection 

for cross protective CD8+ T cells (523).  The presence of CD4+ T cells that respond to 

M1, NP and NA proteins of HPAI H5N1 virus have been demonstrated in humans that 

have only been exposed to seasonal influenza viruses (520, 521, 524).  Whether or not 

these immune cells provide a degree of cross-protection to humans infected with HPAI 

H5N1 virus is unknown.  The difference in rate of symptomatic infections in adults 

versus children during the 1957 H2N2 influenza pandemic suggests that a degree of 

cross-reactive immunity from previous infection with seasonal H1N1 may have existed in 

adults (525).  In chickens, CD8+ T lymphocytes provided a degree of cross-protection to 

infection by HPAI H5N1 virus, but this may not hold true for ducks (451, 452).  

Mitogen/antigen stimulation assays have suggested that infection with a LPAI virus 

results in suppression of duck T-cells (526).  Therefore, the cellular mediated arm of the 

immune system may play less of a roll in influenza infections in ducks compared to 

mammals.  The initial study to look at re-infection of ducks with a LPAI H7N7 virus 

found a similar weak humoral immune responses (26).  In that study two out of three 

duck exhibited antibody titers of 1:16 at time points 14 (1 duck) and 21/28dpi (both 

ducks).  An additional 10 ducks were re-infected with the same virus at intervals from 21-

84 days (initially very little antibody response).  Only one duck re-inoculated before 28 

days exhibited an HI titer of 16 at 7 days post infection.  Duck re-infected at 46 and 56 
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days post initial had peak antibody titers of 256.  This mirrors findings from the current 

study where the HI antibody titers were frequently low or undetectable. 

The research presented here suggests that sequential infections of ducks with AI 

viruses may result in shedding of the secondary virus for only short durations.  Although 

the longer the period of time between infections results in a shorter duration of shedding 

due to re-infection with homologous virus, this does not hold true for heterosubtypic 

viruses.  Therefore, the short period of time the ducks may shed virus during secondary 

infections may interfere with surveillance of waterfowl by mitigating detection of AI 

viruses in ducks as they migrate south.  The lack of complete immunity of ducks to a 

secondary infection with a heterosubtypic viruses resulting in a short shed duration may 

allow for their continued circulation through overwintering populations without 

detection.  The lack of cross-subtype antibodies suggests that this partial immunity is 

mediated by an innate immune response.  Modeling for the potential introduction of the 

HPAI H5N1 virus in North American waterfowl should take into account the short 

duration of virus shedding caused by prior infection with other AI virus subtypes.  

SUMMARY 

Prior infection with a LPAI virus altered the length of shedding of virus in the 

feces.  Shedding was significantly shorter for ducks infected with either a homologous or 

heterosubtypic virus.  Shedding was also significantly shorter when the secondary 

infection occurred 28 days following the initial infection compared to 14 days.  No 

difference in shedding rates for the secondary infection were noted based on the viral 

subtype causing the initial infection.  As seen in previous studies, low to no HI antibody 

titers were noted following the initial LPAI infection.  A cross-reactive antibody response 
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was not detected following the secondary infection.  Prior infection with a heterosubtypic 

virus did not appear to improve the antibody response to the second virus.  A second 

infection with the homologous virus was capable of boosting the antibody response.  

Therefore, the innate immune response may be responsible for the shorter duration of 

viral shed in ducks infected with the heterosubtypic virus.  The short duration of viral 

shedding following a secondary infection may allow for AI viruses to be maintained 

overwinter in populations of waterfowl without being detected.  When developing models 

of AI in nature, consideration must be given to the probable effects of sequential 

infections and how they alter viral shedding in subsequent infections. 
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CHAPTER IV  
TRANSFER OF MATERNAL ANTIBODIES TO HIGHLY PATHOGENIC H5N1 

AVIAN INFLUENZA FROM MALLARD HENS TO DUCKLINGS 

INTRODUCTION 

At the time of birth or hatch, neonates from a majority of species lack antibodies 

but receive passive immunity from their dam via maternal antibodies (MAB).  MABs aid 

in protecting neonates from pathogens experienced by their dam, which greatly assists in 

protecting them until they start producing their own adaptive immune responses (527).  

While MAB for several pathogens have been demonstrated to be passed through yolk to 

chicks in a variety of birds, currently there is no information on MAB against avian 

influenza virus in mallard ducks (Anas platyrhynchos).  The research described here 

demonstrates the passage of MAB against highly pathogenic avian influenza virus 

(HPAI) from vaccinated mallard hens to ducklings.   

Passive transfer of MAB has been demonstrated to be important for the survival 

of offspring from a variety of avian species (527).  This phenomenon has been studied 

most extensively in chickens, where IgY, comparable to IgG in mammals, is transferred 

from the dam to the offspring through yolk (528).  A survey of eggs at a broiler farm 

found transfer of MABs for the following pathogens: avian encephalomyelitis virus, 

avian influenza virus, chicken anemia virus, infectious bronchitis virus, Newcastle 

disease virus, infectious bursal disease virus, laryngotracheitis virus, Mycoplasma 

gallisepticum, Mycoplasma synoviae and reovirus (529).  MABs were transferred to 

chicks following infection of hens with adenovirus BC14, a causative agent of egg drop 

syndrome (530) and MAB was demonstrated in yolks of experimental inoculation of hens 

with an H7N2, H6N2 and H7N2 avian influenza (AI) viruses (531, 532).  MAB transfer 
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following vaccination of hens has been demonstrated for infectious bronchitis virus, 

infectious bursal disease, Newcastle disease, avian leukosis virus/Rous associate virus 

and avian reovirus (533-552).  Turkey poults receive protective levels of MAB against 

hemorrhagic enteritis and MABs that are not protective to rhinotracheitis (553-555).  

Vaccination of Pekin ducks (Anas domesticus) with a DNA based hepadnavirus vaccine 

resulted in the passage of MAB in yolk (556).  A common finding from many of these 

studies was a direct correlation between the level of antibody in the dam’s serum to that 

in yolk and in the chick’s serum (528, 539), although the relative efficiency of transfer of 

MAB varies greatly by pathogen (529).  It is therefore important to examine each disease 

agent and avian species to characterize the ability of a dam to pass MAB in the yolk to 

her offspring.  

Among wild birds, passive transfer of MAB has been most extensively studied for 

Flaviviruses.  Wild bird chicks and eggs have been found to have MABs to Eastern 

equine encephalitis (EEEV), Western equine encephalitis (WEEV), St. Louis encephalitis 

(SLEV), Japanese Encephalitis (JEV), Murray Valley encephalitis and West Nile (WNV) 

viruses (557-564).  Field studies indicated the presence of MABs against WNV in a wide 

range of species representing numerous families of birds.  Birds for which nestlings have 

been demonstrated to have MABs to WNV include Cooper’s hawks (Accipiter cooperii), 

red-tailed hawks (Bubo virginanus), great horned owls (Bubo virginanus), black-crowned 

night herons (Nycticorax nycticorax), cattle egrets (Bubulcus ibis), double-crested 

cormorants (Phalacrocorax auritus), great egrets (Ardea alba), yellow-legged gulls 

(Larus cachinnans), greater flamingos (Phoenicoperus ruber) and glossy ibis (Plegadis 

falcinellus) (562-564).  The presence of MAB to WNV in chicks has also been 
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demonstrated in naturally infected captive populations of rock pigeon (Columba livia) 

and Eastern screech owls (Megascops asio) (565, 566).  Additionally, experimental 

infection of chickens with WEEV, SLEV, JEV and WNV, as well as doves with WEEV, 

SLEV and EEEV resulted in demonstrable transfer of maternal antibodies to chicks (558-

560, 567, 568).  House sparrows have been shown to pass MABs to chicks against SLEV 

and WNV (569, 570).   

Little research has been conducted to examine the importance of MAB in ducks 

and particularly in mallards.  Similar to chickens, IgY is the primary antibody passed 

from mother to duckling through the yolk sac (571).  Considering the important role of 

passive immunity in protecting young birds from diseases experienced by adults, it is 

important to characterize the dynamics of passive transfer of antibodies to influenza 

viruses in mallards. There are currently many questions surrounding the ecology of AI 

viruses in the wild and a better understanding of the role of MAB in protecting ducklings 

from these viruses is important in modeling and predicting future outbreaks of AI.  

Similarly, an enhanced understanding of passive immunity to AI in ducks may be critical 

to developing more effective vaccination strategies, particularly for domestic ducks in 

countries where highly pathogenic avian influenza (HPAI) virus is endemic.  Finally, 

devising vaccination programs for ducks requires a more precise knowledge of the decay 

of passive immunity in order to better recommend vaccination times that avoid 

interference via the presence of passive antibody. 

AIMS:  Determine the immunogenicity of a recombinant H5 hemagglutinin 

vaccine in adult ducks and characterize the transfer of maternal antibodies to this protein 

to both egg yolk and ducklings, as well as the decay of antibodies in ducklings over time.  
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HYPOTHESES:  Mallards will develop a strong immune response as determined 

by a high antibody titer to vaccination with the H5 subunit vaccine.  The rise of antibody 

titers in the mallard’s serum will mirror the detectable levels observed in the yolk.  

Maternal antibodies will be present in the ducklings’ serum and the half-life will be 

similar to that seen in other studies of passive immunity in birds. 

MATERIALS AND METHODS 

Animals 

Four eleven month-old mallard hens and one drake were purchased from Field 

Trial Game Birds (Wellington, CO).   The birds were identified by placing colored zip-

ties loosely around one leg. On arrival, the hens were tested negative for antibodies to 

HPAI H5N1 by hemagglutination inhibition and were housed for the duration of the 

experiment under BSL-1 conditions in a horse stall.  The birds were given straw hay for 

bedding, which also allowed them to build nests for laying eggs.  They were fed a 

commercial wild game bird diet ad libitum and freely had access to water.  In addition, 

the birds were given crushed shell for calcium supplementation once a week.  The birds 

were placed under 16 hours of artificial lighting to stimulate egg laying.  At weekly 

intervals, each hen’s cloaca was swabbed with a specific food coloring to determine 

which egg came from each bird.  The eggs were dappled with the corresponding color to 

the hen when laid.  Unfortunately, this could not be done daily because of concern over 

inducing excessive stress and affecting their laying rate.   

Starting two weeks post-vaccination, eggs were collected every day and kept in a 

dark and dry location at room temperature.  Eggs were placed into an egg-incubator twice 
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weekly until five weeks post vaccination.  The eggs were incubated between 36-39°C at 

80% relative humidity for 28 days in GQF 1502 Digital Sportsman Cabinet Style 

Incubator (GQF Manufacturing Company, Savannah, GE).  Two days prior to hatching, 

eggs were moved from the rotating shelf to the bottom of the incubator.  On the day of 

hatch the incubator was checked for ducklings every four hours.  Although some eggs 

were labeled with the food coloring dye, the mobility of the precocious ducklings 

prevented determining with confidence which duckling hatched from which eggs.  

Following hatch, ducklings were transferred to rubber tubs with wood shavings for 

bedding and a heat lamp at one end.  Ducklings were identified by colored zip-ties placed 

in combinations around each leg and had ad libitum access to gamebird feed and water.  

When the ducklings grew larger they were moved into a six foot diameter metal stock 

tank.  At the end of the study, all birds were humanely euthanized using with an 

intravenous overdose of pentobarbital and carcasses were incinerated.   

Vaccine 

A recombinant H5 protein was provided by Dr. Joe Rininger of Protein Sciences, 

Inc.   This protein was expressed from transformed Drosophila cells and was equivalent 

to the H5 protein from A/Vietnam/1203/2004 virus. Once the birds were laying eggs 

routinely, 18 days following being placed under artificial lighting, they were vaccinated a 

single time.  Each hen was injected intramuscularly with a total of 20µg of the H5 protein 

in a volume of 200µl containing 50% Fruend's incomplete adjuvant (Sigma Chemical, 

Inc).  The vaccine was administered as two 0.1 ml injections into each the left breast 

muscle and left thigh muscles. 



 

 93 

Collection of Specimens 

Blood from each mallard hen was drawn from the brachial vein at weekly 

intervals starting at day 0 through day 35 post-vaccination. Blood was drawn from the 

jugular vein of ducklings on the day of hatch and at 2, 4, 6, 10, 14, 18 and 22 days post-

hatch.  Blood samples were allowed to clot and centrifuged at 2000 x g for 10 minutes.  

Serum was decanted from the blood clot and frozen at -20°C until assayed. 

Eggs were collected at weekly intervals until day 28 post-vaccination for 

examination of antibodies in the yolk.  Since hens do not lay eggs on a daily basis, the 

egg laid nearest to the seven-day interval was collected and used for antibody analysis.  

Hens had stopped laying eggs regularly by day 35 and therefore collection of eggs for 

yolk analysis after that time point was not possible.  The yolk was separated from the 

eggs and frozen at -20°C until assayed. 

Hemagglutination Inhibition Assay 

The hemagglutination inhibition assay was performed as described in chapter II.  

Briefly, two-fold dilutions of serum were prepared in a V-bottom 96 well and each well 

was then inoculated with 4 HAU of BPL-inactivated A/Vietnam/1203/2004 virus.  For 

each assay, a column was used for back titration of the virus and for titration of a positive 

control antiserum.  The virus and serum samples were allowed to incubate at room 

temperature for 30 minutes, followed by addition of 0.5% chicken erythrocytes.  The 

samples were gently mixed and allowed to incubate for 30 minutes at room temperature.  

Hemagglutination inhibition was determined by the presence of a button of red blood 

cells and a “tear drop” running of erythrocytes when the plate was tilted. All samples are 
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assayed in duplicate and antibody titer was determined as the highest dilution serum to 

cause inhibition of hemagglutination. 

To assay antibody in eggs, yolks were thawed and 0.5 ml aliquots were mixed 

with 0.5 ml of PBS in a 15ml centrifuge tube.  The diluted yolk samples were sonified for 

one minute, then mixed vigorously with an equal volume of chloroform and centrifuged 

at 6000 x g for 15 minutes (572).  The supernatant was decanted and tested by 

hemagglutination inhibition. 

The half-life of anti-H5 MABs was calculated using ten ducklings with the 

highest antibody levels.  The two time points used were two days post-hatching, to 

account for continued yolk absorption following hatching, and six days post-hatching 

since most ducklings still had detectable antibodies at this point.  The half-life was 

calculated using the following equation that has been previously described for radioactive 

decay (573) ( HI indicates hemagglutination inhibition antibody titer): 

! 

half - life =
(days elapsed) " log10 2

log10(Initial HI Final HI)  

RESULTS 

All hens seroconverted by 14 days post-vaccination (Figure 4-1).  Three mallard 

hens had detectable antibody levels by day 7 post vaccination with the highest HI 

antibody titer being 32.  The titers for all four ducks peaked 14 days post vaccination then 

declined before leveling off at 28 days post vaccination.  Hens 3 and 4 had the highest HI 

antibody titers of 124 at 14 days post vaccination.  The HI antibody titers remained at 32 

for hens 3 and 4, and 16 for hens 1 and 2 at 35 days post vaccination. 
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Figure 4-1. Hemagglutination inhibition antibody titers against A/Vietnam/1203/2004 
influenza virus using sera from vaccinated mallard hens. 

 
 MAB was detected in the yolk of eggs that were collected from all of the mallard 

hens (Figure 4-2).  Unfortunately, the ducks ceased laying eggs at five weeks post 

infection, most likely due to the stress of frequent handling for the project.  Anti-H5 

antibody could first be detected on day 9 post infection in an egg laid by hen 1.  The 

results of the HI antibody titer for the egg yolks mirrored that of the hens.  Mallard hens 3 

and 4, which had the highest serum HI antibody titers, also had the highest levels of 

antibodies in the egg yolks.  The highest antibody titer was recorded from Mallard 4 on 

day 28 post-vaccination.  Egg yolk antibody titers for hens 1 and 2 peaked approximately 

three weeks post vaccination.  Egg yolk antibody titers were highest on the last day 

measured, four weeks post vaccination. 
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Figure 4-2. Hemagglutination inhibition antibody titers against A/Vietnam/1203/2004 
influenza virus using egg yolk from vaccinated mallard hens. 

 
 Eggs were collected for hatching once it was determined that hens had mounted a 

strong antibody response 14 days post vaccination.  Ducklings were combined into three 

groups; those that were from eggs laid between 15 and 20 days post infection, from eggs 

laid between 22 and 27 days post-infection and those laid between 29 and 34 days post 

infection. The first group included 7 ducklings, the second group included 15 ducklings 

and the third group included 16 ducklings.  Due to small veins, blood was unable to be 

drawn from one duckling in group 2 at day 0 and day 2 as well as one duckling in group 3 

on day 2.  A duckling in group 2 was found dead 12 days post hatching.  Two ducklings 

lost their identification bands on day 10 post hatching in group 3 and one duckling in 

group 2, 15 day post hatching, and sera from these ducklings was not included in the 

analyses.  Before the decision had been made to group sets of hatchling by the week they 
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were born, blood was not drawn on 3 ducklings in group 1 day 18 and 6 ducklings in 

group 2 day 18.  All ducklings had MABs present in the serum (Figure 4-3).  

The highest HI antibody titer was 128 in ducks laid in group 1 on the day of 

hatching.  The lowest measured HI antibody titer on the day of hatching was 8 in a 

duckling from group 3.  Antibodies were not detected in the majority of ducklings by 18 

days post-hatch.  The calculated half-life of the MABs for the ten ducklings with the 

highest HI antibody titer was 2.3 days.  The range for the half-life was 1.6-4.0 days. 

 

 
Figure 4-3.  Mean hemagglutination inhibition antibody titers against 
A/Vietnam/1203/2004 influenza virus in the sera of ducklings from vaccinated hens.  
Group 1 includes ducklings from eggs laid 15-20 days post vaccination, group 2 from 
eggs laid 22-27 days post vaccination and group 3 from eggs laid 29-34 days post 
vaccination. 
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DISCUSSION 

The Drosophila-derived H5 vaccine used in this study elicited antibody titers in 

mallard ducks similar to or greater than those seen in other vaccine studies (158, 444, 

446-448).  The HI titers in these previous studies ranged from ducks having no detectable 

titer to an average HI titer of 10 log2.  These studies also indicate that HI antibody titers 

are not indicative of prevention of viral shedding.  Therefore, it will be important to 

evaluate viral shedding of mallard hens vaccinated with the novel drosophila derived 

vaccine following challenge with HPAI H5N1in future research.   In this study, all hens 

developed detectable antibody titers following vaccination.  The average HI antibody titer 

for the four mallard hens was 6.4 log 2 from a single vaccination. This study found an 

antibody titer of 3.4 log2 one week post vaccination.  Five days following vaccination, 

the average antibody titer was 4.6 log2, which is similar to the HI antibody titer of 

another study, 4 log2 14 weeks following vaccination (448).  It would be important to 

determine how long antibodies would be present in ducks following vaccination with the 

novel drosophila derived vaccine.  Additionally, it would be interesting to determine what 

the antibody response would be following a booster vaccination.  Although this study was 

not designed as a vaccine trial, the strong immune response of the ducks suggests that the 

vaccine deserves further evaluation. 

The presence of antibodies to HPAI H5 virus present in yolk is comparable to 

other species and other diseases.   Passage of MAB has been observed in the yolk of 

WNV experimentally infected house sparrows (570).  Chickens infected with WNV pass 

antibodies through the yolk to their offspring (568).  This has also been previously 

observed with avian influenza antibodies.  A field survey found MABs to AI virus in the 
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egg yolks of wild Yellow-legged gulls (Larus michahellis) (574).  The passive transfer of 

MAB to AI has been examined in chickens inoculated with an H7N2 or H6N2 virus (531, 

532).   

Previous research demonstrated that detection of antibodies to an H7N2 LPAI 

virus was consistent in egg yolks 14 days post infection in chickens (531).  Although the 

species are different, this is similar to the current study since antibodies were not 

consistently detectable until 14 days post vaccination.  During an outbreak of H7N2 

LPAI, sampling of egg yolks for maternal antibody was performed and it was concluded 

that it could be a helpful method for monitoring for AI (575).  The data from this 

experiment suggests that egg yolks could be useful for monitoring AI infection in 

commercial and wild flocks of ducks.  Egg yolks could also be used to monitor the 

efficacy of vaccination of ducks.   

The peak antibody titer of yolks for two of the ducks was found a week following 

the peak antibody titer of the serum, which is similar to previous results for chickens 

infected with a LPAI H6N2 (532).  Chickens, like the ducks in the current study, 

developed serum antibodies to AI virus earlier than detectable levels of antibodies in 

yolk.  The serum titers in the infected chickens were also higher than that detected in egg 

yolk.  One dissimilarity in the studies was the time difference in peak antibody levels.  In 

chickens inoculated with LPAI H6N2 the peak antibody titer was 4 weeks post infections 

and the peak titers in the yolks was 5 weeks post infection.  Following vaccination, the 

peak antibody titer in the mallard hens was 2 weeks post vaccination and the peak 

antibody titer in the yolks was 3 weeks post vaccination for two of the mallards.  The 

difference in timing of peak antibody titer in the serum may be due to the difference in 
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continued antigenic stimulation as a result of an active infection versus vaccination.  The 

HI titers in yolk were lower than those recorded for an Egyptian poultry farm that uses 

Yebio H5N1 Re-1 vaccine where HI titers of yolk from day old chicks ranged from 10-

160 with a GMT 48 (576).  The difference in HI antibody titers may be due to a 

difference in preparation of yolk since Kim et al. 2010 did not use a chloroform 

extraction and used horse red blood cells.  The same samples were tested with chicken 

red blood cells and no detectable HI titer was recorded.  Finally, these eggs were 

collected from a poultry farm rather than under strict experimental conditions.  The hens 

may have received more than one vaccination or there may have been circulating AI 

viruses that increased the serum antibody titers of the hens. 

In previous studies, the half-life of MABs to influenza virus and the rate of decay 

of passive immunity were not calculated.  The half-life for MABs against WNV for 

house sparrows was slightly longer than that seen in this study (3 days versus 2.3) (570).  

The ranges for the individual birds were similar (1.4-5.9 days versus 1.6-4 days). This 

and other studies indicate that the half-life of MABs of birds is greatly shorter than that of 

mammals (527, 570).  There are likely two important reasons for the quick decay in 

MABs in the duckling’s serum.  First, mallard ducklings grow quickly resulting in a rapid 

increase in circulatory volume (577).  This in turn causes a dilution effect on the 

concentration of antibodies in the serum.  Secondly, studies in chickens suggest that the 

high metabolic rate of birds results in a catabolism of MAB present in the serum (578).   

One study indicated that MABs remain high from hatching until 5 days of age (571).  We 

found that the majority of ducklings in groups 1 and 2 had HI antibody titers that 

remained at 16 or above by 6 days post-hatching.  In several cases the individual antibody 
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titer for a duckling increased after birth and peaked at day 2.  This has been previously 

described with duck antibodies peaking at 3-7 days of age due to continued absorption of 

the yolk after hatching (571).  It has been demonstrated that ducklings absorb the 

majority of their yolk sac over the first 5 days of life (579).  Transfer of MABs against AI 

viruses may be an important means of protection of young ducklings since de novo 

synthesis of antibodies by the ducklings were not detected until 20 days of age (571); this 

result is surprising and bears re-evaluation. 

The presence of maternal antibodies in ducklings does not indicate their 

biological significance.  In some instances, MABs may suppress responses to a pathogen.  

MABs against St. Louis encephalitis virus have been shown to be passed in house 

sparrows, but instead of protecting the chicks they appeared to result in viral 

enhancement (569).  MABs may also lack efficacy in protection of young animals from 

disease.  Vaccination of turkey hens with rhinotracheitis virus was associated with the 

transfer of maternal antibodies, but they were not protective (554, 555).  The protective 

effects of maternal antibodies have been noted in some instances.  Turkey poults were 

protected until 6 weeks of age by MAB against hemorrhagic enteritis (553).   Vaccination 

of chickens with an inactivated reovirus vaccine resulted in the transfer of passive 

immunity in the yolk and protection of chicks from challenge (548-550).  MAB has been 

shown to be protective in chicks and interfere with vaccination of chicks for infectious 

bronchitis virus and infectious bursal disease as well as in poults for hemorrhagic 

enteritis (533-540, 553).    Maternal antibody to H5N1 HPAI virus in chicks from 

vaccinated farms in Egypt was believed to inhibit the immune response to vaccination 

(576).  
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Additional areas of research on this topic should include vaccinating ducklings 

that had MAB to determine if MABs to HPAI H5N1 prevents effective vaccination.  The 

strong immune response produced by the hens to the vaccine used in this study may 

indicate that the vaccine may be able to overcome maternal protection.  Additionally, 

vaccinated adults and ducklings with MABs should be challenged with HPAI H5N1 virus 

to determine the efficacy of the vaccine in ducks.  Finally, to determine if MABs play a 

role in AI in nature, challenging ducks with a live virus and demonstrating transfer of 

MABs to ducklings would be useful.  Additionally, harvesting eggs from nests of wild 

ducks to test for maternal antibodies in yolk could demonstrate their transfer to ducklings 

in nature. 

SUMMARY 

The focus of this study was to evaluate the magnitude of passive transfer of anti-

influenza virus antibodies in ducks and to determine the rate of decay of such immunity 

after hatch.  This is particularly important to know considering that ducks and other 

waterfowl are the natural reservoir host for this type of virus.  The subunit H5 vaccine 

elicited antibody titers in adult mallard ducks similar to or greater than those seen in other 

vaccine trials.  The antibody titer peaked two weeks following vaccination with the 

highest detected titer being 124.  Although high antibody titers were detected, it is 

unknown if they would prevent disease or shedding.  MABs against H5 HPAI can be 

detected in the egg yolk of vaccinated mallard hens.  Yolk antibody titers peaked three 

weeks post vaccination for two hens, while the titers were still rising four weeks post 

vaccination for the other two hens.  The highest yolk antibody titer recorded was 32.  

Testing duck egg yolks for AI antibodies may provide a means of testing for the presence 
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of circulating AI in flocks or the efficacy of vaccination programs. The high levels of 

MABs in recently vaccinated mallard hens may protect ducklings from infection, but may 

also interfere with vaccination. 
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PERSPECTIVE 

One of the main mysteries about avian influenza virus is how it is maintained in 

nature, because of the difficulty in detecting virus in waterfowl outside of fall migration.  

As birds migrate south, the rate of detection of avian influenza decreases.  Additionally, 

there is great diversity in the subtypes of avian influenza virus and only a few subtypes 

predominate in surveys.  The chapters presented in this dissertation help to explain this 

ecological conundrum.   

The results of Chapter II indicate that under cold conditions live virus can persist 

for up to two weeks in feces.  Since ducks migrate in a pattern that follows near freezing 

conditions, virus may persist in the environment for up to two weeks.  Virus can be 

detected even longer (up to three weeks) by real-time RT-PCR allowing for a less labor 

and time intensive method for surveying wild waterfowl for the presence of avian 

influenza.  Further research should be pursued to determine if the virus that persists in 

feces can infect ducks in order to demonstrate that feces may pose a source of infectious 

virus in the nature. 

Sequential infections with a heterosubtypic avian influenza viruses was shown to 

result in a shorter duration of viral shed during the second infection compared to the 

primary infection in Chapter III.  No cross-reactive antibodies were detected by 

hemagglutination inhibition between the viral subtypes.  As a result, the decreased viral 

shedding is believed to be due to the innate immune response.  As ducks congregate and 

migrate south, they are increasingly exposed to different avian influenza subtypes.  

Surveys of wild ducks may not detect avian influenza virus due to the decreased duration 

of viral shed.  Even though avian influenza virus is detected at a low rate in ducks on 
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wintering grounds, this may reflect the short duration during which the virus is shed 

rather than an absence of circulating virus.  

An experimental HPAI H5 subunit vaccine was used in Chapter IV to test for 

transfer of maternal antibodies to ducklings.  Although not designed as a vaccine trial, the 

strong antibody response elicited by the vaccine suggests that further evaluation for 

commercial use may be fruitful.  Other vaccines used in ducks do not always elicit 

detectable antibodies although they are protective.  A vaccine that can reliably stimulate 

the production of antibodies would be useful to show that the vaccine elicited an immune 

response and that there was not a vaccination failure.  This study showed that it was 

possible for maternal antibodies to be transmitted between hen and duckling although 

there was rapid decay of the antibody titer in the ducklings.  Further research should be 

pursued to determine if these antibodies are protective and whether or not they may 

interfere with vaccination.  When models are created for the potential spread of the HPAI 

H5N1virus in North American waterfowl, they should take into account the persistence 

of virus in feces, the short duration of virus shed during secondary infections and the 

presence of maternal antibodies in ducklings.



106 

REFERENCES 

1.  Shortridge KF. Pandemic influenza: a zoonosis? Semin Respir Infect. 1992 

Mar;7(1):11-25. 

2.  Swayne DE, Suarez DL. Highly pathogenic avian influenza. Rev Sci Tech. 2000 

Aug;19(2):463-82. 

3.  Webby RJ, Webster RG. Emergence of influenza A viruses. Philos Trans R Soc Lond 

B Biol Sci. 2001 Dec 29;356(1416):1817-28. 

4.  Smith W, Andrewes CH, Laidlaw PP. A virus obtained from influenza patients. 

Lancet. 1933 Jul;222(5732):66-8. 

5.  Webster RG, Shortridge KF, Kawaoka Y. Influenza: interspecies transmission and 

emergence of new pandemics. FEMS Immunol Med Microbiol. 1997 Aug;18(4):275-9. 

6.  Schäfer VW. Vergleichende sero-immunologische Untersuchungen über die viren der 

influenza und klassischen geflügelpest. Zeitschrift für Naturforschung. 1955;10b:81-91. 

7.  Becker WB. The isolation and classification of Tern virus: influenza A-Tern South 

Africa--1961. J Hyg (Lond). 1966 Sep;64(3):309-20. 

8.  Laver WG, Webster RG. Antibodies to human influenzavirus neuraminidase (the A-

Asian-57 H2N2 strain) in sera from Australian pelagic birds. Bull World Health Organ. 

1972;47(4):535-41. 

9.  Downie JC, Laver WG. Isolation of a type A influenza virus from an Australian 

pelagic bird. Virology. 1973 Feb;51(2):259-69. 



 

 107 

10.  Downie JC, Webster RG, Schild GC, Dowdle WR, Laver WG. Characterization and 

ecology of a type A influenzavirus isolated from a sheawater. Bull World Health Organ. 

1973;49(6):559-66. 

11.  Slemons RD, Johnson DC, Osborn JS, Hayes F. Type-A influenza viruses isolated 

from wild free-flying ducks in California. Avian Dis. 1974 Jan-Mar;18(1):119-24. 

12.  Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka Y. Evolution and 

ecology of influenza A viruses. Microbiol Rev. 1992 Mar;56(1):152-79. 

13.  Wallensten A. Influenza virus in wild birds and mammals other than man. Microbial 

Ecology in Health and Disease. 2007;19(2):122-39. 

14.  Senne DA, Suarez DL, Stallnecht DE, Pedersen JC, Panigrahy B. Ecology and 

epidemiology of avian influenza in North and South America. Dev Biol (Basel). 

2006;124:37-44. 

15.  Tong S, Li Y, Rivailler P, Conrardy C, Castillo DA, Chen LM, et al. A distinct 

lineage of influenza A virus from bats. Proc Natl Acad Sci U S A. 2012 Mar 

13;109(11):4269-74. 

16.  Clark L, Hall J. Avian influenza in wild birds: status as reservoirs, and risks to 

humans and agriculture. In: Barraclough R, editor. Current Topics in Avian Disease 

Research: Understanding Endemic and Invasive Diseases. Lincoln, NE: The American 

Ornithologists' Union; 2006. p. 3-29. 



 

 108 

17.  Fuller TL, Saatchi SS, Curd EE, Toffelmier E, Thomassen HA, Buermann W, et al. 

Mapping the risk of avian influenza in wild birds in the US. BMC Infect Dis. 

2010;10:187. 

18.  Suarez DL. Evolution of avian influenza viruses. Vet Microbiol. 2000 May 22;74(1-

2):15-27. 

19.  Scholtissek C. Pigs as 'mixing vessels' for the creation of new pandemic influenza A 

viruses. Med Principles Pract. 1990;2:65-71. 

20.  Kida H, Kawaoka Y, Naeve CW, Webster RG. Antigenic and genetic conservation 

of H3 influenza virus in wild ducks. Virology. 1987 Jul;159(1):109-19. 

21.  Webster RG. Influenza virus: transmission between species and relevance to 

emergence of the next human pandemic. Arch Virol Suppl. 1997;13:105-13. 

22.  Webster RG, Morita M, Pridgen C, Tumova B. Ortho- and paramyxoviruses from 

migrating feral ducks: characterization of a new group of influenza A viruses. J Gen 

Virol. 1976 Aug;32(2):217-25. 

23.  Slemons RD, Easterday BC. Type-A influenza viruses in the feces of migratory 

waterfowl. J Am Vet Med Assoc. 1977 Nov 1;171(9):947-8. 

24.  Slemons RD, Easterday BC. Virus replication in the digestive tract of ducks exposed 

by aerosol to type-A influenza. Avian Dis. 1978 Jul-Sep;22(3):367-77. 



 

 109 

25.  Webster RG, Yakhno M, Hinshaw VS, Bean WJ, Murti KG. Intestinal influenza: 

replication and characterization of influenza viruses in ducks. Virology. 1978 

Feb;84(2):268-78. 

26.  Kida H, Yanagawa R, Matsuoka Y. Duck influenza lacking evidence of disease signs 

and immune response. Infect Immun. 1980 Nov;30(2):547-53. 

27.  Hinshaw VS, Webster RG, Turner B. Water-bone transmission of influenza A 

viruses? Intervirology. 1979;11(1):66-8. 

28.  Nicholls JM, Chan MC, Chan WY, Wong HK, Cheung CY, Kwong DL, et al. 

Tropism of avian influenza A (H5N1) in the upper and lower respiratory tract. Nat Med. 

2007 Feb;13(2):147-9. 

29.  Krauss S, Walker D, Pryor SP, Niles L, Chenghong L, Hinshaw VS, et al. Influenza 

A viruses of migrating wild aquatic birds in North America. Vector Borne Zoonotic Dis. 

2004 Fall;4(3):177-89. 

30.  Stallknecht DE, Shane SM, Zwank PJ, Senne DA, Kearney MT. Avian influenza 

viruses from migratory and resident ducks of coastal Louisiana. Avian Dis. 1990 Apr-

Jun;34(2):398-405. 

31.  Kawaoka Y, Chambers TM, Sladen WL, Webster RG. Is the gene pool of influenza 

viruses in shorebirds and gulls different from that in wild ducks? Virology. 1988 

Mar;163(1):247-50. 



 

 110 

32.  Widjaja L, Krauss SL, Webby RJ, Xie T, Webster RG. Matrix gene of influenza a 

viruses isolated from wild aquatic birds: ecology and emergence of influenza a viruses. J 

Virol. 2004 Aug;78(16):8771-9. 

33.  Spackman E, Stallknecht DE, Slemons RD, Winker K, Suarez DL, Scott M, et al. 

Phylogenetic analyses of type A influenza genes in natural reservoir species in North 

America reveals genetic variation. Virus Res. 2005 Dec;114(1-2):89-100. 

34.  Olsen B, Munster VJ, Wallensten A, Waldenstrom J, Osterhaus AD, Fouchier RA. 

Global patterns of influenza a virus in wild birds. Science. 2006 Apr 21;312(5772):384-8. 

35.  Dugan VG, Chen R, Spiro DJ, Sengamalay N, Zaborsky J, Ghedin E, et al. The 

evolutionary genetics and emergence of avian influenza viruses in wild birds. PLoS 

Pathog. 2008 May;4(5):e1000076. 

36.  von Hoyningen-Huene V, Scholtissek C. Low genetic mixing between avian 

influenza viruses of different geographic regions. Arch Virol. 1983;76(1):63-7. 

37.  Bean WJ, Schell M, Katz J, Kawaoka Y, Naeve C, Gorman O, et al. Evolution of the 

H3 influenza virus hemagglutinin from human and nonhuman hosts. J Virol. 1992 

Feb;66(2):1129-38. 

38.  Donis RO, Bean WJ, Kawaoka Y, Webster RG. Distinct lineages of influenza virus 

H4 hemagglutinin genes in different regions of the world. Virology. 1989 

Apr;169(2):408-17. 



 

 111 

39.  Saito T, Kawaoka Y, Webster RG. Phylogenetic analysis of the N8 neuraminidase 

gene of influenza A viruses. Virology. 1993 Apr;193(2):868-76. 

40.  Schafer JR, Kawaoka Y, Bean WJ, Suss J, Senne D, Webster RG. Origin of the 

pandemic 1957 H2 influenza A virus and the persistence of its possible progenitors in the 

avian reservoir. Virology. 1993 Jun;194(2):781-8. 

41.  Ito T, Gorman OT, Kawaoka Y, Bean WJ, Webster RG. Evolutionary analysis of the 

influenza A virus M gene with comparison of the M1 and M2 proteins. J Virol. 1991 

Oct;65(10):5491-8. 

42.  Kawaoka Y, Gorman OT, Ito T, Wells K, Donis RO, Castrucci MR, et al. Influence 

of host species on the evolution of the nonstructural (NS) gene of influenza A viruses. 

Virus Res. 1998 Jun;55(2):143-56. 

43.  Gorman OT, Bean WJ, Kawaoka Y, Webster RG. Evolution of the nucleoprotein 

gene of influenza A virus. J Virol. 1990 Apr;64(4):1487-97. 

44.  Gorman OT, Donis RO, Kawaoka Y, Webster RG. Evolution of influenza A virus 

PB2 genes: implications for evolution of the ribonucleoprotein complex and origin of 

human influenza A virus. J Virol. 1990 Oct;64(10):4893-902. 

45.  Gorman OT, Bean WJ, Kawaoka Y, Donatelli I, Guo YJ, Webster RG. Evolution of 

influenza A virus nucleoprotein genes: implications for the origins of H1N1 human and 

classical swine viruses. J Virol. 1991 Jul;65(7):3704-14. 



 

 112 

46.  Lin YP, Shu LL, Wright S, Bean WJ, Sharp GB, Shortridge KF, et al. Analysis of the 

influenza virus gene pool of avian species from southern China. Virology. 1994 

Feb;198(2):557-66. 

47.  Krauss S, Obert CA, Franks J, Walker D, Jones K, Seiler P, et al. Influenza in 

migratory birds and evidence of limited intercontinental virus exchange. PLoS Pathog. 

2007 Nov;3(11):e167. 

48.  Spackman E, Swayne DE, Suarez DL, Senne DA, Pedersen JC, Killian ML, et al. 

Characterization of low-pathogenicity H5N1 avian influenza viruses from North 

America. J Virol. 2007 Nov;81(21):11612-9. 

49.  Banks J, Speidel EC, McCauley JW, Alexander DJ. Phylogenetic analysis of H7 

haemagglutinin subtype influenza A viruses. Arch Virol. 2000;145(5):1047-58. 

50.  Liu JH, Okazaki K, Bai GR, Shi WM, Mweene A, Kida H. Interregional 

transmission of the internal protein genes of H2 influenza virus in migratory ducks from 

North America to Eurasia. Virus Genes. 2004 Aug;29(1):81-6. 

51.  Makarova NV, Kaverin NV, Krauss S, Senne D, Webster RG. Transmission of 

Eurasian avian H2 influenza virus to shorebirds in North America. J Gen Virol. 1999 

Dec;80 ( Pt 12):3167-71. 

52.  Wallensten A, Munster VJ, Elmberg J, Osterhaus AD, Fouchier RA, Olsen B. 

Multiple gene segment reassortment between Eurasian and American lineages of 

influenza A virus (H6N2) in Guillemot (Uria aalge). Arch Virol. 2005 Aug;150(8):1685-

92. 



 

 113 

53.  Glaser L, Zamarin D, Acland HM, Spackman E, Palese P, Garcia-Sastre A, et al. 

Sequence analysis and receptor specificity of the hemagglutinin of a recent influenza 

H2N2 virus isolated from chicken in North America. Glycoconj J. 2006 Feb;23(1-2):93-

9. 

54.  van Riel D, den Bakker MA, Leijten LM, Chutinimitkul S, Munster VJ, de Wit E, et 

al. Seasonal and pandemic human influenza viruses attach better to human upper 

respiratory tract epithelium than avian influenza viruses. Am J Pathol. 2010 

Apr;176(4):1614-8. 

55.  Sturm-Ramirez KM, Hulse-Post DJ, Govorkova EA, Humberd J, Seiler P, 

Puthavathana P, et al. Are ducks contributing to the endemicity of highly pathogenic 

H5N1 influenza virus in Asia? J Virol. 2005 Sep;79(17):11269-79. 

56.  Ruigrok RW, Calder LJ, Wharton SA. Electron microscopy of the influenza virus 

submembranal structure. Virology. 1989 Nov;173(1):311-6. 

57.  Reperant LA, Fuckar NS, Osterhaus AD, Dobson AP, Kuiken T. Spatial and 

temporal association of outbreaks of H5N1 influenza virus infection in wild birds with 

the 0 degrees C isotherm. PLoS Pathog. 2010 Apr;6(4):e1000854. 

58.  Nobusawa E, Aoyama T, Kato H, Suzuki Y, Tateno Y, Nakajima K. Comparison of 

complete amino acid sequences and receptor-binding properties among 13 serotypes of 

hemagglutinins of influenza A viruses. Virology. 1991 Jun;182(2):475-85. 



 

 114 

59.  Gilbert M, Chaitaweesub P, Parakamawongsa T, Premashthira S, Tiensin T, 

Kalpravidh W, et al. Free-grazing ducks and highly pathogenic avian influenza, Thailand. 

Emerg Infect Dis. 2006 Feb;12(2):227-34. 

60.  Rees PJ, Dimmock NJ. Electrophoretic separation of influenza virus 

ribonucleoproteins. J Gen Virol. 1981 Mar;53(Pt 1):125-32. 

61.  Gambaryan AS, Piskarev VE, Yamskov IA, Sakharov AM, Tuzikov AB, Bovin NV, 

et al. Human influenza virus recognition of sialyloligosaccharides. FEBS Lett. 1995 Jun 

5;366(1):57-60. 

62.  Nicholson KG, Wood JM, Zambon M. Influenza. Lancet. 2003 Nov 

22;362(9397):1733-45. 

63.  Baigent SJ, McCauley JW. Influenza type A in humans, mammals and birds: 

determinants of virus virulence, host-range and interspecies transmission. Bioessays. 

2003 Jul;25(7):657-71. 

64.  Vascellari M, Granato A, Trevisan L, Basilicata L, Toffan A, Milani A, et al. 

Pathologic findings of highly pathogenic avian influenza virus A/Duck/Vietnam/12/05 

(H5N1) in experimentally infected pekin ducks, based on immunohistochemistry and in 

situ hybridization. Vet Pathol. 2007 Sep;44(5):635-42. 

65.  Reid AH, Taubenberger JK, Fanning TG. Evidence of an absence: the genetic origins 

of the 1918 pandemic influenza virus. Nat Rev Microbiol. 2004 Nov;2(11):909-14. 



 

 115 

66.  Horimoto T, Kawaoka Y. Influenza: lessons from past pandemics, warnings from 

current incidents. Nat Rev Microbiol. 2005 Aug;3(8):591-600. 

67.  Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, Balish A, et al. Antigenic 

and genetic characteristics of swine-origin 2009 A(H1N1) influenza viruses circulating in 

humans. Science. 2009 Jul 10;325(5937):197-201. 

68.  Taubenberger JK. The origin and virulence of the 1918 "Spanish" influenza virus. 

Proc Am Philos Soc. 2006 Mar;150(1):86-112. 

69.  Johnson NP, Mueller J. Updating the accounts: global mortality of the 1918-1920 

"Spanish" influenza pandemic. Bull Hist Med. 2002 Spring;76(1):105-15. 

70.  Reid AH, Fanning TG, Hultin JV, Taubenberger JK. Origin and evolution of the 

1918 "Spanish" influenza virus hemagglutinin gene. Proc Natl Acad Sci U S A. 1999 Feb 

16;96(4):1651-6. 

71.  Tumpey TM, Basler CF, Aguilar PV, Zeng H, Solorzano A, Swayne DE, et al. 

Characterization of the reconstructed 1918 Spanish influenza pandemic virus. Science. 

2005 Oct 7;310(5745):77-80. 

72.  Reid AH, Fanning TG, Janczewski TA, Taubenberger JK. Characterization of the 

1918 "Spanish" influenza virus neuraminidase gene. Proc Natl Acad Sci U S A. 2000 Jun 

6;97(12):6785-90. 



 

 116 

73.  Glaser L, Stevens J, Zamarin D, Wilson IA, Garcia-Sastre A, Tumpey TM, et al. A 

single amino acid substitution in 1918 influenza virus hemagglutinin changes receptor 

binding specificity. J Virol. 2005 Sep;79(17):11533-6. 

74.  Gamblin SJ, Haire LF, Russell RJ, Stevens DJ, Xiao B, Ha Y, et al. The structure and 

receptor binding properties of the 1918 influenza hemagglutinin. Science. 2004 Mar 

19;303(5665):1838-42. 

75.  Stevens J, Corper AL, Basler CF, Taubenberger JK, Palese P, Wilson IA. Structure 

of the uncleaved human H1 hemagglutinin from the extinct 1918 influenza virus. 

Science. 2004 Mar 19;303(5665):1866-70. 

76.  Taubenberger JK, Reid AH, Lourens RM, Wang R, Jin G, Fanning TG. 

Characterization of the 1918 influenza virus polymerase genes. Nature. 2005 Oct 

6;437(7060):889-93. 

77.  Scholtissek C, Rohde W, Von Hoyningen V, Rott R. On the origin of the human 

influenza virus subtypes H2N2 and H3N2. Virology. 1978 Jun 1;87(1):13-20. 

78.  Baum LG, Paulson JC. The N2 neuraminidase of human influenza virus has acquired 

a substrate specificity complementary to the hemagglutinin receptor specificity. Virology. 

1991 Jan;180(1):10-5. 

79.  Kobasa D, Kodihalli S, Luo M, Castrucci MR, Donatelli I, Suzuki Y, et al. Amino 

acid residues contributing to the substrate specificity of the influenza A virus 

neuraminidase. J Virol. 1999 Aug;73(8):6743-51. 



 

 117 

80.  Thompson CI, Barclay WS, Zambon MC, Pickles RJ. Infection of human airway 

epithelium by human and avian strains of influenza a virus. J Virol. 2006 

Aug;80(16):8060-8. 

81.  Kawaoka Y, Krauss S, Webster RG. Avian-to-human transmission of the PB1 gene 

of influenza A viruses in the 1957 and 1968 pandemics. J Virol. 1989 Nov;63(11):4603-

8. 

82.  Simonsen L, Clarke MJ, Schonberger LB, Arden NH, Cox NJ, Fukuda K. Pandemic 

versus epidemic influenza mortality: a pattern of changing age distribution. J Infect Dis. 

1998 Jul;178(1):53-60. 

83.  Ito T, Couceiro JN, Kelm S, Baum LG, Krauss S, Castrucci MR, et al. Molecular 

basis for the generation in pigs of influenza A viruses with pandemic potential. J Virol. 

1998 Sep;72(9):7367-73. 

84.  Karasin AI, Schutten MM, Cooper LA, Smith CB, Subbarao K, Anderson GA, et al. 

Genetic characterization of H3N2 influenza viruses isolated from pigs in North America, 

1977-1999: evidence for wholly human and reassortant virus genotypes. Virus Res. 2000 

Jun;68(1):71-85. 

85.  Scholtissek C, Burger H, Kistner O, Shortridge KF. The nucleoprotein as a possible 

major factor in determining host specificity of influenza H3N2 viruses. Virology. 1985 

Dec;147(2):287-94. 

86.  Kida H, Ito T, Yasuda J, Shimizu Y, Itakura C, Shortridge KF, et al. Potential for 

transmission of avian influenza viruses to pigs. J Gen Virol. 1994 Sep;75 ( Pt 9):2183-8. 



 

 118 

87.  Ma W, Kahn RE, Richt JA. The pig as a mixing vessel for influenza viruses: human 

and veterinary implications. J Mol Genet Med. 2009;3(1):158-66. 

88.  Castrucci MR, Donatelli I, Sidoli L, Barigazzi G, Kawaoka Y, Webster RG. Genetic 

reassortment between avian and human influenza A viruses in Italian pigs. Virology. 

1993 Mar;193(1):503-6. 

89.  Campitelli L, Donatelli I, Foni E, Castrucci MR, Fabiani C, Kawaoka Y, et al. 

Continued evolution of H1N1 and H3N2 influenza viruses in pigs in Italy. Virology. 

1997 Jun 9;232(2):310-8. 

90.  Zhou NN, Senne DA, Landgraf JS, Swenson SL, Erickson G, Rossow K, et al. 

Genetic reassortment of avian, swine, and human influenza A viruses in American pigs. J 

Virol. 1999 Oct;73(10):8851-6. 

91.  Brown IH, Harris PA, McCauley JW, Alexander DJ. Multiple genetic reassortment 

of avian and human influenza A viruses in European pigs, resulting in the emergence of 

an H1N2 virus of novel genotype. J Gen Virol. 1998 Dec;79 ( Pt 12):2947-55. 

92.  Olsen CW, Karasin AI, Carman S, Li Y, Bastien N, Ojkic D, et al. Triple reassortant 

H3N2 influenza A viruses, Canada, 2005. Emerg Infect Dis. 2006 Jul;12(7):1132-5. 

93.  Claas EC, Kawaoka Y, de Jong JC, Masurel N, Webster RG. Infection of children 

with avian-human reassortant influenza virus from pigs in Europe. Virology. 1994 

Oct;204(1):453-7. 



 

 119 

94.  Shortridge KF, Stuart-Harris CH. An influenza epicentre? Lancet. 1982 Oct 

9;2(8302):812-3. 

95.  DeLay PD, Casey HL, Tubiash HS. Comparative study of fowl plague virus and a 

virus isolated from man. Public Health Rep. 1967 Jul;82(7):615-20. 

96.  Campbell CH, Webster RG, Breese SS, Jr. Fowl plague virus from man. J Infect Dis. 

1970 Dec;122(6):513-6. 

97.  Taylor HR, Turner AJ. A case report of fowl plague keratoconjunctivitis. Br J 

Ophthalmol. 1977 Feb;61(2):86-8. 

98.  Webster RG, Geraci J, Petursson G, Skirnisson K. Conjunctivitis in human beings 

caused by influenza A virus of seals. N Engl J Med. 1981 Apr 9;304(15):911. 

99.  Webster RG, Hinshaw VS, Bean WJ, Van Wyke KL, Geraci JR, St Aubin DJ, et al. 

Characterization of an influenza A virus from seals. Virology. 1981 Sep;113(2):712-24. 

100.  Beare AS, Webster RG. Replication of avian influenza viruses in humans. Arch 

Virol. 1991;119(1-2):37-42. 

101.  Kurtz J, Manvell RJ, Banks J. Avian influenza virus isolated from a woman with 

conjunctivitis. Lancet. 1996 Sep 28;348(9031):901-2. 

102.  Banks J, Speidel E, Alexander DJ. Characterisation of an avian influenza A virus 

isolated from a human--is an intermediate host necessary for the emergence of pandemic 

influenza viruses? Arch Virol. 1998;143(4):781-7. 



 

 120 

103.  Peiris M, Yuen KY, Leung CW, Chan KH, Ip PL, Lai RW, et al. Human infection 

with influenza H9N2. Lancet. 1999 Sep 11;354(9182):916-7. 

104.  Saito T, Lim W, Suzuki T, Suzuki Y, Kida H, Nishimura SI, et al. Characterization 

of a human H9N2 influenza virus isolated in Hong Kong. Vaccine. 2001 Oct 12;20(1-

2):125-33. 

105.  Shaw M, Cooper L, Xu X, Thompson W, Krauss S, Guan Y, et al. Molecular 

changes associated with the transmission of avian influenza a H5N1 and H9N2 viruses to 

humans. J Med Virol. 2002 Jan;66(1):107-14. 

106.  Matrosovich MN, Krauss S, Webster RG. H9N2 influenza A viruses from poultry 

in Asia have human virus-like receptor specificity. Virology. 2001 Mar 15;281(2):156-

62. 

107.  Koopmans M, Wilbrink B, Conyn M, Natrop G, van der Nat H, Vennema H, et al. 

Transmission of H7N7 avian influenza A virus to human beings during a large outbreak 

in commercial poultry farms in the Netherlands. Lancet. 2004 Feb 21;363(9409):587-93. 

108.  Fouchier RA, Schneeberger PM, Rozendaal FW, Broekman JM, Kemink SA, 

Munster V, et al. Avian influenza A virus (H7N7) associated with human conjunctivitis 

and a fatal case of acute respiratory distress syndrome. Proc Natl Acad Sci U S A. 2004 

Feb 3;101(5):1356-61. 

109.  Meijer A, Bosman A, van de Kamp EE, Wilbrink B, Du Ry van Beest Holle M, 

Koopmans M. Measurement of antibodies to avian influenza virus A(H7N7) in humans 

by hemagglutination inhibition test. J Virol Methods. 2006 Mar;132(1-2):113-20. 



 

 121 

110.  Enserink M. Infectious diseases. Bird flu infected 1000, Dutch researchers say. 

Science. 2004 Oct 22;306(5696):590. 

111.  Update: influenza activity--United States and worldwide, 2003-04 season, and 

composition of the 2004-05 influenza vaccine. MMWR Morb Mortal Wkly Rep. 2004 Jul 

2;53(25):547-52. 

112.  Butt KM, Smith GJ, Chen H, Zhang LJ, Leung YH, Xu KM, et al. Human infection 

with an avian H9N2 influenza A virus in Hong Kong in 2003. J Clin Microbiol. 2005 

Nov;43(11):5760-7. 

113.  Tweed SA, Skowronski DM, David ST, Larder A, Petric M, Lees W, et al. Human 

illness from avian influenza H7N3, British Columbia. Emerg Infect Dis. 2004 

Dec;10(12):2196-9. 

114.  Skowronski DM, Li Y, Tweed SA, Tam TW, Petric M, David ST, et al. Protective 

measures and human antibody response during an avian influenza H7N3 outbreak in 

poultry in British Columbia, Canada. CMAJ. 2007 Jan 2;176(1):47-53. 

115.  Skowronski DM, Tweed SA, Petric M, Booth T, Li Y, Tam T. Human illness and 

isolation of low-pathogenicity avian influenza virus of the H7N3 subtype in British 

Columbia, Canada. J Infect Dis. 2006 Mar 15;193(6):899-900; author reply -1. 

116.  Profeta ML, Palladino G. Serological evidence of human infections with avian 

influenza viruses. Brief report. Arch Virol. 1986;90(3-4):355-60. 



 

 122 

117.  Shu LL, Zhou NN, Sharp GB, He SQ, Zhang TJ, Zou WW, et al. An 

epidemiological study of influenza viruses among Chinese farm families with household 

ducks and pigs. Epidemiol Infect. 1996 Aug;117(1):179-88. 

118.  Puzelli S, Di Trani L, Fabiani C, Campitelli L, De Marco MA, Capua I, et al. 

Serological analysis of serum samples from humans exposed to avian H7 influenza 

viruses in Italy between 1999 and 2003. J Infect Dis. 2005 Oct 15;192(8):1318-22. 

119.  Guo Y, Li J, Cheng X. [Discovery of men infected by avian influenza A (H9N2) 

virus]. Zhonghua Shi Yan He Lin Chuang Bing Du Xue Za Zhi. 1999 Jun 30;13(2):105-

8. 

120.  Rowe T, Abernathy RA, Hu-Primmer J, Thompson WW, Lu X, Lim W, et al. 

Detection of antibody to avian influenza A (H5N1) virus in human serum by using a 

combination of serologic assays. J Clin Microbiol. 1999 Apr;37(4):937-43. 

121.  Gillim-Ross L, Santos C, Chen Z, Aspelund A, Yang CF, Ye D, et al. Avian 

influenza h6 viruses productively infect and cause illness in mice and ferrets. J Virol. 

2008 Nov;82(21):10854-63. 

122.  Shelton H, Ayora-Talavera G, Ren J, Loureiro S, Pickles RJ, Barclay WS, et al. 

Receptor binding profiles of avian influenza virus hemagglutinin subtypes on human 

cells as a predictor of pandemic potential. J Virol. 2011 Feb;85(4):1875-80. 

123.  Belser JA, Lu X, Maines TR, Smith C, Li Y, Donis RO, et al. Pathogenesis of avian 

influenza (H7) virus infection in mice and ferrets: enhanced virulence of Eurasian H7N7 

viruses isolated from humans. J Virol. 2007 Oct;81(20):11139-47. 



 

 123 

124.  Song H, Wan H, Araya Y, Perez DR. Partial direct contact transmission in ferrets of 

a mallard H7N3 influenza virus with typical avian-like receptor specificity. Virol J. 

2009;6:126. 

125.  de Jong JC, Claas EC, Osterhaus AD, Webster RG, Lim WL. A pandemic warning? 

Nature. 1997 Oct 9;389(6651):554. 

126.  Claas EC, Osterhaus AD, van Beek R, De Jong JC, Rimmelzwaan GF, Senne DA, 

et al. Human influenza A H5N1 virus related to a highly pathogenic avian influenza 

virus. Lancet. 1998 Feb 14;351(9101):472-7. 

127.  Subbarao K, Klimov A, Katz J, Regnery H, Lim W, Hall H, et al. Characterization 

of an avian influenza A (H5N1) virus isolated from a child with a fatal respiratory illness. 

Science. 1998 Jan 16;279(5349):393-6. 

128.  Suarez DL, Perdue ML, Cox N, Rowe T, Bender C, Huang J, et al. Comparisons of 

highly virulent H5N1 influenza A viruses isolated from humans and chickens from Hong 

Kong. J Virol. 1998 Aug;72(8):6678-88. 

129.  Chin PS, Hoffmann E, Webby R, Webster RG, Guan Y, Peiris M, et al. Molecular 

evolution of H6 influenza viruses from poultry in Southeastern China: prevalence of 

H6N1 influenza viruses possessing seven A/Hong Kong/156/97 (H5N1)-like genes in 

poultry. J Virol. 2002 Jan;76(2):507-16. 

130.  Hoffmann E, Stech J, Leneva I, Krauss S, Scholtissek C, Chin PS, et al. 

Characterization of the influenza A virus gene pool in avian species in southern China: 

was H6N1 a derivative or a precursor of H5N1? J Virol. 2000 Jul;74(14):6309-15. 



 

 124 

131.  Guan Y, Shortridge KF, Krauss S, Chin PS, Dyrting KC, Ellis TM, et al. H9N2 

influenza viruses possessing H5N1-like internal genomes continue to circulate in poultry 

in southeastern China. J Virol. 2000 Oct;74(20):9372-80. 

132.  Yuen KY, Chan PK, Peiris M, Tsang DN, Que TL, Shortridge KF, et al. Clinical 

features and rapid viral diagnosis of human disease associated with avian influenza A 

H5N1 virus. Lancet. 1998 Feb 14;351(9101):467-71. 

133.  WHO. H5N1 avian influenza: timeline of major events. 2011. 

134.  Shortridge KF, Gao P, Guan Y, Ito T, Kawaoka Y, Markwell D, et al. Interspecies 

transmission of influenza viruses: H5N1 virus and a Hong Kong SAR perspective. Vet 

Microbiol. 2000 May 22;74(1-2):141-7. 

135.  Katz JM, Lim W, Bridges CB, Rowe T, Hu-Primmer J, Lu X, et al. Antibody 

response in individuals infected with avian influenza A (H5N1) viruses and detection of 

anti-H5 antibody among household and social contacts. J Infect Dis. 1999 

Dec;180(6):1763-70. 

136.  Mounts AW, Kwong H, Izurieta HS, Ho Y, Au T, Lee M, et al. Case-control study 

of risk factors for avian influenza A (H5N1) disease, Hong Kong, 1997. J Infect Dis. 

1999 Aug;180(2):505-8. 

137.  Buxton Bridges C, Katz JM, Seto WH, Chan PK, Tsang D, Ho W, et al. Risk of 

influenza A (H5N1) infection among health care workers exposed to patients with 

influenza A (H5N1), Hong Kong. J Infect Dis. 2000 Jan;181(1):344-8. 



 

 125 

138.  Matrosovich M, Zhou N, Kawaoka Y, Webster R. The surface glycoproteins of H5 

influenza viruses isolated from humans, chickens, and wild aquatic birds have 

distinguishable properties. J Virol. 1999 Feb;73(2):1146-55. 

139.  Chan PK. Outbreak of avian influenza A(H5N1) virus infection in Hong Kong in 

1997. Clin Infect Dis. 2002 May 1;34 Suppl 2:S58-64. 

140.  Cauthen AN, Swayne DE, Schultz-Cherry S, Perdue ML, Suarez DL. Continued 

circulation in China of highly pathogenic avian influenza viruses encoding the 

hemagglutinin gene associated with the 1997 H5N1 outbreak in poultry and humans. J 

Virol. 2000 Jul;74(14):6592-9. 

141.  Guan Y, Peiris JS, Lipatov AS, Ellis TM, Dyrting KC, Krauss S, et al. Emergence 

of multiple genotypes of H5N1 avian influenza viruses in Hong Kong SAR. Proc Natl 

Acad Sci U S A. 2002 Jun 25;99(13):8950-5. 

142.  Guan Y, Poon LL, Cheung CY, Ellis TM, Lim W, Lipatov AS, et al. H5N1 

influenza: a protean pandemic threat. Proc Natl Acad Sci U S A. 2004 May 

25;101(21):8156-61. 

143.  Li KS, Guan Y, Wang J, Smith GJ, Xu KM, Duan L, et al. Genesis of a highly 

pathogenic and potentially pandemic H5N1 influenza virus in eastern Asia. Nature. 2004 

Jul 8;430(6996):209-13. 

144.  Mase M, Tsukamoto K, Imada T, Imai K, Tanimura N, Nakamura K, et al. 

Characterization of H5N1 influenza A viruses isolated during the 2003-2004 influenza 

outbreaks in Japan. Virology. 2005 Feb 5;332(1):167-76. 



 

 126 

145.  Peiris JS, Yu WC, Leung CW, Cheung CY, Ng WF, Nicholls JM, et al. Re-

emergence of fatal human influenza A subtype H5N1 disease. Lancet. 2004 Feb 

21;363(9409):617-9. 

146.  Tran TH, Nguyen TL, Nguyen TD, Luong TS, Pham PM, Nguyen VC, et al. Avian 

influenza A (H5N1) in 10 patients in Vietnam. N Engl J Med. 2004 Mar 

18;350(12):1179-88. 

147.  Puthavathana P, Auewarakul P, Charoenying PC, Sangsiriwut K, Pooruk P, 

Boonnak K, et al. Molecular characterization of the complete genome of human influenza 

H5N1 virus isolates from Thailand. J Gen Virol. 2005 Feb;86(Pt 2):423-33. 

148.  To KF, Chan PK, Chan KF, Lee WK, Lam WY, Wong KF, et al. Pathology of fatal 

human infection associated with avian influenza A H5N1 virus. J Med Virol. 2001 

Mar;63(3):242-6. 

149.  de Jong MD, Bach VC, Phan TQ, Vo MH, Tran TT, Nguyen BH, et al. Fatal avian 

influenza A (H5N1) in a child presenting with diarrhea followed by coma. N Engl J Med. 

2005 Feb 17;352(7):686-91. 

150.  Ungchusak K, Auewarakul P, Dowell SF, Kitphati R, Auwanit W, Puthavathana P, 

et al. Probable person-to-person transmission of avian influenza A (H5N1). N Engl J 

Med. 2005 Jan 27;352(4):333-40. 

151.  Yamada S, Suzuki Y, Suzuki T, Le MQ, Nidom CA, Sakai-Tagawa Y, et al. 

Haemagglutinin mutations responsible for the binding of H5N1 influenza A viruses to 

human-type receptors. Nature. 2006 Nov 16;444(7117):378-82. 



 

 127 

152.  Ellis TM, Bousfield RB, Bissett LA, Dyrting KC, Luk GS, Tsim ST, et al. 

Investigation of outbreaks of highly pathogenic H5N1 avian influenza in waterfowl and 

wild birds in Hong Kong in late 2002. Avian Pathol. 2004 Oct;33(5):492-505. 

153.  Sturm-Ramirez KM, Ellis T, Bousfield B, Bissett L, Dyrting K, Rehg JE, et al. 

Reemerging H5N1 influenza viruses in Hong Kong in 2002 are highly pathogenic to 

ducks. J Virol. 2004 May;78(9):4892-901. 

154.  Liu J, Xiao H, Lei F, Zhu Q, Qin K, Zhang XW, et al. Highly pathogenic H5N1 

influenza virus infection in migratory birds. Science. 2005 Aug 19;309(5738):1206. 

155.  Chen H, Smith GJ, Zhang SY, Qin K, Wang J, Li KS, et al. Avian flu: H5N1 virus 

outbreak in migratory waterfowl. Nature. 2005 Jul 14;436(7048):191-2. 

156.  Chen H, Li Y, Li Z, Shi J, Shinya K, Deng G, et al. Properties and dissemination of 

H5N1 viruses isolated during an influenza outbreak in migratory waterfowl in western 

China. J Virol. 2006 Jun;80(12):5976-83. 

157.  Yao L, Korteweg C, Hsueh W, Gu J. Avian influenza receptor expression in H5N1-

infected and noninfected human tissues. FASEB J. 2008 Mar;22(3):733-40. 

158.  Kim JK, Seiler P, Forrest HL, Khalenkov AM, Franks J, Kumar M, et al. 

Pathogenicity and vaccine efficacy of different clades of Asian H5N1 avian influenza A 

viruses in domestic ducks. J Virol. 2008 Nov;82(22):11374-82. 

159.  Hatta M, Gao P, Halfmann P, Kawaoka Y. Molecular basis for high virulence of 

Hong Kong H5N1 influenza A viruses. Science. 2001 Sep 7;293(5536):1840-2. 



 

 128 

160.  Martin K, Helenius A. Nuclear transport of influenza virus ribonucleoproteins: the 

viral matrix protein (M1) promotes export and inhibits import. Cell. 1991 Oct 

4;67(1):117-30. 

161.  Murti KG, Webster RG, Jones IM. Localization of RNA polymerases on influenza 

viral ribonucleoproteins by immunogold labeling. Virology. 1988 Jun;164(2):562-6. 

162.  Traving C, Schauer R. Structure, function and metabolism of sialic acids. Cell Mol 

Life Sci. 1998 Dec;54(12):1330-49. 

163.  Martin K, Helenius A. Transport of incoming influenza virus nucleocapsids into the 

nucleus. J Virol. 1991 Jan;65(1):232-44. 

164.  Pillai SP, Lee CW. Species and age related differences in the type and distribution 

of influenza virus receptors in different tissues of chickens, ducks and turkeys. Virol J. 

2010;7:5. 

165.  Kuchipudi SV, Nelli R, White GA, Bain M, Chang KC, Dunham S. Differences in 

influenza virus receptors in chickens and ducks: Implications for interspecies 

transmission. J Mol Genet Med. 2009;3(1):143-51. 

166.  van Riel D, Munster VJ, de Wit E, Rimmelzwaan GF, Fouchier RA, Osterhaus AD, 

et al. Human and avian influenza viruses target different cells in the lower respiratory 

tract of humans and other mammals. Am J Pathol. 2007 Oct;171(4):1215-23. 



 

 129 

167.  Matrosovich MN, Matrosovich TY, Gray T, Roberts NA, Klenk HD. Human and 

avian influenza viruses target different cell types in cultures of human airway epithelium. 

Proc Natl Acad Sci U S A. 2004 Mar 30;101(13):4620-4. 

168.  Matrosovich M, Tuzikov A, Bovin N, Gambaryan A, Klimov A, Castrucci MR, et 

al. Early alterations of the receptor-binding properties of H1, H2, and H3 avian influenza 

virus hemagglutinins after their introduction into mammals. J Virol. 2000 

Sep;74(18):8502-12. 

169.  van Riel D, Munster VJ, de Wit E, Rimmelzwaan GF, Fouchier RA, Osterhaus AD, 

et al. H5N1 Virus Attachment to Lower Respiratory Tract. Science. 2006 Apr 

21;312(5772):399. 

170.  Tumpey TM, Maines TR, Van Hoeven N, Glaser L, Solorzano A, Pappas C, et al. A 

two-amino acid change in the hemagglutinin of the 1918 influenza virus abolishes 

transmission. Science. 2007 Feb 2;315(5812):655-9. 

171.  Carroll SM, Higa HH, Paulson JC. Different cell-surface receptor determinants of 

antigenically similar influenza virus hemagglutinins. J Biol Chem. 1981 Aug 

25;256(16):8357-63. 

172.  Presti RM, Zhao G, Beatty WL, Mihindukulasuriya KA, da Rosa AP, Popov VL, et 

al. Quaranfil, Johnston Atoll, and Lake Chad viruses are novel members of the family 

Orthomyxoviridae. J Virol. 2009 Nov;83(22):11599-606. 

173.  Alexander DJ, Brown IH. Recent zoonoses caused by influenza A viruses. Rev Sci 

Tech. 2000 Apr;19(1):197-225. 



 

 130 

174.  Zambon MC. The pathogenesis of influenza in humans. Rev Med Virol. 2001 Jul-

Aug;11(4):227-41. 

175.  Alexander DJ. A review of avian influenza in different bird species. Vet Microbiol. 

2000 May 22;74(1-2):3-13. 

176.  Crawford PC, Dubovi EJ, Castleman WL, Stephenson I, Gibbs EP, Chen L, et al. 

Transmission of equine influenza virus to dogs. Science. 2005 Oct 21;310(5747):482-5. 

177.  Yoon KJ, Cooper VL, Schwartz KJ, Harmon KM, Kim WI, Janke BH, et al. 

Influenza virus infection in racing greyhounds. Emerg Infect Dis. 2005 Dec;11(12):1974-

6. 

178.  Suarez DL, Perdue ML. Multiple alignment comparison of the non-structural genes 

of influenza A viruses. Virus Res. 1998 Mar;54(1):59-69. 

179.  Lamb RA, Choppin PW. The gene structure and replication of influenza virus. 

Annu Rev Biochem. 1983;52:467-506. 

180.  Chen W, Calvo PA, Malide D, Gibbs J, Schubert U, Bacik I, et al. A novel 

influenza A virus mitochondrial protein that induces cell death. Nat Med. 2001 

Dec;7(12):1306-12. 

181.  Wise HM, Foeglein A, Sun J, Dalton RM, Patel S, Howard W, et al. A complicated 

message: Identification of a novel PB1-related protein translated from influenza A virus 

segment 2 mRNA. J Virol. 2009 Aug;83(16):8021-31. 



 

 131 

182.  Baudin F, Bach C, Cusack S, Ruigrok RW. Structure of influenza virus RNP. I. 

Influenza virus nucleoprotein melts secondary structure in panhandle RNA and exposes 

the bases to the solvent. EMBO J. 1994 Jul 1;13(13):3158-65. 

183.  Noble E, Mathews DH, Chen JL, Turner DH, Takimoto T, Kim B. Biophysical 

analysis of influenza A virus RNA promoter at physiological temperatures. J Biol Chem. 

2011 Jul 1;286(26):22965-70. 

184.  Desselberger U, Racaniello VR, Zazra JJ, Palese P. The 3' and 5'-terminal 

sequences of influenza A, B and C virus RNA segments are highly conserved and show 

partial inverted complementarity. Gene. 1980 Feb;8(3):315-28. 

185.  Robertson JS. 5' and 3' terminal nucleotide sequences of the RNA genome segments 

of influenza virus. Nucleic Acids Res. 1979 Aug 24;6(12):3745-57. 

186.  Skehel JJ, Hay AJ. Nucleotide sequences at the 5' termini of influenza virus RNAs 

and their transcripts. Nucleic Acids Res. 1978 Apr;5(4):1207-19. 

187.  Seong BL, Brownlee GG. A new method for reconstituting influenza polymerase 

and RNA in vitro: a study of the promoter elements for cRNA and vRNA synthesis in 

vitro and viral rescue in vivo. Virology. 1992 Jan;186(1):247-60. 

188.  Fodor E, Seong BL, Brownlee GG. Photochemical cross-linking of influenza A 

polymerase to its virion RNA promoter defines a polymerase binding site at residues 9 to 

12 of the promoter. J Gen Virol. 1993 Jul;74 ( Pt 7):1327-33. 



 

 132 

189.  Els MC, Laver WG, Air GM. Sialic acid is cleaved from glycoconjugates at the cell 

surface when influenza virus neuraminidases are expressed from recombinant vaccinia 

viruses. Virology. 1989 May;170(1):346-51. 

190.  Cianci C, Tiley L, Krystal M. Differential activation of the influenza virus 

polymerase via template RNA binding. J Virol. 1995 Jul;69(7):3995-9. 

191.  Robertson JS, Schubert M, Lazzarini RA. Polyadenylation sites for influenza virus 

mRNA. J Virol. 1981 Apr;38(1):157-63. 

192.  Domingo E, Holland JJ. RNA virus mutations and fitness for survival. Annu Rev 

Microbiol. 1997;51:151-78. 

193.  Parvin JD, Moscona A, Pan WT, Leider JM, Palese P. Measurement of the mutation 

rates of animal viruses: influenza A virus and poliovirus type 1. J Virol. 1986 

Aug;59(2):377-83. 

194.  Domingo E, Martin V, Perales C, Grande-Perez A, Garcia-Arriaza J, Arias A. 

Viruses as quasispecies: biological implications. Curr Top Microbiol Immunol. 

2006;299:51-82. 

195.  Swayne DE, Halvorson DA. Influenza. In: Saif YM, Fadly AM, Glisson JR, 

McDougald LR, Nolan LK, Swayne DE, editors. Diseases of Poultry. 12th Edition ed. 

Ames, IA: Iowa State Press; 2008. p. 135-60. 

196.  Fujiyoshi Y, Kume NP, Sakata K, Sato SB. Fine structure of influenza A virus 

observed by electron cryo-microscopy. EMBO J. 1994 Jan 15;13(2):318-26. 



 

 133 

197.  Calder LJ, Wasilewski S, Berriman JA, Rosenthal PB. Structural organization of a 

filamentous influenza A virus. Proc Natl Acad Sci U S A. 2010 Jun 8;107(23):10685-90. 

198.  Murti KG, Brown PS, Bean WJ, Jr., Webster RG. Composition of the helical 

internal components of influenza virus as revealed by immunogold labeling/electron 

microscopy. Virology. 1992 Jan;186(1):294-9. 

199.  Compans RW, Content J, Duesberg PH. Structure of the ribonucleoprotein of 

influenza virus. J Virol. 1972 Oct;10(4):795-800. 

200.  Duesberg PH. Distinct subunits of the ribonucleoprotein of influenza virus. J Mol 

Biol. 1969 Jun 28;42(3):485-99. 

201.  Inglis SC, Carroll AR, Lamb RA, Mahy BW. Polypeptides specified by the 

influenza virus genome I. Evidence for eight distinct gene products specified by fowl 

plague virus. Virology. 1976 Oct 15;74(2):489-503. 

202.  Heggeness MH, Smith PR, Ulmanen I, Krug RM, Choppin PW. Studies on the 

helical nucleocapsid of influenza virus. Virology. 1982 Apr 30;118(2):466-70. 

203.  Hsu MT, Parvin JD, Gupta S, Krystal M, Palese P. Genomic RNAs of influenza 

viruses are held in a circular conformation in virions and in infected cells by a terminal 

panhandle. Proc Natl Acad Sci U S A. 1987 Nov;84(22):8140-4. 

204.  Lamb RA, Choppin PW. Synthesis of influenza virus proteins in infected cells: 

translation of viral polypeptides, including three P polypeptides, from RNA produced by 

primary transcription. Virology. 1976 Oct 15;74(2):504-19. 



 

 134 

205.  Klumpp K, Ruigrok RW, Baudin F. Roles of the influenza virus polymerase and 

nucleoprotein in forming a functional RNP structure. EMBO J. 1997 Mar 17;16(6):1248-

57. 

206.  Ulmanen I, Broni BA, Krug RM. Role of two of the influenza virus core P proteins 

in recognizing cap 1 structures (m7GpppNm) on RNAs and in initiating viral RNA 

transcription. Proc Natl Acad Sci U S A. 1981 Dec;78(12):7355-9. 

207.  Ziegler AF, Davison S, Acland H, Eckroade RJ. Characteristics of H7N2 

(nonpathogenic) avian influenza virus infections in commercial layers, in Pennsylvania, 

1997-98. Avian Dis. 1999 Jan-Mar;43(1):142-9. 

208.  Braam J, Ulmanen I, Krug RM. Molecular model of a eucaryotic transcription 

complex: functions and movements of influenza P proteins during capped RNA-primed 

transcription. Cell. 1983 Sep;34(2):609-18. 

209.  Biswas SK, Nayak DP. Mutational analysis of the conserved motifs of influenza A 

virus polymerase basic protein 1. J Virol. 1994 Mar;68(3):1819-26. 

210.  Blaas D, Patzelt E, Kuechler E. Cap-recognizing protein of influenza virus. 

Virology. 1982 Jan 15;116(1):339-48. 

211.  Blok V, Cianci C, Tibbles KW, Inglis SC, Krystal M, Digard P. Inhibition of the 

influenza virus RNA-dependent RNA polymerase by antisera directed against the 

carboxy-terminal region of the PB2 subunit. J Gen Virol. 1996 May;77 ( Pt 5):1025-33. 



 

 135 

212.  Shi L, Galarza JM, Summers DF. Recombinant-baculovirus-expressed PB2 subunit 

of the influenza A virus RNA polymerase binds cap groups as an isolated subunit. Virus 

Res. 1996 Jun;42(1-2):1-9. 

213.  Penn CR, Blaas D, Kuechler E, Mahy BW. Identification of the cap-binding protein 

of two strains of influenza A/FPV. J Gen Virol. 1982 Sep;62 (Pt 1):177-80. 

214.  Li ML, Rao P, Krug RM. The active sites of the influenza cap-dependent 

endonuclease are on different polymerase subunits. EMBO J. 2001 Apr 17;20(8):2078-

86. 

215.  Fechter P, Mingay L, Sharps J, Chambers A, Fodor E, Brownlee GG. Two aromatic 

residues in the PB2 subunit of influenza A RNA polymerase are crucial for cap binding. J 

Biol Chem. 2003 May 30;278(22):20381-8. 

216.  Labadie K, Dos Santos Afonso E, Rameix-Welti MA, van der Werf S, Naffakh N. 

Host-range determinants on the PB2 protein of influenza A viruses control the interaction 

between the viral polymerase and nucleoprotein in human cells. Virology. 2007 Jun 

5;362(2):271-82. 

217.  Dias A, Bouvier D, Crepin T, McCarthy AA, Hart DJ, Baudin F, et al. The cap-

snatching endonuclease of influenza virus polymerase resides in the PA subunit. Nature. 

2009 Apr 16;458(7240):914-8. 

218.  Yuan P, Bartlam M, Lou Z, Chen S, Zhou J, He X, et al. Crystal structure of an 

avian influenza polymerase PA(N) reveals an endonuclease active site. Nature. 2009 Apr 

16;458(7240):909-13. 



 

 136 

219.  Hara K, Schmidt FI, Crow M, Brownlee GG. Amino acid residues in the N-terminal 

region of the PA subunit of influenza A virus RNA polymerase play a critical role in 

protein stability, endonuclease activity, cap binding, and virion RNA promoter binding. J 

Virol. 2006 Aug;80(16):7789-98. 

220.  Fodor E, Crow M, Mingay LJ, Deng T, Sharps J, Fechter P, et al. A single amino 

acid mutation in the PA subunit of the influenza virus RNA polymerase inhibits 

endonucleolytic cleavage of capped RNAs. J Virol. 2002 Sep;76(18):8989-9001. 

221.  Liang Y, Danzy S, Dao LD, Parslow TG. Mutational Analyses of the Influenza A 

Virus Polymerase Subunit PA Reveal Distinct Functions Related and Unrelated to RNA 

Polymerase Activity. PLoS One. 2012;7(1):e29485. 

222.  Takeda M, Leser GP, Russell CJ, Lamb RA. Influenza virus hemagglutinin 

concentrates in lipid raft microdomains for efficient viral fusion. Proc Natl Acad Sci U S 

A. 2003 Dec 9;100(25):14610-7. 

223.  Wiley DC, Skehel JJ. The structure and function of the hemagglutinin membrane 

glycoprotein of influenza virus. Annu Rev Biochem. 1987;56:365-94. 

224.  Bosch FX, Orlich M, Klenk HD, Rott R. The structure of the hemagglutinin, a 

determinant for the pathogenicity of influenza viruses. Virology. 1979 May;95(1):197-

207. 

225.  Skehel JJ, Bayley PM, Brown EB, Martin SR, Waterfield MD, White JM, et al. 

Changes in the conformation of influenza virus hemagglutinin at the pH optimum of 

virus-mediated membrane fusion. Proc Natl Acad Sci U S A. 1982 Feb;79(4):968-72. 



 

 137 

226.  Wharton SA. The role of influenza virus haemagglutinin in membrane fusion. 

Microbiol Sci. 1987 Apr;4(4):119-24. 

227.  Zhao H, Ekstrom M, Garoff H. The M1 and NP proteins of influenza A virus form 

homo- but not heterooligomeric complexes when coexpressed in BHK-21 cells. J Gen 

Virol. 1998 Oct;79 ( Pt 10):2435-46. 

228.  Davey J, Dimmock NJ, Colman A. Identification of the sequence responsible for 

the nuclear accumulation of the influenza virus nucleoprotein in Xenopus oocytes. Cell. 

1985 Mar;40(3):667-75. 

229.  Biswas SK, Boutz PL, Nayak DP. Influenza virus nucleoprotein interacts with 

influenza virus polymerase proteins. J Virol. 1998 Jul;72(7):5493-501. 

230.  Newcomb LL, Kuo RL, Ye Q, Jiang Y, Tao YJ, Krug RM. Interaction of the 

influenza a virus nucleocapsid protein with the viral RNA polymerase potentiates 

unprimed viral RNA replication. J Virol. 2009 Jan;83(1):29-36. 

231.  Portela A, Digard P. The influenza virus nucleoprotein: a multifunctional RNA-

binding protein pivotal to virus replication. J Gen Virol. 2002 Apr;83(Pt 4):723-34. 

232.  Air GM, Laver WG. The neuraminidase of influenza virus. Proteins. 1989;6(4):341-

56. 

233.  Palese P, Tobita K, Ueda M, Compans RW. Characterization of temperature 

sensitive influenza virus mutants defective in neuraminidase. Virology. 1974 

Oct;61(2):397-410. 



 

 138 

234.  Palese P, Compans RW. Inhibition of influenza virus replication in tissue culture by 

2-deoxy-2,3-dehydro-N-trifluoroacetylneuraminic acid (FANA): mechanism of action. J 

Gen Virol. 1976 Oct;33(1):159-63. 

235.  Mitnaul LJ, Castrucci MR, Murti KG, Kawaoka Y. The cytoplasmic tail of 

influenza A virus neuraminidase (NA) affects NA incorporation into virions, virion 

morphology, and virulence in mice but is not essential for virus replication. J Virol. 1996 

Feb;70(2):873-9. 

236.  Thorlund K, Awad T, Boivin G, Thabane L. Systematic review of influenza 

resistance to the neuraminidase inhibitors. BMC Infect Dis. 2011;11:134. 

237.  Skehel JJ, Schild GC. The polypeptide composition of influenza A viruses. 

Virology. 1971 May;44(2):396-408. 

238.  Gomez-Puertas P, Albo C, Perez-Pastrana E, Vivo A, Portela A. Influenza virus 

matrix protein is the major driving force in virus budding. J Virol. 2000 

Dec;74(24):11538-47. 

239.  Sha B, Luo M. Structure of a bifunctional membrane-RNA binding protein, 

influenza virus matrix protein M1. Nat Struct Biol. 1997 Mar;4(3):239-44. 

240.  Ye Z, Liu T, Offringa DP, McInnis J, Levandowski RA. Association of influenza 

virus matrix protein with ribonucleoproteins. J Virol. 1999 Sep;73(9):7467-73. 

241.  Zhang J, Lamb RA. Characterization of the membrane association of the influenza 

virus matrix protein in living cells. Virology. 1996 Nov 15;225(2):255-66. 



 

 139 

242.  Noton SL, Medcalf E, Fisher D, Mullin AE, Elton D, Digard P. Identification of the 

domains of the influenza A virus M1 matrix protein required for NP binding, 

oligomerization and incorporation into virions. J Gen Virol. 2007 Aug;88(Pt 8):2280-90. 

243.  Jin H, Leser GP, Zhang J, Lamb RA. Influenza virus hemagglutinin and 

neuraminidase cytoplasmic tails control particle shape. EMBO J. 1997 Mar 

17;16(6):1236-47. 

244.  Enami M, Enami K. Influenza virus hemagglutinin and neuraminidase 

glycoproteins stimulate the membrane association of the matrix protein. J Virol. 1996 

Oct;70(10):6653-7. 

245.  Ali A, Avalos RT, Ponimaskin E, Nayak DP. Influenza virus assembly: effect of 

influenza virus glycoproteins on the membrane association of M1 protein. J Virol. 2000 

Sep;74(18):8709-19. 

246.  Ruigrok RW, Barge A, Durrer P, Brunner J, Ma K, Whittaker GR. Membrane 

interaction of influenza virus M1 protein. Virology. 2000 Feb 15;267(2):289-98. 

247.  Kretzschmar E, Bui M, Rose JK. Membrane association of influenza virus matrix 

protein does not require specific hydrophobic domains or the viral glycoproteins. 

Virology. 1996 Jun 1;220(1):37-45. 

248.  Yasuda J, Nakada S, Kato A, Toyoda T, Ishihama A. Molecular assembly of 

influenza virus: association of the NS2 protein with virion matrix. Virology. 1993 

Sep;196(1):249-55. 



 

 140 

249.  Shimizu T, Takizawa N, Watanabe K, Nagata K, Kobayashi N. Crucial role of the 

influenza virus NS2 (NEP) C-terminal domain in M1 binding and nuclear export of 

vRNP. FEBS Lett. 2011 Jan 3;585(1):41-6. 

250.  Watanabe K, Handa H, Mizumoto K, Nagata K. Mechanism for inhibition of 

influenza virus RNA polymerase activity by matrix protein. J Virol. 1996 Jan;70(1):241-

7. 

251.  Zhang J, Li G, Liu X, Wang Z, Liu W, Ye X. Influenza A virus M1 blocks the 

classical complement pathway through interacting with C1qA. J Gen Virol. 2009 

Nov;90(Pt 11):2751-8. 

252.  Lamb RA, Zebedee SL, Richardson CD. Influenza virus M2 protein is an integral 

membrane protein expressed on the infected-cell surface. Cell. 1985 Mar;40(3):627-33. 

253.  Zebedee SL, Lamb RA. Influenza A virus M2 protein: monoclonal antibody 

restriction of virus growth and detection of M2 in virions. J Virol. 1988 Aug;62(8):2762-

72. 

254.  Holsinger LJ, Lamb RA. Influenza virus M2 integral membrane protein is a 

homotetramer stabilized by formation of disulfide bonds. Virology. 1991 Jul;183(1):32-

43. 

255.  Sugrue RJ, Hay AJ. Structural characteristics of the M2 protein of influenza A 

viruses: evidence that it forms a tetrameric channel. Virology. 1991 Feb;180(2):617-24. 



 

 141 

256.  Pinto LH, Holsinger LJ, Lamb RA. Influenza virus M2 protein has ion channel 

activity. Cell. 1992 May 1;69(3):517-28. 

257.  Shimbo K, Brassard DL, Lamb RA, Pinto LH. Ion selectivity and activation of the 

M2 ion channel of influenza virus. Biophys J. 1996 Mar;70(3):1335-46. 

258.  Wharton SA, Belshe RB, Skehel JJ, Hay AJ. Role of virion M2 protein in influenza 

virus uncoating: specific reduction in the rate of membrane fusion between virus and 

liposomes by amantadine. J Gen Virol. 1994 Apr;75 ( Pt 4):945-8. 

259.  Li Z, Jiang Y, Jiao P, Wang A, Zhao F, Tian G, et al. The NS1 gene contributes to 

the virulence of H5N1 avian influenza viruses. J Virol. 2006 Nov;80(22):11115-23. 

260.  Seo SH, Hoffmann E, Webster RG. Lethal H5N1 influenza viruses escape host anti-

viral cytokine responses. Nat Med. 2002 Sep;8(9):950-4. 

261.  Garcia-Sastre A, Egorov A, Matassov D, Brandt S, Levy DE, Durbin JE, et al. 

Influenza A virus lacking the NS1 gene replicates in interferon-deficient systems. 

Virology. 1998 Dec 20;252(2):324-30. 

262.  Hatada E, Fukuda R. Binding of influenza A virus NS1 protein to dsRNA in vitro. J 

Gen Virol. 1992 Dec;73 ( Pt 12):3325-9. 

263.  Yoshida T, Shaw MW, Young JF, Compans RW. Characterization of the RNA 

associated with influenza A cytoplasmic inclusions and the interaction of NS1 protein 

with RNA. Virology. 1981 Apr 15;110(1):87-97. 



 

 142 

264.  Lu Y, Wambach M, Katze MG, Krug RM. Binding of the influenza virus NS1 

protein to double-stranded RNA inhibits the activation of the protein kinase that 

phosphorylates the elF-2 translation initiation factor. Virology. 1995 Dec 1;214(1):222-8. 

265.  Hatada E, Saito S, Fukuda R. Mutant influenza viruses with a defective NS1 protein 

cannot block the activation of PKR in infected cells. J Virol. 1999 Mar;73(3):2425-33. 

266.  Li S, Min JY, Krug RM, Sen GC. Binding of the influenza A virus NS1 protein to 

PKR mediates the inhibition of its activation by either PACT or double-stranded RNA. 

Virology. 2006 May 25;349(1):13-21. 

267.  Solorzano A, Webby RJ, Lager KM, Janke BH, Garcia-Sastre A, Richt JA. 

Mutations in the NS1 protein of swine influenza virus impair anti-interferon activity and 

confer attenuation in pigs. J Virol. 2005 Jun;79(12):7535-43. 

268.  Wang X, Li M, Zheng H, Muster T, Palese P, Beg AA, et al. Influenza A virus NS1 

protein prevents activation of NF-kappaB and induction of alpha/beta interferon. J Virol. 

2000 Dec;74(24):11566-73. 

269.  Nemeroff ME, Barabino SM, Li Y, Keller W, Krug RM. Influenza virus NS1 

protein interacts with the cellular 30 kDa subunit of CPSF and inhibits 3'end formation of 

cellular pre-mRNAs. Mol Cell. 1998 Jun;1(7):991-1000. 

270.  Chen Z, Li Y, Krug RM. Influenza A virus NS1 protein targets poly(A)-binding 

protein II of the cellular 3'-end processing machinery. EMBO J. 1999 Apr 15;18(8):2273-

83. 



 

 143 

271.  Chen Z, Krug RM. Selective nuclear export of viral mRNAs in influenza-virus-

infected cells. Trends Microbiol. 2000 Aug;8(8):376-83. 

272.  Noah DL, Twu KY, Krug RM. Cellular antiviral responses against influenza A 

virus are countered at the posttranscriptional level by the viral NS1A protein via its 

binding to a cellular protein required for the 3' end processing of cellular pre-mRNAS. 

Virology. 2003 Mar 15;307(2):386-95. 

273.  Poon LL, Pritlove DC, Fodor E, Brownlee GG. Direct evidence that the poly(A) tail 

of influenza A virus mRNA is synthesized by reiterative copying of a U track in the 

virion RNA template. J Virol. 1999 Apr;73(4):3473-6. 

274.  Fortes P, Beloso A, Ortin J. Influenza virus NS1 protein inhibits pre-mRNA 

splicing and blocks mRNA nucleocytoplasmic transport. EMBO J. 1994 Feb 1;13(3):704-

12. 

275.  Lu Y, Qian XY, Krug RM. The influenza virus NS1 protein: a novel inhibitor of 

pre-mRNA splicing. Genes Dev. 1994 Aug 1;8(15):1817-28. 

276.  Wolff T, O'Neill RE, Palese P. NS1-Binding protein (NS1-BP): a novel human 

protein that interacts with the influenza A virus nonstructural NS1 protein is relocalized 

in the nuclei of infected cells. J Virol. 1998 Sep;72(9):7170-80. 

277.  Aragon T, de la Luna S, Novoa I, Carrasco L, Ortin J, Nieto A. Eukaryotic 

translation initiation factor 4GI is a cellular target for NS1 protein, a translational 

activator of influenza virus. Mol Cell Biol. 2000 Sep;20(17):6259-68. 



 

 144 

278.  de la Luna S, Fortes P, Beloso A, Ortin J. Influenza virus NS1 protein enhances the 

rate of translation initiation of viral mRNAs. J Virol. 1995 Apr;69(4):2427-33. 

279.  Enami K, Sato TA, Nakada S, Enami M. Influenza virus NS1 protein stimulates 

translation of the M1 protein. J Virol. 1994 Mar;68(3):1432-7. 

280.  Zhirnov OP, Konakova TE, Wolff T, Klenk HD. NS1 protein of influenza A virus 

down-regulates apoptosis. J Virol. 2002 Feb;76(4):1617-25. 

281.  Richardson JC, Akkina RK. NS2 protein of influenza virus is found in purified 

virus and phosphorylated in infected cells. Arch Virol. 1991;116(1-4):69-80. 

282.  O'Neill RE, Talon J, Palese P. The influenza virus NEP (NS2 protein) mediates the 

nuclear export of viral ribonucleoproteins. EMBO J. 1998 Jan 2;17(1):288-96. 

283.  Lamb RA, Lai CJ. Sequence of interrupted and uninterrupted mRNAs and cloned 

DNA coding for the two overlapping nonstructural proteins of influenza virus. Cell. 1980 

Sep;21(2):475-85. 

284.  Robb NC, Smith M, Vreede FT, Fodor E. NS2/NEP protein regulates transcription 

and replication of the influenza virus RNA genome. J Gen Virol. 2009 Jun;90(Pt 6):1398-

407. 

285.  Gibbs JS, Malide D, Hornung F, Bennink JR, Yewdell JW. The influenza A virus 

PB1-F2 protein targets the inner mitochondrial membrane via a predicted basic 

amphipathic helix that disrupts mitochondrial function. J Virol. 2003 Jul;77(13):7214-24. 



 

 145 

286.  Yamada H, Chounan R, Higashi Y, Kurihara N, Kido H. Mitochondrial targeting 

sequence of the influenza A virus PB1-F2 protein and its function in mitochondria. FEBS 

Lett. 2004 Dec 17;578(3):331-6. 

287.  Zell R, Krumbholz A, Eitner A, Krieg R, Halbhuber KJ, Wutzler P. Prevalence of 

PB1-F2 of influenza A viruses. J Gen Virol. 2007 Feb;88(Pt 2):536-46. 

288.  Chen CJ, Chen GW, Wang CH, Huang CH, Wang YC, Shih SR. Differential 

localization and function of PB1-F2 derived from different strains of influenza A virus. J 

Virol. 2010 Oct;84(19):10051-62. 

289.  Zamarin D, Ortigoza MB, Palese P. Influenza A virus PB1-F2 protein contributes to 

viral pathogenesis in mice. J Virol. 2006 Aug;80(16):7976-83. 

290.  Conenello GM, Zamarin D, Perrone LA, Tumpey T, Palese P. A single mutation in 

the PB1-F2 of H5N1 (HK/97) and 1918 influenza A viruses contributes to increased 

virulence. PLoS Pathog. 2007 Oct 5;3(10):1414-21. 

291.  McAuley JL, Chipuk JE, Boyd KL, Van De Velde N, Green DR, McCullers JA. 

PB1-F2 proteins from H5N1 and 20 century pandemic influenza viruses cause 

immunopathology. PLoS Pathog. 2010;6(7):e1001014. 

292.  McAuley JL, Hornung F, Boyd KL, Smith AM, McKeon R, Bennink J, et al. 

Expression of the 1918 influenza A virus PB1-F2 enhances the pathogenesis of viral and 

secondary bacterial pneumonia. Cell Host Microbe. 2007 Oct 11;2(4):240-9. 



 

 146 

293.  Marjuki H, Scholtissek C, Franks J, Negovetich NJ, Aldridge JR, Salomon R, et al. 

Three amino acid changes in PB1-F2 of highly pathogenic H5N1 avian influenza virus 

affect pathogenicity in mallard ducks. Arch Virol. 2010 Jun;155(6):925-34. 

294.  Zamarin D, Garcia-Sastre A, Xiao X, Wang R, Palese P. Influenza virus PB1-F2 

protein induces cell death through mitochondrial ANT3 and VDAC1. PLoS Pathog. 2005 

Sep;1(1):e4. 

295.  Henkel M, Mitzner D, Henklein P, Meyer-Almes FJ, Moroni A, Difrancesco ML, et 

al. The proapoptotic influenza A virus protein PB1-F2 forms a nonselective ion channel. 

PLoS One. 2010;5(6):e11112. 

296.  Chanturiya AN, Basanez G, Schubert U, Henklein P, Yewdell JW, Zimmerberg J. 

PB1-F2, an influenza A virus-encoded proapoptotic mitochondrial protein, creates 

variably sized pores in planar lipid membranes. J Virol. 2004 Jun;78(12):6304-12. 

297.  Mazur I, Anhlan D, Mitzner D, Wixler L, Schubert U, Ludwig S. The proapoptotic 

influenza A virus protein PB1-F2 regulates viral polymerase activity by interaction with 

the PB1 protein. Cell Microbiol. 2008 May;10(5):1140-52. 

298.  McAuley JL, Zhang K, McCullers JA. The effects of influenza A virus PB1-F2 

protein on polymerase activity are strain specific and do not impact pathogenesis. J Virol. 

2010 Jan;84(1):558-64. 

299.  Rogers GN, Paulson JC. Receptor determinants of human and animal influenza 

virus isolates: differences in receptor specificity of the H3 hemagglutinin based on 

species of origin. Virology. 1983 Jun;127(2):361-73. 



 

 147 

300.  Rogers GN, Pritchett TJ, Lane JL, Paulson JC. Differential sensitivity of human, 

avian, and equine influenza A viruses to a glycoprotein inhibitor of infection: selection of 

receptor specific variants. Virology. 1983 Dec;131(2):394-408. 

301.  Rogers GN, D'Souza BL. Receptor binding properties of human and animal H1 

influenza virus isolates. Virology. 1989 Nov;173(1):317-22. 

302.  Gambaryan AS, Tuzikov AB, Piskarev VE, Yamnikova SS, Lvov DK, Robertson 

JS, et al. Specification of receptor-binding phenotypes of influenza virus isolates from 

different hosts using synthetic sialylglycopolymers: non-egg-adapted human H1 and H3 

influenza A and influenza B viruses share a common high binding affinity for 6'-sialyl(N-

acetyllactosamine). Virology. 1997 Jun 9;232(2):345-50. 

303.  Couceiro JN, Paulson JC, Baum LG. Influenza virus strains selectively recognize 

sialyloligosaccharides on human respiratory epithelium; the role of the host cell in 

selection of hemagglutinin receptor specificity. Virus Res. 1993 Aug;29(2):155-65. 

304.  Gambaryan A, Webster R, Matrosovich M. Differences between influenza virus 

receptors on target cells of duck and chicken. Arch Virol. 2002 Jun;147(6):1197-208. 

305.  Ito T, Suzuki Y, Suzuki T, Takada A, Horimoto T, Wells K, et al. Recognition of 

N-glycolylneuraminic acid linked to galactose by the alpha2,3 linkage is associated with 

intestinal replication of influenza A virus in ducks. J Virol. 2000 Oct;74(19):9300-5. 

306.  Guo CT, Takahashi N, Yagi H, Kato K, Takahashi T, Yi SQ, et al. The quail and 

chicken intestine have sialyl-galactose sugar chains responsible for the binding of 

influenza A viruses to human type receptors. Glycobiology. 2007 Jul;17(7):713-24. 



 

 148 

307.  Wan H, Perez DR. Quail carry sialic acid receptors compatible with binding of 

avian and human influenza viruses. Virology. 2006 Mar 15;346(2):278-86. 

308.  Mo IP, Brugh M, Fletcher OJ, Rowland GN, Swayne DE. Comparative pathology 

of chickens experimentally inoculated with avian influenza viruses of low and high 

pathogenicity. Avian Dis. 1997 Jan-Mar;41(1):125-36. 

309.  Perkins LE, Swayne DE. Susceptibility of laughing gulls (Larus atricilla) to H5N1 

and H5N3 highly pathogenic avian influenza viruses. Avian Dis. 2002 Oct-

Dec;46(4):877-85. 

310.  Tumpey TM, Suarez DL, Perkins LE, Senne DA, Lee JG, Lee YJ, et al. 

Characterization of a highly pathogenic H5N1 avian influenza A virus isolated from duck 

meat. J Virol. 2002 Jun;76(12):6344-55. 

311.  Perkins LE, Swayne DE. Varied pathogenicity of a Hong Kong-origin H5N1 avian 

influenza virus in four passerine species and budgerigars. Vet Pathol. 2003 Jan;40(1):14-

24. 

312.  Gagneux P, Cheriyan M, Hurtado-Ziola N, van der Linden EC, Anderson D, 

McClure H, et al. Human-specific regulation of alpha 2-6-linked sialic acids. J Biol 

Chem. 2003 Nov 28;278(48):48245-50. 

313.  Ibricevic A, Pekosz A, Walter MJ, Newby C, Battaile JT, Brown EG, et al. 

Influenza virus receptor specificity and cell tropism in mouse and human airway 

epithelial cells. J Virol. 2006 Aug;80(15):7469-80. 



 

 149 

314.  Olofsson S, Kumlin U, Dimock K, Arnberg N. Avian influenza and sialic acid 

receptors: more than meets the eye? Lancet Infect Dis. 2005 Mar;5(3):184-8. 

315.  Gu J, Xie Z, Gao Z, Liu J, Korteweg C, Ye J, et al. H5N1 infection of the 

respiratory tract and beyond: a molecular pathology study. Lancet. 2007 Sep 

29;370(9593):1137-45. 

316.  Sata T, Roth J, Zuber C, Stamm B, Heitz PU. Expression of alpha 2,6-linked sialic 

acid residues in neoplastic but not in normal human colonic mucosa. A lectin-gold 

cytochemical study with Sambucus nigra and Maackia amurensis lectins. Am J Pathol. 

1991 Dec;139(6):1435-48. 

317.  Portela A, Zurcher T, Nieto A, Ortin J. Replication of orthomyxoviruses. Adv Virus 

Res. 1999;54:319-48. 

318.  Hughes MT, Matrosovich M, Rodgers ME, McGregor M, Kawaoka Y. Influenza A 

viruses lacking sialidase activity can undergo multiple cycles of replication in cell 

culture, eggs, or mice. J Virol. 2000 Jun;74(11):5206-12. 

319.  Rudneva IA, Kovaleva VP, Varich NL, Farashyan VR, Gubareva LV, Yamnikova 

SS, et al. Influenza A virus reassortants with surface glycoprotein genes of the avian 

parent viruses: effects of HA and NA gene combinations on virus aggregation. Arch 

Virol. 1993;133(3-4):437-50. 

320.  Rudneva IA, Sklyanskaya EI, Barulina OS, Yamnikova SS, Kovaleva VP, 

Tsvetkova IV, et al. Phenotypic expression of HA-NA combinations in human-avian 

influenza A virus reassortants. Arch Virol. 1996;141(6):1091-9. 



 

 150 

321.  Matlin KS, Reggio H, Helenius A, Simons K. Infectious entry pathway of influenza 

virus in a canine kidney cell line. J Cell Biol. 1981 Dec;91(3 Pt 1):601-13. 

322.  Herz C, Stavnezer E, Krug R, Gurney T, Jr. Influenza virus, an RNA virus, 

synthesizes its messenger RNA in the nucleus of infected cells. Cell. 1981 Nov;26(3 Pt 

1):391-400. 

323.  Hagen M, Chung TD, Butcher JA, Krystal M. Recombinant influenza virus 

polymerase: requirement of both 5' and 3' viral ends for endonuclease activity. J Virol. 

1994 Mar;68(3):1509-15. 

324.  Rao P, Yuan W, Krug RM. Crucial role of CA cleavage sites in the cap-snatching 

mechanism for initiating viral mRNA synthesis. EMBO J. 2003 Mar 3;22(5):1188-98. 

325.  Kawakami K, Ishihama A. RNA polymerase of influenza virus. III. Isolation of 

RNA polymerase-RNA complexes from influenza virus PR8. J Biochem. 1983 

Apr;93(4):989-96. 

326.  Hay AJ, Lomniczi B, Bellamy AR, Skehel JJ. Transcription of the influenza virus 

genome. Virology. 1977 Dec;83(2):337-55. 

327.  Hay AJ, Skehel JJ, McCauley J. Characterization of influenza virus RNA complete 

transcripts. Virology. 1982 Jan 30;116(2):517-22. 

328.  Plotch SJ, Bouloy M, Ulmanen I, Krug RM. A unique cap(m7GpppXm)-dependent 

influenza virion endonuclease cleaves capped RNAs to generate the primers that initiate 

viral RNA transcription. Cell. 1981 Mar;23(3):847-58. 



 

 151 

329.  Beaton AR, Krug RM. Transcription antitermination during influenza viral template 

RNA synthesis requires the nucleocapsid protein and the absence of a 5' capped end. Proc 

Natl Acad Sci U S A. 1986 Sep;83(17):6282-6. 

330.  Smith GL, Levin JZ, Palese P, Moss B. Synthesis and cellular location of the ten 

influenza polypeptides individually expressed by recombinant vaccinia viruses. Virology. 

1987 Oct;160(2):336-45. 

331.  Ye Z, Robinson D, Wagner RR. Nucleus-targeting domain of the matrix protein 

(M1) of influenza virus. J Virol. 1995 Mar;69(3):1964-70. 

332.  O'Neill E, Krauss SL, Riberdy JM, Webster RG, Woodland DL. Heterologous 

protection against lethal A/HongKong/156/97 (H5N1) influenza virus infection in 

C57BL/6 mice. J Gen Virol. 2000 Nov;81(Pt 11):2689-96. 

333.  Zhang J, Leser GP, Pekosz A, Lamb RA. The cytoplasmic tails of the influenza 

virus spike glycoproteins are required for normal genome packaging. Virology. 2000 Apr 

10;269(2):325-34. 

334.  Barman S, Adhikary L, Chakrabarti AK, Bernas C, Kawaoka Y, Nayak DP. Role of 

transmembrane domain and cytoplasmic tail amino acid sequences of influenza a virus 

neuraminidase in raft association and virus budding. J Virol. 2004 May;78(10):5258-69. 

335.  Fujii Y, Goto H, Watanabe T, Yoshida T, Kawaoka Y. Selective incorporation of 

influenza virus RNA segments into virions. Proc Natl Acad Sci U S A. 2003 Feb 

18;100(4):2002-7. 



 

 152 

336.  de Wit E, Spronken MI, Rimmelzwaan GF, Osterhaus AD, Fouchier RA. Evidence 

for specific packaging of the influenza A virus genome from conditionally defective virus 

particles lacking a polymerase gene. Vaccine. 2006 Nov 10;24(44-46):6647-50. 

337.  Fujii K, Fujii Y, Noda T, Muramoto Y, Watanabe T, Takada A, et al. Importance of 

both the coding and the segment-specific noncoding regions of the influenza A virus NS 

segment for its efficient incorporation into virions. J Virol. 2005 Mar;79(6):3766-74. 

338.  Gog JR, Afonso Edos S, Dalton RM, Leclercq I, Tiley L, Elton D, et al. Codon 

conservation in the influenza A virus genome defines RNA packaging signals. Nucleic 

Acids Res. 2007;35(6):1897-907. 

339.  Hutchinson EC, Curran MD, Read EK, Gog JR, Digard P. Mutational analysis of 

cis-acting RNA signals in segment 7 of influenza A virus. J Virol. 2008 

Dec;82(23):11869-79. 

340.  Liang Y, Hong Y, Parslow TG. cis-Acting packaging signals in the influenza virus 

PB1, PB2, and PA genomic RNA segments. J Virol. 2005 Aug;79(16):10348-55. 

341.  Marsh GA, Hatami R, Palese P. Specific residues of the influenza A virus 

hemagglutinin viral RNA are important for efficient packaging into budding virions. J 

Virol. 2007 Sep;81(18):9727-36. 

342.  Muramoto Y, Takada A, Fujii K, Noda T, Iwatsuki-Horimoto K, Watanabe S, et al. 

Hierarchy among viral RNA (vRNA) segments in their role in vRNA incorporation into 

influenza A virions. J Virol. 2006 Mar;80(5):2318-25. 



 

 153 

343.  Marsh GA, Rabadan R, Levine AJ, Palese P. Highly conserved regions of influenza 

a virus polymerase gene segments are critical for efficient viral RNA packaging. J Virol. 

2008 Mar;82(5):2295-304. 

344.  Scheiffele P, Rietveld A, Wilk T, Simons K. Influenza viruses select ordered lipid 

domains during budding from the plasma membrane. J Biol Chem. 1999 Jan 

22;274(4):2038-44. 

345.  Hinshaw VS, Olsen CW, Dybdahl-Sissoko N, Evans D. Apoptosis: a mechanism of 

cell killing by influenza A and B viruses. J Virol. 1994 Jun;68(6):3667-73. 

346.  Takizawa T, Matsukawa S, Higuchi Y, Nakamura S, Nakanishi Y, Fukuda R. 

Induction of programmed cell death (apoptosis) by influenza virus infection in tissue 

culture cells. J Gen Virol. 1993 Nov;74 ( Pt 11):2347-55. 

347.  Capua I, Mutinelli F, Marangon S, Alexander DJ. H7N1 avian influenza in Italy 

(1999 to 2000) in intensively reared chickens and turkeys. Avian Pathol. 2000 

Dec;29(6):537-43. 

348.  Wood GW, McCauley JW, Bashiruddin JB, Alexander DJ. Deduced amino acid 

sequences at the haemagglutinin cleavage site of avian influenza A viruses of H5 and H7 

subtypes. Arch Virol. 1993;130(1-2):209-17. 

349.  WHO. WHO manual on animal influenza diagnosis and surveillance. Geneva, 

Switzerland: WHO; 2002. 



 

 154 

350.  Ohuchi M, Orlich M, Ohuchi R, Simpson BE, Garten W, Klenk HD, et al. 

Mutations at the cleavage site of the hemagglutinin after the pathogenicity of influenza 

virus A/chick/Penn/83 (H5N2). Virology. 1989 Feb;168(2):274-80. 

351.  Bosch FX, Garten W, Klenk HD, Rott R. Proteolytic cleavage of influenza virus 

hemagglutinins: primary structure of the connecting peptide between HA1 and HA2 

determines proteolytic cleavability and pathogenicity of Avian influenza viruses. 

Virology. 1981 Sep;113(2):725-35. 

352.  Senne DA, Panigrahy B, Kawaoka Y, Pearson JE, Suss J, Lipkind M, et al. Survey 

of the hemagglutinin (HA) cleavage site sequence of H5 and H7 avian influenza viruses: 

amino acid sequence at the HA cleavage site as a marker of pathogenicity potential. 

Avian Dis. 1996 Apr-Jun;40(2):425-37. 

353.  Deshpande KL, Fried VA, Ando M, Webster RG. Glycosylation affects cleavage of 

an H5N2 influenza virus hemagglutinin and regulates virulence. Proc Natl Acad Sci U S 

A. 1987 Jan;84(1):36-40. 

354.  Hulse DJ, Webster RG, Russell RJ, Perez DR. Molecular determinants within the 

surface proteins involved in the pathogenicity of H5N1 influenza viruses in chickens. J 

Virol. 2004 Sep;78(18):9954-64. 

355.  Senne DA, Pedersen JC, Suarez DL, Panigrahy B. Rapid diagnosis of avian 

influenza (AI) and assessment of pathogenicity of avian H5 and H7 subtypes by 

molecular methods. Dev Biol (Basel). 2006;126:171-7; discussion 326-7. 



 

 155 

356.  Horimoto T, Rivera E, Pearson J, Senne D, Krauss S, Kawaoka Y, et al. Origin and 

molecular changes associated with emergence of a highly pathogenic H5N2 influenza 

virus in Mexico. Virology. 1995 Oct 20;213(1):223-30. 

357.  Horimoto T, Kawaoka Y. Reverse genetics provides direct evidence for a 

correlation of hemagglutinin cleavability and virulence of an avian influenza A virus. J 

Virol. 1994 May;68(5):3120-8. 

358.  Stieneke-Grober A, Vey M, Angliker H, Shaw E, Thomas G, Roberts C, et al. 

Influenza virus hemagglutinin with multibasic cleavage site is activated by furin, a 

subtilisin-like endoprotease. Embo J. 1992 Jul;11(7):2407-14. 

359.  Horimoto T, Nakayama K, Smeekens SP, Kawaoka Y. Proprotein-processing 

endoproteases PC6 and furin both activate hemagglutinin of virulent avian influenza 

viruses. J Virol. 1994 Sep;68(9):6074-8. 

360.  Cheung CY, Poon LL, Lau AS, Luk W, Lau YL, Shortridge KF, et al. Induction of 

proinflammatory cytokines in human macrophages by influenza A (H5N1) viruses: a 

mechanism for the unusual severity of human disease? Lancet. 2002 Dec 

7;360(9348):1831-7. 

361.  Steinhauer DA. Role of hemagglutinin cleavage for the pathogenicity of influenza 

virus. Virology. 1999 May 25;258(1):1-20. 

362.  Lazarowitz SG, Goldberg AR, Choppin PW. Proteolytic cleavage by plasmin of the 

HA polypeptide of influenza virus: host cell activation of serum plasminogen. Virology. 

1973 Nov;56(1):172-80. 



 

 156 

363.  Gotoh B, Ogasawara T, Toyoda T, Inocencio NM, Hamaguchi M, Nagai Y. An 

endoprotease homologous to the blood clotting factor X as a determinant of viral tropism 

in chick embryo. EMBO J. 1990 Dec;9(12):4189-95. 

364.  Kido H, Yokogoshi Y, Sakai K, Tashiro M, Kishino Y, Fukutomi A, et al. Isolation 

and characterization of a novel trypsin-like protease found in rat bronchiolar epithelial 

Clara cells. A possible activator of the viral fusion glycoprotein. J Biol Chem. 1992 Jul 

5;267(19):13573-9. 

365.  Scheiblauer H, Reinacher M, Tashiro M, Rott R. Interactions between bacteria and 

influenza A virus in the development of influenza pneumonia. J Infect Dis. 1992 

Oct;166(4):783-91. 

366.  Wasilenko JL, Lee CW, Sarmento L, Spackman E, Kapczynski DR, Suarez DL, et 

al. NP, PB1, and PB2 viral genes contribute to altered replication of H5N1 avian 

influenza viruses in chickens. J Virol. 2008 May;82(9):4544-53. 

367.  Wasilenko JL, Sarmento L, Pantin-Jackwood MJ. A single substitution in amino 

acid 184 of the NP protein alters the replication and pathogenicity of H5N1 avian 

influenza viruses in chickens. Arch Virol. 2009;154(6):969-79. 

368.  Tada T, Suzuki K, Sakurai Y, Kubo M, Okada H, Itoh T, et al. NP body domain and 

PB2 contribute to increased virulence of H5N1 highly pathogenic avian influenza viruses 

in chickens. J Virol. 2011 Feb;85(4):1834-46. 



 

 157 

369.  Zhu Q, Yang H, Chen W, Cao W, Zhong G, Jiao P, et al. A naturally occurring 

deletion in its NS gene contributes to the attenuation of an H5N1 swine influenza virus in 

chickens. J Virol. 2008 Jan;82(1):220-8. 

370.  Rott R, Orlich M, Scholtissek C. Correlation of pathogenicity and gene 

constellation of influenza A viruses. III. Non-pathogenic recombinants derived from 

highly pathogenic parent strains. J Gen Virol. 1979 Aug;44(2):471-7. 

371.  Gabriel G, Abram M, Keiner B, Wagner R, Klenk HD, Stech J. Differential 

polymerase activity in avian and mammalian cells determines host range of influenza 

virus. J Virol. 2007 Sep;81(17):9601-4. 

372.  Song J, Feng H, Xu J, Zhao D, Shi J, Li Y, et al. The PA protein directly contributes 

to the virulence of H5N1 avian influenza viruses in domestic ducks. J Virol. 2011 

Mar;85(5):2180-8. 

373.  Hulse-Post DJ, Franks J, Boyd K, Salomon R, Hoffmann E, Yen HL, et al. 

Molecular changes in the polymerase genes (PA and PB1) associated with high 

pathogenicity of H5N1 influenza virus in mallard ducks. J Virol. 2007 Aug;81(16):8515-

24. 

374.  Brown EG, Bailly JE. Genetic analysis of mouse-adapted influenza A virus 

identifies roles for the NA, PB1, and PB2 genes in virulence. Virus Res. 1999 

May;61(1):63-76. 



 

 158 

375.  Rolling T, Koerner I, Zimmermann P, Holz K, Haller O, Staeheli P, et al. Adaptive 

mutations resulting in enhanced polymerase activity contribute to high virulence of 

influenza A virus in mice. J Virol. 2009 Jul;83(13):6673-80. 

376.  Grimm D, Staeheli P, Hufbauer M, Koerner I, Martinez-Sobrido L, Solorzano A, et 

al. Replication fitness determines high virulence of influenza A virus in mice carrying 

functional Mx1 resistance gene. Proc Natl Acad Sci U S A. 2007 Apr 17;104(16):6806-

11. 

377.  Pappas C, Aguilar PV, Basler CF, Solorzano A, Zeng H, Perrone LA, et al. Single 

gene reassortants identify a critical role for PB1, HA, and NA in the high virulence of the 

1918 pandemic influenza virus. Proc Natl Acad Sci U S A. 2008 Feb 26;105(8):3064-9. 

378.  Basler CF, Reid AH, Dybing JK, Janczewski TA, Fanning TG, Zheng H, et al. 

Sequence of the 1918 pandemic influenza virus nonstructural gene (NS) segment and 

characterization of recombinant viruses bearing the 1918 NS genes. Proc Natl Acad Sci U 

S A. 2001 Feb 27;98(5):2746-51. 

379.  Kobasa D, Takada A, Shinya K, Hatta M, Halfmann P, Theriault S, et al. Enhanced 

virulence of influenza A viruses with the haemagglutinin of the 1918 pandemic virus. 

Nature. 2004 Oct 7;431(7009):703-7. 

380.  Ozawa M, Basnet S, Burley LM, Neumann G, Hatta M, Kawaoka Y. Impact of 

amino acid mutations in PB2, PB1-F2, and NS1 on the replication and pathogenicity of 

pandemic (H1N1) 2009 influenza viruses. J Virol. 2011 May;85(9):4596-601. 



 

 159 

381.  Ward AC. Neurovirulence of influenza A virus. J Neurovirol. 1996 Jun;2(3):139-

51. 

382.  Gabriel G, Dauber B, Wolff T, Planz O, Klenk HD, Stech J. The viral polymerase 

mediates adaptation of an avian influenza virus to a mammalian host. Proc Natl Acad Sci 

U S A. 2005 Dec 20;102(51):18590-5. 

383.  Munster VJ, de Wit E, van Riel D, Beyer WE, Rimmelzwaan GF, Osterhaus AD, et 

al. The molecular basis of the pathogenicity of the Dutch highly pathogenic human 

influenza A H7N7 viruses. J Infect Dis. 2007 Jul 15;196(2):258-65. 

384.  Song MS, Pascua PN, Lee JH, Baek YH, Lee OJ, Kim CJ, et al. The polymerase 

acidic protein gene of influenza a virus contributes to pathogenicity in a mouse model. J 

Virol. 2009 Dec;83(23):12325-35. 

385.  Chen H, Bright RA, Subbarao K, Smith C, Cox NJ, Katz JM, et al. Polygenic 

virulence factors involved in pathogenesis of 1997 Hong Kong H5N1 influenza viruses in 

mice. Virus Res. 2007 Sep;128(1-2):159-63. 

386.  Fan S, Deng G, Song J, Tian G, Suo Y, Jiang Y, et al. Two amino acid residues in 

the matrix protein M1 contribute to the virulence difference of H5N1 avian influenza 

viruses in mice. Virology. 2009 Feb 5;384(1):28-32. 

387.  Jiao P, Tian G, Li Y, Deng G, Jiang Y, Liu C, et al. A single-amino-acid 

substitution in the NS1 protein changes the pathogenicity of H5N1 avian influenza 

viruses in mice. J Virol. 2008 Feb;82(3):1146-54. 



 

 160 

388.  Shinya K, Hamm S, Hatta M, Ito H, Ito T, Kawaoka Y. PB2 amino acid at position 

627 affects replicative efficiency, but not cell tropism, of Hong Kong H5N1 influenza A 

viruses in mice. Virology. 2004 Mar 15;320(2):258-66. 

389.  Salomon R, Franks J, Govorkova EA, Ilyushina NA, Yen HL, Hulse-Post DJ, et al. 

The polymerase complex genes contribute to the high virulence of the human H5N1 

influenza virus isolate A/Vietnam/1203/04. J Exp Med. 2006 Mar 20;203(3):689-97. 

390.  Govorkova EA, Rehg JE, Krauss S, Yen HL, Guan Y, Peiris M, et al. Lethality to 

ferrets of H5N1 influenza viruses isolated from humans and poultry in 2004. J Virol. 

2005 Feb;79(4):2191-8. 

391.  Alexander DJ, Allan WH, Parsons DG, Parsons G. The pathogenicity of four avian 

influenza viruses for fowls, turkeys and ducks. Res Vet Sci. 1978 Mar;24(2):242-7. 

392.  Hinshaw VS, Webster RG, Turner B. The perpetuation of orthomyxoviruses and 

paramyxoviruses in Canadian waterfowl. Can J Microbiol. 1980 May;26(5):622-9. 

393.  Kishida N, Sakoda Y, Isoda N, Matsuda K, Eto M, Sunaga Y, et al. Pathogenicity 

of H5 influenza viruses for ducks. Arch Virol. 2005 Jul;150(7):1383-92. 

394.  Latorre-Margalef N, Gunnarsson G, Munster VJ, Fouchier RA, Osterhaus AD, 

Elmberg J, et al. Effects of influenza A virus infection on migrating mallard ducks. Proc 

Biol Sci. 2009 Mar 22;276(1659):1029-36. 



 

 161 

395.  Shortridge KF, Zhou NN, Guan Y, Gao P, Ito T, Kawaoka Y, et al. Characterization 

of avian H5N1 influenza viruses from poultry in Hong Kong. Virology. 1998 Dec 

20;252(2):331-42. 

396.  Perkins LE, Swayne DE. Pathogenicity of a Hong Kong-origin H5N1 highly 

pathogenic avian influenza virus for emus, geese, ducks, and pigeons. Avian Dis. 2002 

Jan-Mar;46(1):53-63. 

397.  Cooley AJ, Van Campen H, Philpott MS, Easterday BC, Hinshaw VS. Pathological 

lesions in the lungs of ducks infected with influenza A viruses. Vet Pathol. 1989 

Jan;26(1):1-5. 

398.  Alexander DJ, Parsons G, Manvell RJ. Experimental assessment of the 

pathogenicity of eight avian influenza A viruses of H5 subtype for chickens, turkeys, 

ducks and quail. Avian Pathol. 1986;15:647-62. 

399.  Capua I, Mutinelli F. Mortality in Muscovy ducks (Cairina moschata) and domestic 

geese (Anser anser var. domestica) associated with natural infection with a highly 

pathogenic avian influenza virus of H7N1 subtype. Avian Pathol. 2001 Apr;30(2):179-

83. 

400.  Brown JD, Stallknecht DE, Beck JR, Suarez DL, Swayne DE. Susceptibility of 

North American ducks and gulls to H5N1 highly pathogenic avian influenza viruses. 

Emerg Infect Dis. 2006 Nov;12(11):1663-70. 



 

 162 

401.  Lee CW, Suarez DL, Tumpey TM, Sung HW, Kwon YK, Lee YJ, et al. 

Characterization of highly pathogenic H5N1 avian influenza A viruses isolated from 

South Korea. J Virol. 2005 Mar;79(6):3692-702. 

402.  Hulse-Post DJ, Sturm-Ramirez KM, Humberd J, Seiler P, Govorkova EA, Krauss S, 

et al. Role of domestic ducks in the propagation and biological evolution of highly 

pathogenic H5N1 influenza viruses in Asia. Proc Natl Acad Sci U S A. 2005 Jul 

26;102(30):10682-7. 

403.  Pantin-Jackwood MJ, Suarez DL, Spackman E, Swayne DE. Age at infection 

affects the pathogenicity of Asian highly pathogenic avian influenza H5N1 viruses in 

ducks. Virus Res. 2007 Dec;130(1-2):151-61. 

404.  Yamamoto Y, Nakamura K, Kitagawa K, Ikenaga N, Yamada M, Mase M, et al. 

Severe nonpurulent encephalitis with mortality and feather lesions in call ducks (Anas 

platyrhyncha var. domestica) inoculated intravenously with H5N1 highly pathogenic 

avian influenza virus. Avian Dis. 2007 Mar;51(1):52-7. 

405.  Brown JD, Stallknecht DE, Swayne DE. Experimental infection of swans and geese 

with highly pathogenic avian influenza virus (H5N1) of Asian lineage. Emerg Infect Dis. 

2008 Jan;14(1):136-42. 

406.  Londt BZ, Nunez A, Banks J, Nili H, Johnson LK, Alexander DJ. Pathogenesis of 

highly pathogenic avian influenza A/turkey/Turkey/1/2005 H5N1 in Pekin ducks (Anas 

platyrhynchos) infected experimentally. Avian Pathol. 2008 Dec;37(6):619-27. 



 

 163 

407.  Zhou JY, Shen HG, Chen HX, Tong GZ, Liao M, Yang HC, et al. Characterization 

of a highly pathogenic H5N1 influenza virus derived from bar-headed geese in China. J 

Gen Virol. 2006 Jul;87(Pt 7):1823-33. 

408.  Nguyen DC, Uyeki TM, Jadhao S, Maines T, Shaw M, Matsuoka Y, et al. Isolation 

and characterization of avian influenza viruses, including highly pathogenic H5N1, from 

poultry in live bird markets in Hanoi, Vietnam, in 2001. J Virol. 2005 Apr;79(7):4201-12. 

409.  Perkins LE, Swayne DE. Comparative susceptibility of selected avian and 

mammalian species to a Hong Kong-origin H5N1 high-pathogenicity avian influenza 

virus. Avian Dis. 2003;47(3 Suppl):956-67. 

410.  van der Goot JA, de Jong MC, Koch G, Van Boven M. Comparison of the 

transmission characteristics of low and high pathogenicity avian influenza A virus 

(H5N2). Epidemiol Infect. 2003 Oct;131(2):1003-13. 

411.  Ladman BS, Rosenberger SC, Rosenberger JK, Pope CR, Gelb J, Jr. Virulence of 

low pathogenicity H7N2 avian influenza viruses from the Delmarva peninsula for broiler 

and leghorn chickens and turkeys. Avian Dis. 2008 Dec;52(4):623-31. 

412.  Swayne DE, Slemons RD. Comparative pathology of a chicken-origin and two 

duck-origin influenza virus isolates in chickens: the effect of route of inoculation. Vet 

Pathol. 1994 Mar;31(2):237-45. 

413.  Shalaby AA, Slemons RD, Swayne DE. Pathological studies of 

A/chicken/Alabama/7395/75 (H4N8) influenza virus in specific-pathogen-free laying 

hens. Avian Dis. 1994 Jan-Mar;38(1):22-32. 



 

 164 

414.  Swayne DE. Pathobiology of H5N2 Mexican avian influenza virus infections of 

chickens. Vet Pathol. 1997 Nov;34(6):557-67. 

415.  Perkins LE, Swayne DE. Pathobiology of A/chicken/Hong Kong/220/97 (H5N1) 

avian influenza virus in seven gallinaceous species. Vet Pathol. 2001 Mar;38(2):149-64. 

416.  Hooper PT, Russell GW, Selleck PW, Stanislawek WL. Observations on the 

relationship in chickens between the virulence of some avian influenza viruses and their 

pathogenicity for various organs. Avian Dis. 1995 Jul-Sep;39(3):458-64. 

417.  Kobayashi Y, Horimoto T, Kawaoka Y, Alexander DJ, Itakura C. Pathological 

studies of chickens experimentally infected with two highly pathogenic avian influenza 

viruses. Avian Pathol. 1996 Jun;25(2):285-304. 

418.  Capua I, Mutinelli F, Bozza MA, Terregino C, Cattoli G. Highly pathogenic avian 

influenza (H7N1) in ostriches (Struthio camelus). Avian Pathol. 2000 Dec;29(6):643-6. 

419.  Stallknecht DE, Shane SM. Host range of avian influenza virus in free-living birds. 

Vet Res Commun. 1988;12(2-3):125-41. 

420.  Monto AS, Gravenstein S, Elliott M, Colopy M, Schweinle J. Clinical signs and 

symptoms predicting influenza infection. Arch Intern Med. 2000 Nov 27;160(21):3243-7. 

421.  Beigel JH, Farrar J, Han AM, Hayden FG, Hyer R, de Jong MD, et al. Avian 

influenza A (H5N1) infection in humans. N Engl J Med. 2005 Sep 29;353(13):1374-85. 



 

 165 

422.  Uiprasertkul M, Puthavathana P, Sangsiriwut K, Pooruk P, Srisook K, Peiris M, et 

al. Influenza A H5N1 replication sites in humans. Emerg Infect Dis. 2005 Jul;11(7):1036-

41. 

423.  Shinya K, Ebina M, Yamada S, Ono M, Kasai N, Kawaoka Y. Avian flu: influenza 

virus receptors in the human airway. Nature. 2006 Mar 23;440(7083):435-6. 

424.  Ayora-Talavera G, Shelton H, Scull MA, Ren J, Jones IM, Pickles RJ, et al. 

Mutations in H5N1 influenza virus hemagglutinin that confer binding to human tracheal 

airway epithelium. PLoS One. 2009;4(11):e7836. 

425.  Zeng H, Pappas C, Belser JA, Houser KV, Zhong W, Wadford DA, et al. Human 

pulmonary microvascular endothelial cells support productive replication of highly 

pathogenic avian influenza viruses: possible involvement in the pathogenesis of human 

H5N1 virus infection. J Virol. 2012 Jan;86(2):667-78. 

426.  Srinivasan A, Viswanathan K, Raman R, Chandrasekaran A, Raguram S, Tumpey 

TM, et al. Quantitative biochemical rationale for differences in transmissibility of 1918 

pandemic influenza A viruses. Proc Natl Acad Sci U S A. 2008 Feb 26;105(8):2800-5. 

427.  Pappas C, Viswanathan K, Chandrasekaran A, Raman R, Katz JM, Sasisekharan R, 

et al. Receptor specificity and transmission of H2N2 subtype viruses isolated from the 

pandemic of 1957. PLoS One. 2010;5(6):e11158. 

428.  Matrosovich MN, Gambaryan AS, Teneberg S, Piskarev VE, Yamnikova SS, Lvov 

DK, et al. Avian influenza A viruses differ from human viruses by recognition of 



 

 166 

sialyloligosaccharides and gangliosides and by a higher conservation of the HA receptor-

binding site. Virology. 1997 Jun 23;233(1):224-34. 

429.  Nobusawa E, Ishihara H, Morishita T, Sato K, Nakajima K. Change in receptor-

binding specificity of recent human influenza A viruses (H3N2): a single amino acid 

change in hemagglutinin altered its recognition of sialyloligosaccharides. Virology. 2000 

Dec 20;278(2):587-96. 

430.  Harvey R, Martin AC, Zambon M, Barclay WS. Restrictions to the adaptation of 

influenza a virus h5 hemagglutinin to the human host. J Virol. 2004 Jan;78(1):502-7. 

431.  Vines A, Wells K, Matrosovich M, Castrucci MR, Ito T, Kawaoka Y. The role of 

influenza A virus hemagglutinin residues 226 and 228 in receptor specificity and host 

range restriction. J Virol. 1998 Sep;72(9):7626-31. 

432.  Naeve CW, Hinshaw VS, Webster RG. Mutations in the hemagglutinin receptor-

binding site can change the biological properties of an influenza virus. J Virol. 1984 

Aug;51(2):567-9. 

433.  Kaverin NV, Finskaya NN, Rudneva IA, Gitelman AK, Kharitonenkov IG, Smirnov 

YA. Studies on the genetic basis of human influenza A virus adaptation to mice: degrees 

of virulence of reassortants with defined genetic content. Arch Virol. 1989;105(1-2):29-

37. 

434.  Katz JM, Wang M, Webster RG. Direct sequencing of the HA gene of influenza 

(H3N2) virus in original clinical samples reveals sequence identity with mammalian cell-

grown virus. J Virol. 1990 Apr;64(4):1808-11. 



 

 167 

435.  Mitnaul LJ, Matrosovich MN, Castrucci MR, Tuzikov AB, Bovin NV, Kobasa D, et 

al. Balanced hemagglutinin and neuraminidase activities are critical for efficient 

replication of influenza A virus. J Virol. 2000 Jul;74(13):6015-20. 

436.  Li Z, Chen H, Jiao P, Deng G, Tian G, Li Y, et al. Molecular basis of replication of 

duck H5N1 influenza viruses in a mammalian mouse model. J Virol. 2005 

Sep;79(18):12058-64. 

437.  Subbarao EK, London W, Murphy BR. A single amino acid in the PB2 gene of 

influenza A virus is a determinant of host range. J Virol. 1993 Apr;67(4):1761-4. 

438.  Naffakh N, Massin P, Escriou N, Crescenzo-Chaigne B, van der Werf S. Genetic 

analysis of the compatibility between polymerase proteins from human and avian strains 

of influenza A viruses. J Gen Virol. 2000 May;81(Pt 5):1283-91. 

439.  Gabriel G, Herwig A, Klenk HD. Interaction of polymerase subunit PB2 and NP 

with importin alpha1 is a determinant of host range of influenza A virus. PLoS Pathog. 

2008 Feb 8;4(2):e11. 

440.  Rameix-Welti MA, Tomoiu A, Dos Santos Afonso E, van der Werf S, Naffakh N. 

Avian Influenza A virus polymerase association with nucleoprotein, but not polymerase 

assembly, is impaired in human cells during the course of infection. J Virol. 2009 

Feb;83(3):1320-31. 

441.  Swayne DE, Kapczynski D. Strategies and challenges for eliciting immunity against 

avian influenza virus in birds. Immunol Rev. 2008 Oct;225:314-31. 



 

 168 

442.  Weis W, Brown JH, Cusack S, Paulson JC, Skehel JJ, Wiley DC. Structure of the 

influenza virus haemagglutinin complexed with its receptor, sialic acid. Nature. 1988 Jun 

2;333(6172):426-31. 

443.  McNulty MS, Allan GM, Adair BM. Efficacy of avian influenza neuraminidase-

specific vaccines in chickens. Avian Pathol. 1986;15(1):107-15. 

444.  Middleton D, Bingham J, Selleck P, Lowther S, Gleeson L, Lehrbach P, et al. 

Efficacy of inactivated vaccines against H5N1 avian influenza infection in ducks. 

Virology. 2007 Mar 1;359(1):66-71. 

445.  Liu J, Chen P, Jiang Y, Wu L, Zeng X, Tian G, et al. A duck enteritis virus-

vectored bivalent live vaccine provides fast and complete protection against H5N1 avian 

influenza virus infection in ducks. J Virol. 2011 Nov;85(21):10989-98. 

446.  Beato MS, Toffan A, De Nardi R, Cristalli A, Terregino C, Cattoli G, et al. A 

conventional, inactivated oil emulsion vaccine suppresses shedding and prevents viral 

meat colonisation in commercial (Pekin) ducks challenged with HPAI H5N1. Vaccine. 

2007 May 16;25(20):4064-72. 

447.  Steensels M, Van Borm S, Lambrecht B, De Vriese J, Le Gros FX, Bublot M, et al. 

Efficacy of an inactivated and a fowlpox-vectored vaccine in Muscovy ducks against an 

Asian H5N1 highly pathogenic avian influenza viral challenge. Avian Dis. 2007 

Mar;51(1 Suppl):325-31. 



 

 169 

448.  Tian G, Zhang S, Li Y, Bu Z, Liu P, Zhou J, et al. Protective efficacy in chickens, 

geese and ducks of an H5N1-inactivated vaccine developed by reverse genetics. 

Virology. 2005 Oct 10;341(1):153-62. 

449.  Lyon JA, Hinshaw VS. Replication of influenza A viruses in an avian macrophage 

cell line. J Gen Virol. 1991 Aug;72 ( Pt 8):2011-3. 

450.  Lyon JA, Hinshaw VS. Inhibition of nitric oxide induction from avian macrophage 

cell lines by influenza virus. Avian Dis. 1993 Jul-Sep;37(3):868-73. 

451.  Seo SH, Webster RG. Cross-reactive, cell-mediated immunity and protection of 

chickens from lethal H5N1 influenza virus infection in Hong Kong poultry markets. J 

Virol. 2001 Mar;75(6):2516-25. 

452.  Seo SH, Peiris M, Webster RG. Protective cross-reactive cellular immunity to lethal 

A/Goose/Guangdong/1/96-like H5N1 influenza virus is correlated with the proportion of 

pulmonary CD8(+) T cells expressing gamma interferon. J Virol. 2002 May;76(10):4886-

90. 

453.  Sekellick MJ, Carra SA, Bowman A, Hopkins DA, Marcus PI. Transient resistance 

of influenza virus to interferon action attributed to random multiple packaging and 

activity of NS genes. J Interferon Cytokine Res. 2000 Nov;20(11):963-70. 

454.  Barber MR, Aldridge JR, Jr., Webster RG, Magor KE. Association of RIG-I with 

innate immunity of ducks to influenza. Proc Natl Acad Sci U S A. 2010 Mar 

30;107(13):5913-8. 



 

 170 

455.  Adams SC, Xing Z, Li J, Cardona CJ. Immune-related gene expression in response 

to H11N9 low pathogenic avian influenza virus infection in chicken and Pekin duck 

peripheral blood mononuclear cells. Mol Immunol. 2009 May;46(8-9):1744-9. 

456.  Bennink JR, Yewdell JW, Smith GL, Moss B. Anti-influenza virus cytotoxic T 

lymphocytes recognize the three viral polymerases and a nonstructural protein: 

responsiveness to individual viral antigens is major histocompatibility complex 

controlled. J Virol. 1987 Apr;61(4):1098-102. 

457.  Townsend AR, McMichael AJ, Carter NP, Huddleston JA, Brownlee GG. 

Cytotoxic T cell recognition of the influenza nucleoprotein and hemagglutinin expressed 

in transfected mouse L cells. Cell. 1984 Nov;39(1):13-25. 

458.  Braciale TJ, Braciale VL, Henkel TJ, Sambrook J, Gething MJ. Cytotoxic T 

lymphocyte recognition of the influenza hemagglutinin gene product expressed by DNA-

mediated gene transfer. J Exp Med. 1984 Feb 1;159(2):341-54. 

459.  Krug RM, Yuan W, Noah DL, Latham AG. Intracellular warfare between human 

influenza viruses and human cells: the roles of the viral NS1 protein. Virology. 2003 May 

10;309(2):181-9. 

460.  Geiss GK, Salvatore M, Tumpey TM, Carter VS, Wang X, Basler CF, et al. Cellular 

transcriptional profiling in influenza A virus-infected lung epithelial cells: the role of the 

nonstructural NS1 protein in the evasion of the host innate defense and its potential 

contribution to pandemic influenza. Proc Natl Acad Sci U S A. 2002 Aug 

6;99(16):10736-41. 



 

 171 

461.  Pavlovic J, Haller O, Staeheli P. Human and mouse Mx proteins inhibit different 

steps of the influenza virus multiplication cycle. J Virol. 1992 Apr;66(4):2564-9. 

462.  Haller O, Staeheli P, Kochs G. Protective role of interferon-induced Mx GTPases 

against influenza viruses. Rev sci Tech. 2008;28(1):219-31. 

463.  Chan MC, Cheung CY, Chui WH, Tsao SW, Nicholls JM, Chan YO, et al. 

Proinflammatory cytokine responses induced by influenza A (H5N1) viruses in primary 

human alveolar and bronchial epithelial cells. Respir Res. 2005;6:135. 

464.  Salomon R, Hoffmann E, Webster RG. Inhibition of the cytokine response does not 

protect against lethal H5N1 influenza infection. Proc Natl Acad Sci U S A. 2007 Jul 

24;104(30):12479-81. 

465.  Normile D. Avian influenza. Are wild birds to blame? Science. 2005 Oct 

21;310(5747):426-8. 

466.  Simonite T. Migration threatens to send flu south. Nature. 2005 Oct 

27;437(7063):1212-3. 

467.  Chen H, Smith GJ, Li KS, Wang J, Fan XH, Rayner JM, et al. Establishment of 

multiple sublineages of H5N1 influenza virus in Asia: implications for pandemic control. 

Proc Natl Acad Sci U S A. 2006 Feb 21;103(8):2845-50. 

468.  Ducatez MF, Olinger CM, Owoade AA, De Landtsheer S, Ammerlaan W, Niesters 

HG, et al. Avian flu: multiple introductions of H5N1 in Nigeria. Nature. 2006 Jul 

6;442(7098):37. 



 

 172 

469.  Gilbert M, Xiao X, Domenech J, Lubroth J, Martin V, Slingenbergh J. Anatidae 

migration in the western Palearctic and spread of highly pathogenic avian influenza H5NI 

virus. Emerg Infect Dis. 2006 Nov;12(11):1650-6. 

470.  Normile D. Avian influenza. Evidence points to migratory birds in H5N1 spread. 

Science. 2006 Mar 3;311(5765):1225. 

471.  Kilpatrick AM, Chmura AA, Gibbons DW, Fleischer RC, Marra PP, Daszak P. 

Predicting the global spread of H5N1 avian influenza. Proc Natl Acad Sci U S A. 2006 

Dec 19;103(51):19368-73. 

472.  Webster RG, Peiris M, Chen H, Guan Y. H5N1 outbreaks and enzootic influenza. 

Emerg Infect Dis. 2006 Jan;12(1):3-8. 

473.  Flint PL. Applying the scientific method when assessing the influence of migratory 

birds on the dispersal of H5N1. Virol J. 2007;4:132. 

474.  Gaidet N, Newman SH, Hagemeijer W, Dodman T, Cappelle J, Hammoumi S, et al. 

Duck migration and past influenza A (H5N1) outbreak areas. Emerg Infect Dis. 2008 

Jul;14(7):1164-6. 

475.  Keawcharoen J, van Riel D, van Amerongen G, Bestebroer T, Beyer WE, van 

Lavieren R, et al. Wild ducks as long-distance vectors of highly pathogenic avian 

influenza virus (H5N1). Emerg Infect Dis. 2008 Apr;14(4):600-7. 

476.  Weber TP, Stilianakis NI. Ecologic immunology of avian influenza (H5N1) in 

migratory birds. Emerg Infect Dis. 2007 Aug;13(8):1139-43. 



 

 173 

477.  Weber TP, Stilianakis NI. Migratory birds, the H5N1 influenza virus and the 

scientific method. Virol J. 2008;5:57. 

478.  Melville DS, Shortridge KF. Spread of H5N1 avian influenza virus: an ecological 

conundrum. Lett Appl Microbiol. 2006 May;42(5):435-7. 

479.  Gauthier-Clerc M, Lebarbenchon C, Thomas F. Recent expansion of highly 

pathogenic avian influenza H5N1: a critical review. Ibis. 2007;149:202-14. 

480.  Feare CJ. The role of wild birds in the spread of HPAI H5N1. Avian Dis. 2007 

Mar;51(1 Suppl):440-7. 

481.  Feare CJ, Yasue M. Asymptomatic infection with highly pathogenic avian influenza 

H5N1 in wild birds: how sound is the evidence? Virol J. 2006;3:96. 

482.  Yasué M, Feare CJ, Bennun L, Fiedler W. The epidemiology of H5N1 avian 

influenza in wild birds: why we need better ecological data. BioScience. 

2006;56(11):923-9. 

483.  Globig A, Staubach C, Beer M, Koppen U, Fiedler W, Nieburg M, et al. 

Epidemiological and ornithological aspects of outbreaks of highly pathogenic avian 

influenza virus H5N1 of Asian lineage in wild birds in Germany, 2006 and 2007. 

Transbound Emerg Dis. 2009 Apr;56(3):57-72. 

484.  Garamszegi LZ, Moller AP. Prevalence of avian influenza and host ecology. Proc 

Biol Sci. 2007 Aug 22;274(1621):2003-12. 



 

 174 

485.  Sharp GB, Kawaoka Y, Wright SM, Turner B, Hinshaw V, Webster RG. Wild 

ducks are the reservoir for only a limited number of influenza A subtypes. Epidemiol 

Infect. 1993 Feb;110(1):161-76. 

486.  Hinshaw VS, Wood JM, Webster RG, Deibel R, Turner B. Circulation of influenza 

viruses and paramyxoviruses in waterfowl originating from two different areas of North 

America. Bull World Health Organ. 1985;63(4):711-9. 

487.  Halvorson DA, Kelleher CJ, Senne DA. Epizootiology of avian influenza: effect of 

season on incidence in sentinel ducks and domestic turkeys in Minnesota. Appl Environ 

Microbiol. 1985 Apr;49(4):914-9. 

488.  Sinnecker H, Sinnecker R, Zilske E, Koehler D. Detection of influenza A viruses 

and influenza epidemics in wild pelagic birds by sentinels and population studies. 

Zentralbl Bakteriol Mikrobiol Hyg A. 1982 Dec;253(3):297-304. 

489.  An early detection system for highly pathogenic H5N1 avian influenza in wild 

migratory birds: U.S. Interagency Strategic Plan. Washington, DC; 2006. 

490.  Deliberto TJ, Swafford SR, Nolte DL, Pedersen K, Lutman MW, Schmit BB, et al. 

Surveillance for highly pathogenic avian influenza in wild birds in the USA. Integr Zool. 

2009 Dec;4(4):426-39. 

491.  Khalenkov A, Laver WG, Webster RG. Detection and isolation of H5N1 influenza 

virus from large volumes of natural water. J Virol Methods. 2008 Apr;149(1):180-3. 



 

 175 

492.  Stallknecht D, Brown JD. Wild birds and the epidemiology of avian influenza. J 

Wildl Dis. 2007;42(Supplement):S15-20. 

493.  Spackman E, Senne DA, Myers TJ, Bulaga LL, Garber LP, Perdue ML, et al. 

Development of a real-time reverse transcriptase PCR assay for type A influenza virus 

and the avian H5 and H7 hemagglutinin subtypes. J Clin Microbiol. 2002 

Sep;40(9):3256-60. 

494.  Lu H, Castro AE, Pennick K, Liu J, Yang Q, Dunn P, et al. Survival of avian 

influenza virus H7N2 in SPF chickens and their environments. Avian Dis. 2003;47(3 

Suppl):1015-21. 

495.  Pedersen K, Swafford SR, DeLiberto TJ. Low pathogenicity avian influenza 

subtypes isolated from wild birds in the United States, 2006-2008. Avian Dis. 2010 

Mar;54(1 Suppl):405-10. 

496.  Dusek RJ, Bortner JB, DeLiberto TJ, Hoskins J, Franson JC, Bales BD, et al. 

Surveillance for high pathogenicity avian influenza virus in wild birds in the Pacific 

Flyway of the United States, 2006-2007. Avian Dis. 2009 Jun;53(2):222-30. 

497.  Munster VJ, Wallensten A, Baas C, Rimmelzwaan GF, Schutten M, Olsen B, et al. 

Mallards and highly pathogenic avian influenza ancestral viruses, northern Europe. 

Emerg Infect Dis. 2005 Oct;11(10):1545-51. 

498.  Breban R, Drake JM, Stallknecht DE, Rohani P. The role of environmental 

transmission in recurrent avian influenza epidemics. PLoS Comput Biol. 2009 

Apr;5(4):e1000346. 



 

 176 

499.  Roche B, Lebarbenchon C, Gauthier-Clerc M, Chang CM, Thomas F, Renaud F, et 

al. Water-borne transmission drives avian influenza dynamics in wild birds: the case of 

the 2005-2006 epidemics in the Camargue area. Infect Genet Evol. 2009 Sep;9(5):800-5. 

500.  Rohani P, Breban R, Stallknecht DE, Drake JM. Environmental transmission of low 

pathogenicity avian influenza viruses and its implications for pathogen invasion. Proc 

Natl Acad Sci U S A. 2009 Jun 23;106(25):10365-9. 

501.  Stallknecht DE, Kearney MT, Shane SM, Zwank PJ. Effects of pH, temperature, 

and salinity on persistence of avian influenza viruses in water. Avian Dis. 1990 Apr-

Jun;34(2):412-8. 

502.  Stallknecht DE, Shane SM, Kearney MT, Zwank PJ. Persistence of avian influenza 

viruses in water. Avian Dis. 1990 Apr-Jun;34(2):406-11. 

503.  Ito T, Okazaki K, Kawaoka Y, Takada A, Webster RG, Kida H. Perpetuation of 

influenza A viruses in Alaskan waterfowl reservoirs. Arch Virol. 1995;140(7):1163-72. 

504.  Brown JD, Swayne DE, Cooper RJ, Burns RE, Stallknecht DE. Persistence of H5 

and H7 avian influenza viruses in water. Avian Dis. 2007 Mar;51(1 Suppl):285-9. 

505.  Brown JD, Goekjian G, Poulson R, Valeika S, Stallknecht DE. Avian influenza 

virus in water: infectivity is dependent on pH, salinity and temperature. Vet Microbiol. 

2009 Apr 14;136(1-2):20-6. 



 

 177 

506.  Lee DC, Cheung CY, Law AH, Mok CK, Peiris M, Lau AS. p38 mitogen-activated 

protein kinase-dependent hyperinduction of tumor necrosis factor alpha expression in 

response to avian influenza virus H5N1. J Virol. 2005 Aug;79(16):10147-54. 

507.  Markwell DD, Shortridge KF. Possible waterborne transmission and maintenance 

of influenza viruses in domestic ducks. Appl Environ Microbiol. 1982 Jan;43(1):110-5. 

508.  Halvorson D, Karunakaran D, Senne D, Kelleher C, Bailey C, Abraham A, et al. 

Epizootiology of avian influenza--simultaneous monitoring of sentinel ducks and turkeys 

in Minnesota. Avian Dis. 1983 Jan-Mar;27(1):77-85. 

509.  Sivanandan V, Halvorson D, Laudert E, Senne D, Kumar MC. Isolation of H13N2 

influenza A virus from turkeys and surface water. Avian Dis. 1991;35(4):974-7. 

510.  Laudert E, Sivanandan V, Halvorson D, Shaw D, Webster RG. Biological and 

molecular characterization of H13N2 influenza type A viruses isolated from turkeys and 

surface water. Avian Dis. 1993 Jul-Sep;37(3):793-9. 

511.  Vong S, Ly S, Mardy S, Holl D, Buchy P. Environmental contamination during 

influenza A virus (H5N1) outbreaks, Cambodia, 2006. Emerg Infect Dis. 2008 

Aug;14(8):1303-5. 

512.  Jourdain E, Gunnarsson G, Wahlgren J, Latorre-Margalef N, Brojer C, Sahlin S, et 

al. Influenza virus in a natural host, the mallard: experimental infection data. PLoS One. 

2010;5(1):e8935. 



 

 178 

513.  Costa TP, Brown JD, Howerth EW, Stallknecht DE, Swayne DE. Homo- and 

heterosubtypic low pathogenic avian influenza exposure on H5N1 highly pathogenic 

avian influenza virus infection in wood ducks (Aix sponsa). PLoS One. 

2011;6(1):e15987. 

514.  Fereidouni SR, Starick E, Beer M, Wilking H, Kalthoff D, Grund C, et al. Highly 

pathogenic avian influenza virus infection of mallards with homo- and heterosubtypic 

immunity induced by low pathogenic avian influenza viruses. PLoS One. 

2009;4(8):e6706. 

515.  Sharp GB, Kawaoka Y, Jones DJ, Bean WJ, Pryor SP, Hinshaw V, et al. 

Coinfection of wild ducks by influenza A viruses: distribution patterns and biological 

significance. J Virol. 1997 Aug;71(8):6128-35. 

516.  North American Waterfowl Management Plan PC. North American Waterfowl 

Management Plan 2004.  Implementation Framework: Strengthening the Biological 

Foundation: Canadian Wildlife Service, U.S. Fish and Wildlife Service, Secretaria de 

Medio Ambiente y Recursos Naturales; 2004. 

517.  OIE. Manual of Diagnostic Tests and Vaccines for Terrestrial Animals. 6th ed; 

2009. 

518.  Imai K, Nakamura K, Mase M, Tsukamoto K, Imada T, Yamaguchi S. Partial 

protection against challenge with the highly pathogenic H5N1 influenza virus isolated in 

Japan in chickens infected with the H9N2 influenza virus. Arch Virol. 2007;152(7):1395-

400. 



 

 179 

519.  Terajima M, Cruz J, Leporati AM, Orphin L, Babon JA, Co MD, et al. Influenza A 

virus matrix protein 1-specific human CD8+ T-cell response induced in trivalent 

inactivated vaccine recipients. J Virol. 2008 Sep;82(18):9283-7. 

520.  Lee LY, Ha do LA, Simmons C, de Jong MD, Chau NV, Schumacher R, et al. 

Memory T cells established by seasonal human influenza A infection cross-react with 

avian influenza A (H5N1) in healthy individuals. J Clin Invest. 2008 Oct;118(10):3478-

90. 

521.  Jameson J, Cruz J, Terajima M, Ennis FA. Human CD8+ and CD4+ T lymphocyte 

memory to influenza A viruses of swine and avian species. J Immunol. 1999 Jun 

15;162(12):7578-83. 

522.  Kreijtz JH, de Mutsert G, van Baalen CA, Fouchier RA, Osterhaus AD, 

Rimmelzwaan GF. Cross-recognition of avian H5N1 influenza virus by human cytotoxic 

T-lymphocyte populations directed to human influenza A virus. J Virol. 2008 

Jun;82(11):5161-6. 

523.  Boon AC, de Mutsert G, van Baarle D, Smith DJ, Lapedes AS, Fouchier RA, et al. 

Recognition of homo- and heterosubtypic variants of influenza A viruses by human 

CD8+ T lymphocytes. J Immunol. 2004 Feb 15;172(4):2453-60. 

524.  Roti M, Yang J, Berger D, Huston L, James EA, Kwok WW. Healthy human 

subjects have CD4+ T cells directed against H5N1 influenza virus. J Immunol. 2008 Feb 

1;180(3):1758-68. 



 

 180 

525.  Epstein SL. Prior H1N1 influenza infection and susceptibility of Cleveland Family 

Study participants during the H2N2 pandemic of 1957: an experiment of nature. J Infect 

Dis. 2006 Jan 1;193(1):49-53. 

526.  Laudert E, Sivanandan V, Halvorson D. Effect of an H5N1 avian influenza virus 

infection on the immune system of mallard ducks. Avian Dis. 1993 Jul-Sep;37(3):845-53. 

527.  Grindstaff JL, Brodie ED, 3rd, Ketterson ED. Immune function across generations: 

integrating mechanism and evolutionary process in maternal antibody transmission. Proc 

Biol Sci. 2003 Nov 22;270(1531):2309-19. 

528.  Hamal KR, Burgess SC, Pevzner IY, Erf GF. Maternal antibody transfer from dams 

to their egg yolks, egg whites, and chicks in meat lines of chickens. Poult Sci. 2006 

Aug;85(8):1364-72. 

529.  Gharaibeh S, Mahmoud K, Al-Natour M. Field evaluation of maternal antibody 

transfer to a group of pathogens in meat-type chickens. Poult Sci. 2008 Aug;87(8):1550-

5. 

530.  van Eck JH. Serological examination and egg production of progeny of fowl 

experimentally infected with egg drop syndrome 1976 virus. Vet Q. 1982;4(3):117-23. 

531.  Beck JR, Swayne DE, Davison S, Casavant S, Gutierrez C. Validation of egg yolk 

antibody testing as a method to determine influenza status in white leghorn hens. Avian 

Dis. 2003;47(3 Suppl):1196-9. 



 

 181 

532.  Trampel DW, Zhou EM, Yoon KJ, Koehler KJ. Detection of antibodies in serum 

and egg yolk following infection of chickens with an H6N2 avian influenza virus. J Vet 

Diagn Invest. 2006 Sep;18(5):437-42. 

533.  Mockett AP, Cook JK, Huggins MB. Maternally-derived antibody to infectious 

bronchitis virus: Its detection in chick trachea and serum and its role in protection. Avian 

Pathol. 1987;16(3):407-16. 

534.  Mondal SP, Naqi SA. Maternal antibody to infectious bronchitis virus: its role in 

protection against infection and development of active immunity to vaccine. Vet 

Immunol Immunopathol. 2001 May 10;79(1-2):31-40. 

535.  Winterfield RW, Dhilon AS, Thacker HL, Alby LJ. Immune response of white 

leghorn chicks from vaccination with different strains of infectious brusal disease. Avian 

Dis. 1980 Jan-Mar;24(1):179-88. 

536.  Hitchner SB. Persistence of parental infectious bursal disease antibody and its effect 

on susceptibility of young chickens. Avian Dis. 1971 Oct-Dec;15(4):894-900. 

537.  Winterfield RW, Thacker HL. Immune response and pathogenicity of different 

strains of infectious bursal disease virus applied as vaccines. Avian Dis. 1978 Oct-

Dec;22(4):721-31. 

538.  Al-Natour MQ, Ward LA, Saif YM, Stewart-Brown B, Keck LD. Effect of 

diffferent levels of maternally derived antibodies on protection against infectious bursal 

disease virus. Avian Dis. 2004 Jan-Mar;48(1):177-82. 



 

 182 

539.  Naqi SA, Marquez B, Sahin N. Maternal antibody and its effect on infectious bursal 

disease immunization. Avian Dis. 1983 Jul-Sep;27(3):623-31. 

540.  Alam J, Rahman MM, Sil BK, Khan MSR, Giasuddin M, Sarker MSK. Effect of 

maternally derived antibody on vaccination against infectious bursal disease (gumboro) 

with live vaccine in broiler. International Journal of Poultry Science. 2002;1(4):98-101. 

541.  Brandly CA, Moses HE, et al. Transmission of antiviral activity via the egg and the 

role of congenital passive immunity to Newcastle disease in chickens. Am J Vet Res. 

1946 Jul;7:333-42. 

542.  Beaudette FR, Bivins JA. The influence of passive immunity or the response to 

intramuscular and intranasal administration of Newcastle disease virus. Cornell Vet. 1953 

Oct;43(4):513-31. 

543.  Chu HP, Rizk J. The effect of maternal immunity, age at vaccination and doses or 

live vaccines on immune response to Newcastle disease. Dev Biol Stand. 1975;28:451-

63. 

544.  Eidson CS, Thayer SG, Villegas P, Kleven SH. Vaccination of broiler chicks from 

breeder flocks immunized with a live or inactivated oil emulsion Newcastle disease 

vaccine. Poult Sci. 1982 Aug;61(8):1621-9. 

545.  Rahman MM, Bari ASM, Giasuddin M, Islam MR, Alam J, Sil GC, et al. 

Evaluation of maternal and humoral immunity against Newcastle disease virus in 

chicken. International Journal of Poultry Science. 2002;1(5):161-3. 



 

 183 

546.  Fadly AM, Smith EJ. Influence of maternal antibody on avian leukosis virus 

infection in White Leghorn chickens harboring endogenous virus-21 (EV21). Avian Dis. 

1991 Jul-Sep;35(3):443-51. 

547.  Fadly AM. Avian leukosis virus (ALV) infection, shedding, and tumors in maternal 

ALV antibody-positive and -negative chickens exposed to virus at hatching. Avian Dis. 

1988 Jan-Mar;32(1):89-95. 

548.  Meanger J, Wickramasinghe R, Enriquez CE, Wilcox GE. Immune response to 

avian reovirus in chickens and protection against experimental infection. Aust Vet J. 

1997 Jun;75(6):428-32. 

549.  van der Heide L, Kalbac M, Hall WC. Infectious tenosynovitis (viral arthritis): 

influence of maternal antibodies on the development of tenosynovitis lesions after 

experimental infection by day-old chickens with tenosynovitis virus. Avian Dis. 1976 

Oct-Dec;20(4):641-8. 

550.  Rau WE, van der Heide L, Kalbac M, Girshick T. Onset of progeny immunity 

against viral arthritis/tenosynovitis after experimental vaccination of parent breeder 

chickens and cross-immunity against six reovirus isolates. Avian Dis. 1980 Jul-

Sep;24(3):648-57. 

551.  Brandly CA, Moses HE, et al. Newcastle disease and fowl plague investigations in 

the war research program. J Am Vet Med Assoc. 1946 Jun;108:369-71. 



 

 184 

552.  Schmittle SC. Studies on Newcastle disease. V. A comparison of Newcastle disease 

antibody titers in blood and egg yolk as measured by the hemagglutination-inhibition test. 

Am J Vet Res. 1950 Apr;11(39):226-30. 

553.  Fadly AM, Nazerian K. Hemorrhagic enteritis of turkeys: influence of maternal 

antibody and age at exposure. Avian Dis. 1989 Oct-Dec;33(4):778-86. 

554.  Naylor CJ, Worthington KJ, Jones RC. Failure of maternal antibodies to protect 

young turkey poults against challenge with turkey rhinotracheitis virus. Avian Dis. 1997 

Oct-Dec;41(4):968-71. 

555.  Cook JK, Holmes HC, Finney PM, Dolby CA, Ellis MM, Huggins MB. A live 

attenuated turkey rhinotracheitis virus vaccine. 2. The use of the attenuated strain as an 

experimental vaccine. Avian Pathol. 1989 Jul;18(3):523-34. 

556.  Rollier C, Charollois C, Jamard C, Trepo C, Cova L. Maternally transferred 

antibodies from DNA-immunized avians protect offspring against hepadnavirus 

infection. J Virol. 2000 May;74(10):4908-11. 

557.  Sooter CA, Schaeffer M, Gorrie R, Cockburn TA. Transovarian passage of 

antibodies following naturally acquired encephalitis infection in birds. J Infect Dis. 1954 

Sep-Oct;95(2):165-7. 

558.  Reeves WC, Sturgeon JM, French EM, Brookman B. Transovarian transmission of 

neutralizing substances to western equine and St. Louis encephalitis viruses by avian 

hosts. J Infect Dis. 1954 Sep-Oct;95(2):168-78. 



 

 185 

559.  Kissling RE, Eidson ME, Stamm DD. Transfer of maternal neutralizing antibodies 

against eastern equine encephalomyelitis virus in birds. J Infect Dis. 1954 Sep-

Oct;95(2):179-81. 

560.  Buescher EL, Scherer WF, Rosenberg MZ, Kutner LJ, Mc CH. Immunologic 

studies of Japanese encephalitis virus in Japan. IV. Maternal antibody in birds. J 

Immunol. 1959 Dec;83:614-9. 

561.  Warner P. The detection of Murray Valley encephalitis antibodies in hens'eggs. 

Aust J Exp Biol Med Sci. 1957 Aug;35(4):327-33. 

562.  Stout WE, Cassini AG, Meece JK, Papp JM, Rosenfield RN, Reed KD. Serologic 

evidence of West Nile virus infection in three wild raptor populations. Avian Dis. 2005 

Sep;49(3):371-5. 

563.  Reisen WK, Wheeler SS, Yamamoto S, Fang Y, Garcia S. Nesting Ardeid colonies 

are not a focus of elevated West Nile virus activity in southern California. Vector Borne 

Zoonotic Dis. 2005 Fall;5(3):258-66. 

564.  Figuerola J, Jimenez-Clavero MA, Rojo G, Gomez-Tejedor C, Soriguer R. 

Prevalence of West Nile virus neutralizing antibodies in colonial aquatic birds in southern 

Spain. Avian Pathol. 2007 Jun;36(3):209-12. 

565.  Gibbs SE, Hoffman DM, Stark LM, Marlenee NL, Blitvich BJ, Beaty BJ, et al. 

Persistence of antibodies to West Nile virus in naturally infected rock pigeons (Columba 

livia). Clin Diagn Lab Immunol. 2005 May;12(5):665-7. 



 

 186 

566.  Hahn DC, Nemeth NM, Edwards E, Bright PR, Komar N. Passive West Nile virus 

antibody transfer from maternal Eastern screech-owls (Megascops asio) to progeny. 

Avian Dis. 2006 Sep;50(3):454-5. 

567.  Bond JO, Lewis FY, Jennings WL, MacLeod IE. Transovarian transmission of 

hemagglutination-inhibition antibody to St. Louis Encephalitis virus in chickens. Am J 

Trop Med Hyg. 1965 Nov;14(6):1085-9. 

568.  Nemeth NM, Bowen RA. Dynamics of passive immunity to West Nile virus in 

domestic chickens (Gallus gallus domesticus). Am J Trop Med Hyg. 2007 Feb;76(2):310-

7. 

569.  Ludwig GV, Cook RS, McLean RG, Francy DB. Viremic enhancement due to 

transovarially acquired antibodies to St. Louis encephalitis virus in birds. J Wildl Dis. 

1986 Jul;22(3):326-34. 

570.  Nemeth NM, Oesterle PT, Bowen RA. Passive immunity to West Nile virus 

provides limited protection in a common passerine species. Am J Trop Med Hyg. 2008 

Aug;79(2):283-90. 

571.  Liu SS, Higgins DA. Yolk-sac transmission and post-hatching ontogeny of serum 

immunoglobulins in the duck (Anas platyrhynchos). Comp Biochem Physiol B. 

1990;97(4):637-44. 

572.  Gasparini J, McCoy KD, Haussy C, Tveraa T, Boulinier T. Induced maternal 

response to the Lyme disease spirochaete Borrelia burgdorferi sensu lato in a colonial 

seabird, the kittiwake Rissa tridactyla. Proc Biol Sci. 2001 Mar 22;268(1467):647-50. 



 

 187 

573.  Wang CH, Willis DL, Loveland WD. Radiotracer Methodology in the Biological, 

Environmental and Physical Sciences. Englewood Cliffs, NJ: Prentice-Hall; 1975. 

574.  Pearce-Duvet JM, Gauthier-Clerc M, Jourdain E, Boulinier T. Maternal antibody 

transfer in yellow-legged gulls. Emerg Infect Dis. 2009 Jul;15(7):1147-9. 

575.  Henzler DJ, Kradel DC, Davison S, Ziegler AF, Singletary D, DeBok P, et al. 

Epidemiology, production losses, and control measures associated with an outbreak of 

avian influenza subtype H7N2 in Pennsylvania (1996-98). Avian Dis. 2003;47(3 

Suppl):1022-36. 

576.  Kim JK, Kayali G, Walker D, Forrest HL, Ellebedy AH, Griffin YS, et al. Puzzling 

inefficiency of H5N1 influenza vaccines in Egyptian poultry. Proc Natl Acad Sci U S A. 

2010 Jun 15;107(24):11044-9. 

577.  Sugden LG, Driver EA. Growth and energy consumption by captive mallards. Can J 

Zool. 1981;59:1567-70. 

578.  Patterson R, Youngner JS, Weigle WO, Dixon FJ. The metabolism of serum 

proteins in the hen and chick and secretion of serum proteins by the ovary of the hen. J 

Gen Physiol. 1962 Jan;45:501-13. 

579.  Jamroz D, Wertelecki T, Wiliczkiewicz A, Orda J, Skorupinska J. Dynamics of 

yolk sac resorption and post-hatching development of the gastrointestinal tract in 

chickens, ducks and geese. J Anim Physiol Anim Nutr (Berl). 2004 Jun;88(5-6):239-50. 

 

 


