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"Now, here, you see, it takes all the running you can do, to keep in the same 
place. If you want to get somewhere else, you must run at least twice as fast as 
that!" 
 

- Through the Looking-Glass, Lewis Carroll 
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SAMMANFATTNING 
 
Det finns tre olika grupper av influensavirus, varav influensa A-virus (IAV) är 
den grupp som är mest känd som källa till sjukdom. IAV kan infektera en rad 
olika värdarter, och uppvisar en hög genetisk variation, särskillt i de gener 
som kodar för ytproteinerna hemagglutinin (HA) och neuraminidas (NA). Den 
naturliga hemvisten (reservoaren) för IAV är våtmarksfåglar såsom änder, 
gäss, vadare och måsar. Mycket av det vi vet om influensavirusets ekologi och 
evolution kommer från studier utförda på gräsand, Anas platyrhynchos. I min 
avhandling har jag studerat IAV hos flyttande gräsänder i sydöstra Sverige. 
Fätarbetet har utförts vid Ottenby fågelstation, där tidigare studier visat att upp 
till 30% av de flyttande gräsänderna under hösten kan vara smittade med IAV, 
och där mer än 74 olika virussubtyper har isolerats. Influensavirus är ett 
segmenterat RNA-virus, med stor potential för snabba genetiska förändringar. 
Dessa förändringar kan ske på två olika sätt: dels genom mutation som 
genererar så kallad genetisk drift, och dels via rekombination vid saminfektion 
mellan två virus (på engelska: reassortment). Den senare processen betyder att 
RNA-segment från olika virus som infekterar samma cell kan blandas i olika 
kombinationer i de nyskapade dottervirusen, vilket potentiellt resulterar i stora 
förändringar, eller så kallade genetiska skiften. Den populationsgenetiska 
strukturen för IAV kompliceras också av det faktum att viruset kan infektera 
så många värdarter. I min avhandling undersöker jag inte bara de genetiska 
mönstrena hos IAV, utan även samspelet mellan viruset och dess värd och 
interaktionen mellan IAV och andra virus som också infekterar gräsand. 
 
I en av studierna visar jag att reassortment är frekvent förekommande hos IAV 
i gräsand, och att den är en viktig del i de genetiska förändringar som sker på 
populationsnivå inom och mellan säsonger. Genom reassortment skapas hela 
tiden nya genomkonstellationer, men de flesta av dessa är inte persistenta i 
evolutionär mening; snarare löses de upp via ytterligare reassortment med 
andra genomkonstellationer som finns i populationen under samma tid. En 
hypotes är att kombinationen av tillfälligt framgångsrika konstellationer samt 
omfattande reassortment, med efterföljande upplösning av länkning mellan 
olika gensegment, ger viruset förmågan att undkomma flockimmunitet. 
 
Immunitet kan vara homosubtypisk, det vill säga förhindra nya infektioner av 
samma subtyp. Den kan också vara heterosubtypisk, det vill säga ge hel, eller 
delvis immunitet mot andra subtyper. Vi testade förekomsten av immunitet i 
fältexperiment där änder vaccinerades med antingen ett H3 eller ett H6-vaccin 
och sedan följdes över tid i naturlig population. De fåglar som immuniserades 
med H3-vaccin uppvisade inte vara sig homosubtypisk eller heterosubtypisk 
immunitet. Vi spekulerar att detta beror på omfattande genetisk drift mellan 
vaccinstammen och den stam som infekterade änderna i fält. Merparten av de 
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icke-synonyma mutationerna fanns i receptorbindningsdelen av 
hemaglutininet, vilket tyder på att de två virusen borde vara antigeniskt olika 
Gräsand kan infekteras av många olika virus, inte bara IAV. Dessa och andra 
patogener (bakterier, svampar, parasiter) kan potentiellt påverka varandra, 
antingen genom konkurrens eller facilitering. I en av studierna i avhandling 
studerade jag IAV, gammacoronavirus och avian paramyxovirus typ 1 
samtidigt, och fann en förmodad synergistisk interaktion mellan IAV och 
gammacoronavirus.  
 
Gräsanden är något av en förbindelselänk mellan tama djur, vilda djur och 
människan när det gäller influensavirus. Den här avhandlingen bidrar med 
olika aspekter till epidemiologin, ekologin och evolutionsstudier hos IAV, och 
det är av stor vikt att fortsätta arbetet med IAV hos vilda fåglar. Detta framgår 
tydligt av de senaste fallen av högpatogena H5-virus bland fjäderfä i Europa 
och Nordamerika. 
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INTRODUCTION 
 

Virus offensive strategies in an evolutionary arms 
race 
Viruses are ubiquitous, and arguably one of the most successful entities on the 
planet (Wasik and Turner 2013). They exhibit a large diversity in 
morphology, they utilize all known types of nucleic acids for genetic 
inheritance, and have different strategies for host infection. Furthermore, the 
host range is extraordinary; viruses infect, or have the propensity to infect, all 
organisms in all major branches of the cellular tree of life (Wasik and Turner 
2013). There are even some specialized viruses that infect other viruses (La 
Scola et al. 2008). The success of viruses, as a group, is the result of several 
features. In general, they have small genomes, with only a few protein 
encoding genes, many which have overlapping open reading frames (Johnson 
and Chisholm 2004). This increases the efficiency of the genome allowing for 
the increase of success through an economy of size (Wasik and Turner 2013). 
Second, the mode of genome replication inside a host cell facilitates very high 
numbers of viral progeny. A single virus infecting a host cell can create 
hundreds, or thousands of viral progeny in under an hour. The large numbers 
of progeny are an important factor in mitigating the effects of deleterious 
mutations, which inevitably arise due to the high mutation rate. RNA viruses 
in particular evolve exceptionally rapidly, and have rates of mutation that are 
orders of magnitude higher than those observed in multicellular organisms. 
This means that significant evolutionary change can accrue in viral 
populations over short time scales. Partially due to the high rates of mutation, 
virus populations have very high diversity (Manrubia and Lazaro 2006; 
Holmes 2009). Subtypes (or serotypes, strains), which are antigenically 
distinct, account for much of the diversity. Within subtype, there are genetic 
lineages, and RNA viruses further exist as viral quasispecies - distributions of 
non-identical, but related genomes (Ojosnegros et al. 2011). The diversity of 
virus populations has repeatedly been shown to provide a selective advantage 
in overcoming host resistance and immunity and prevailing environmental 
perturbations.  
 



2 

Viruses should not be considered in isolation; observed virus genetic structure 
is the result of not only the features of viruses, but also their interactions with 
hosts. There is an arms race between viruses and hosts (Clarke et al. 1994; 
Woolhouse et al. 2002; Marques and Carthew 2007). Hosts increase resistance 
through genetic, biochemical or physiological characteristics, and for viruses 
to succeed in evading the defense mechanisms of their hosts they need to 
adapt (Woolhouse et al. 2002; Marques and Carthew 2007). The very high 
mutation rate of viruses allows for the rapid accumulation of mutations, but it 
is recombination and reassortment that may drastically alter the genotype and 
phenotype of viruses, allowing for enhanced host immune escape. These 
features also allow for viral range expansion, but more importantly, cross-
species transmission to new hosts, which may have devastating consequences 
on the new host population (Woolhouse and Gowtage-Sequeria 2005; 
Manrubia and Lazaro 2006; Holmes 2009). While some viruses are 
specialists, in that they only infect a single host species, many are multi-host 
pathogens (Elena et al. 2009). Given specialization is a more common strategy 
among viruses, it is expected that generalist viruses are more likely to cross 
the species boundary, and that these viruses have complex patterns of ecology 
and evolution (Woolhouse et al. 2001; Woolhouse 2002; Woolhouse and 
Gowtage-Sequeria 2005; Elena et al. 2009).  

In this thesis, I will focus on influenza A virus, a genetically diverse multi-
host virus, in a population of migratory Mallard (Anas platyrhynchos). In 
order to be maintained in a population of ducks, with putatively high herd 
immunity, these viruses are very genetically diverse and take advantage of 
both rapid genetic drift and shift. It is these features of IAV that makes it one 
of the most important infectious diseases of the 21st century (Webby and 
Webster 2001). 

Host range and interspecies transmission of 
influenza A virus 
The success of IAV is attributed to rapid antigenic transformation enabling the 
virus to cross species boundaries, and/or remerge in a population. This virus is 
particularly interesting, as the reservoir hosts are wild waterfowl, wherein a 
large diversity of subtypes circulate. In addition to wild birds, IAVs circulate 
in humans (Rambaut et al. 2008), pigs (Vincent et al. 2014), horses (Daly et 
al. 2011), marine mammals (Groth et al. 2014), bats (Wu et al. 2014b), and 
domestic birds (Webster et al. 1992; Alexander 2000; Olsen et al. 2006). 
Many avian species from which IAV have been detected are spill-over hosts, 
in that they are not pivotal for IAV epidemiology, but are still permissive to 
infection (Figure 1). The importance of waterfowl IAVs, and more recently 
poultry adapted IAVs, in the context of emerging disease is when they 
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occasionally transmit to other species, particularly mammals (humans, pigs, 
horses). These spill-over events may result in isolated outbreaks with little or 
no onward transmission, such as spill-over of H5N1 to dogs (Songserm et al. 
2006b), cats (Songserm et al. 2006a) tigers (Mushtaq et al. 2008), or H7N9 to 
humans (Gao et al. 2013; Kageyama et al. 2013). Less frequently, these spill-
over events lead to major pandemics. Indeed, the last three major human 
pandemics of IAV were caused by viruses containing gene segments of avian 
origin (Scholtissek et al. 1978; Lindstrom et al. 2004; Taubenberger et al. 
2005; Rabadan et al. 2006). Further, Woroby et al. (2014) proposed that IAV 
outbreaks in poultry during the late 1890s occurred follow a selective sweep 
after the introduction of equine lineages associated with the pandemic of 
equine IAV (Worobey et al. 2014). As a result of this propensity for IAV to 
emerge in multiple host species, and remerge in populations, dynamics are 
complex.  

Figure 1. Host range and transmission of IAV. The wild bird reservoir comprises of waterfowl and 
gulls (dark grey), with direct spill over to other avian species such as passerines and poultry. H5N1, 
which is amplified in poultry, has subsequently spilled over to wild bird species, mammalian hosts 
such as cats and dogs, and humans. The relationship between bats and other host groups us unknown. 
Solid lines represent known routes of transmission, dashed lines are infrequent routes of transmission, 
and semicircles demonstrate circulation of IAV in that host group. 
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Box 1: Influenza classification and structure 
Influenza viruses belong to the family Orthomyxoviridae (Kawaoka et al. 
2005), and are divided into three genera, Influenza A [IAV], Influenza B, and 
Influenza C, based upon antigenic properties of the nucleocapsid (NP) and 
matrix (M), and structural variations (Webster and Kawaoka 1988). Wild birds 
are naturally infected only with influenza A viruses (Webster et al. 1992) The 
virion is enveloped, and spherical or pleiomorphic in shape (Webster et al. 
1992). The genome consists of eight segments of unlinked, negative-sense, 
single-stranded RNA: PB2 (polymerase basic protein 2), PB1 (polymerase 
basic protein 1), PA (polymerase acidic protein), HA (hemaglutinin), NP, NA 
(neuraminidase), M and NS (nonstructural protein) (Webster et al. 1992; 
Kawaoka et al. 2005) that encode for 11 proteins (Webster et al. 1992; Chen et 
al. 2001). There are two main surface proteins, HA and NA, of which there are 
16 and 9 different forms in wild birds, and divergent HAs (H17, H18) in bats 
(Webster et al. 1992; Olsen et al. 2006; Tong et al. 2012; Wu et al. 2014b). 
IAVs are usually classified based on the HA and NA subtypes, of which there 
are more than 144 possible combinations, for example H5N1. The different 
proteins have functions in entry (HA, M2), RNA replication (PB2, PB1, PA, 
NP), packaging (M1, NS2), exit from the host cells (NA, M1), and immune 
system evasion (NS, HA, NA) (Webster et al. 1992). Continued evolution of 
the two major surface proteins, HA and NA, is particularly important for 
continuing host immune system evasion, enabling the virus to successfully 
enter, replicate within, and exit the cells of the host. 

Figure 2: The Influenza A virus is a spherical enveloped virus with two main external coat 
proteins: HA and NA. The virus has a segmented genome of negative sense RNA comprised of 
PB2, PB1, PA, HA, NP, NA, M and NS segments. (Figure from Kaiser 2006, credit C. Bickel, 
reproduced with permission from Science). 
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Low pathogenic and highly pathogenic influenza A 
virus in birds 
Avian IAVs are categorized into two groups: low pathogenic influenza A 
viruses (LPIAV) and highly pathogenic influenza A viruses (HPIAV). The 
pathogenicity trait is based on virulence of the virus in chickens, and is an 
important consideration in prevention, control and eradication strategies in 
commercial fowl (Swayne and Suarez 2000). Wild birds infected with LPIAV 
generally show no clinical signs of infection (Webster et al. 1992; Olsen et al. 
2006). However, it has been demonstrated that LPIAV infections may affect 
body mass and migratory ability (van Gils et al. 2007; Latorre-Margalef et al. 
2009; Jourdain et al. 2010), but overall the effects of LPIAV infection on 
wild birds is still poorly understood. In birds, LPIAVs preferentially infect the 
epithelium of the lower gastrointestinal tract and are shed predominantly 
through the feces (Webster et al. 1976; Slemons and Easterday 1978; Webster 
et al. 1978). These viruses are thought to be transmitted mainly by fecal-oral 
route through bird-bird contact (Webster et al. 1992) and water-borne 
transmission (Webster et al. 1992; Roche et al. 2009). An alternate infection 
route is cloacal drinking, or the intake of fluids through the cloaca (Payne and 
Powell 1984; Daoust et al. 2011), which may play a role in the infection of the 
cloacal bursa of young birds (Daoust et al. 
2011). 

In contrast, HPIAV preferentially infects the epithelium of the respiratory 
tract, including the trachea, lungs and air sacs (Keawcharoen et al. 2008; 
Bröjer et al. 2009; Daoust et al. 2012). However, lesions associated with 
HPIAV have been found throughout birds; these viruses are organ 
promiscuous (Bröjer et al. 2009) As a result, HPIAV infection normally 
results in significant morbidity and mortality of the infected bird host 
(Webster and Rott 1987; Alexander 2007). Mechanistically, the switch from 
LPIAV to HPIAV follows changes in the HA protein. The hemagglutinin 
protein is produced as a precursor, HA0, which is cleaved into HA1 and HA2 
during virus maturation by host proteases. The introduction of basic amino 
acid residues to the cleavage site allows for increased HA cleavability, which, 
in turn, allows for enhanced replication outside the gastrointestinal tract 
(Alexander 2000). The subtypes H5 and H7 have accounted for most HPIAV 
isolations in wild birds (Olsen et al. 2006; Alexander 2007). The switch from 
low to high pathogenicity forms occurs most often after the introduction of 
these LPIAV H5 and H7 into poultry (Alexander 2000), and has never been 
documented in wild bird hosts (Alexander 2000, 2007). HPIAV has been 
isolated predominantly from domestic gallinaceous birds (chickens, turkeys, 
quail)(Alexander 2000; Perkins and Swayne 2001), but spill-over outbreaks 
have occurred. HPIAV H5N1, colloquially referred to as “bird flu”, was first 
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identified in 1996, however it wasn’t until 2005 that it resulted in the mass 
mortality of wild and domestic birds alike (Gauthier-Clerc et al. 2007; Feare 
2010). It has since spread to countries in Asia, the Middle East, Africa, and 
Europe, resulting in the culling of 400 billion chickens, turkeys, and ducks 
and over 600 human cases (FAO 2012). Despite many years of research and 
vaccine development, this virus continues to cause outbreaks in Asia and 
Africa (FAO 2012). In November and December 2014 there were new 
incursions of HPIAV H5 into Europe and North America, the latter of which 
is a geographic range expansion. The novel HPIAV H5N8 has resulted in the 
culling of poultry in the Netherlands and Germany. This strain was first 
reported in Chinese duck farms in 2010 (Wu et al. 2014a), and was detected in 
both poultry and wild birds in Korea, following an outbreak in 2014 (Lee et al. 
2014). In North America HPIAV H5N1, H5N2 and H5N8 have appeared, 
suggesting local reassortment. Similar to H5N1, this virus has been detected 
in wild ducks in both Asia, Europe and North America, suggesting wild birds 
as contributors in the long distance dispersal (Gauthier-Clerc et al. 2007; 
Feare 2010; EFSA 2014; Verhagen et al. 2015).  

Influenza A virus dynamics in wild birds 
Despite the broad host range, wild birds are the natural reservoir for LPIAV. 
Within this reservoir, IAV have been isolated from at least 105 species in 26 
different families, though this number has probably increased since the last 
substantial reviews of bird hosts in 2006 and 2007 (Olsen et al. 2006; 
Stallknecht and Brown 2007). However, all bird species are not equally 
permissive hosts, and different groups play different roles in the epidemiology 
and maintenance of IAV. Viruses are most frequently detected in 
Anseriformes (ducks, geese, swans), where H1-H12 are routinely detected 
(Olsen et al. 2006; Alexander 2007; Munster et al. 2007). Some 
Charadriiformes (shorebirds, gulls) are also important: most notable are gulls 
which are the natural reservoir for H13 and H16 viruses, and in which other 
subtypes are infrequently detected (Wille et al. 2011; Arnal et al. 2014). These 
subtypes are restricted to gulls; ducks are not permissive to infection with H16 
(Fereidouni et al. 2014). Shorebirds play an interesting role, in that IAV are 
rare in this group, except at one site in Maryland, USA. At Delware Bay many 
different subtypes are detected, however it is believed that shorebirds amplify 
LPIAV circulating in local waterfowl and the dynamics are the result of a 
unique ecological event: the aggregation of horseshoe crabs (Limulus 
polyphemus) (Winker et al. 2008; Pearce et al. 2009; Krauss et al. 2010; 
Maxted et al. 2012). Other bird orders are believed to be spill-over hosts, 
including the species rich Passeriformes (Slusher et al. 2014). Within the 
Anseriformes, dabbling ducks, and particularly Mallards (Anas 
platyrhynchos), have accounted for the most LPAIV isolations globally (Olsen 
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et al. 2006) (Table 1). This may be due to sampling bias (Hoye et al. 2010), 
but it is also likely that dabbling ducks, such as Mallards, do actually have 
higher infection rates than other species.  

IAV in dabbling ducks follows a seasonal pattern, whereby the prevalence of 
IAV is very low during the late winter, spring, and summer, followed by a 
peak in viral prevalence during the autumn migration (Ito et al. 1995; 
Hatchette et al. 2004; Olsen et al. 2006; Wilcox et al. 2011; Latorre-Margalef 
et al. 2014) (Figure 3). This prevalence pattern is largely driven by the 
ecology of the waterfowl hosts. In the autumn months, widely dispersed 
breeding individuals congregate for migration purposes, which increases host 
density. Further, during the summer months, breeding has lead to the 
production of young, which are immunologically naïve. The estimated 
turnover rate of Mallards in Northern Europe is roughly 1/3, meaning a 
substantial recruitment of immunologically naïve individuals into the 
population (Bentz 1985; Munster and Fouchier 2009). Therefore, the rate of 
infection is not only much higher during the autumn, but the hatch year birds 
also account for more infections than all other age classes (Webster et al. 
1992; Ip et al. 2008; Wilcox et al. 2011). 

Within this autumnal prevalence peak, there are many different HA-NA 
subtypes co-circulating. Individuals may be infected and re-infected by IAV, 
thus infection histories vary by individual (Tolf et al. 2013a)(Figure 4), but 
taken together, form general population patterns of infection (Latorre-
Margalef et al. 2014). Some subtypes are very common, and others are rare, or 
absent. Common subtypes are usually isolated every year, such as H6, H4 in 
Europe (Latorre-Margalef et al. 2014), or H3 in North America (Bahl et al. 
2009; Bahl et al. 2013). Some subtypes exhibit a more “boom and bust” 
pattern, whereby they are common in some years and absent in others 
(Thangavel et al. 2011; Wilcox et al. 2011; Latorre-Margalef et al. 2014). 
Rare viruses may be isolated in low numbers every year, or only sporadically. 
This overall pattern is observed across the Northern Hemisphere, however 
small differences also occur between study sites and continents (Bahl et al. 
2013; Latorre-Margalef et al. 2014; Olson et al. 2014). HA-NA combinations 
are also variable in that some HA-NA combinations are overrepresented, 
such as H4N6, H6N2, H3N8, which are consistently isolated. Alternatively, 
some HA subtypes may be paired with any NA subtypes, suggesting fitness 
differences between HA-NA subtypes (Dugan et al. 2008; Latorre-Margalef et 
al. 2014). Surprisingly, when challenging ducks with combinations that are 
common (e.g. H3N8) compared to rare (e.g. H4N8), there appear to be no 
fitness differences (Lebarbenchon et al. 2012); thus the mechanisms that drive 
these patterns are still unknown.  
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Figure 3: Prevalence of influenza A viruses in waterfowl is highest in the autumn. Seasonal variance 
of IAV from 2002-2009 at Ottenby Bird Observatory. Filled in circles are estimates, from which a 
smooth curve has been generated (solid line) with 95% confidence intervals (dotted lines) (Figure from 
Latorre-Margalef 2014, reproduced with permission from Proceedings B).  

Figure 4: Infection histories of 10 individuals demonstrate the co-circulation of multiple subtypes 
during an autumn season. Time is plotted on the X-axis in Julian day. Birds were sampled daily: white 
indicates the bird was rRT-PCR negative, grey indicates rRT-PCR positive by viruses were not 
successfully isolated, and coloured squares indicate rRT-PCR positive and virus was successfully 
isolated and subtyped (Modified from Wille et al, 2013, reproduced with permission from Virology).  
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Mechanisms of diversification and consequent 
genetic structure 
There are two main mechanisms through which IAV diversify. The first, 
referred to as genetic drift, occurs due to an error-prone RNA-dependant RNA 
polymerase, which lacks proofreading ability (Gething et al. 1980; Both et al. 
1983; Webster et al. 1992) (Figure 5A). Avian IAV have been demonstrated 
to have rapid rates of evolutionary change, characterized by accumulations of 
synonymous and non-synonymous mutations (Chen and Holmes 2006; Bahl et 
al. 2009; Chen and Holmes 2010). The rate of mutations varies across 
segments, with an average rate of 3.41x10-3 subs/site/year. To put this in 
context, the rate of RNA virus mutation is a million times greater than that of 
vertebrates, and this allows for the rapid adaptation of these viruses to new 
environments (Pybus and Rambaut 2009). The ratio of synonymous to non-
synonomous mutations (dN/dS) varies enormously across proteins and is used 
as an indicator of selection pressure on genes. Higher dN/dS rations are 
suggestive of positive selection and would be expected for the surface 
glycoproteins that interact with the host immune system. Lower dN/dS ratios 
are suggestive of negative or purifying selection, which would be expected for 
the matrix and polymerase genes as these segments are more functionally 
constrained, and therefore non-synonymous mutations may have a deleterious 
effect. Thus, the highest dN/dS ratios are observed in NS1 (0.147), NA 
(0.206), and HA (0.130) (Chen and Holmes 2006, 2010; Worobey et al. 2014). 

The second mechanism through which IAV can diversify is genetic shift, 
which occurs due to co-infection and reassortment. Reassortment occurs due 
to the unlinked nature of the eight RNA segments, and thus, if a cell is 
infected by more than one virus, the progeny may contain various 
combinations of segments from the different parental viruses (Gething et al. 
1980; Webster et al. 1992) (Figure 5B) Thus, given a coinfection with two 
IAVs, each with 8 segments, 256 different genetic progeny are possible, 
generating significant viral diversity. This special type of recombination is not 
limited to IAV, it is seen in other segmented viruses such as Rotaviruses 
(McDonald et al. 2009), and is an important contributing factor to the 
emergence of pandemic strain viruses. Indeed, viruses from the last three 
major human influenza pandemics have been the result of reassortment events 
incorporating distantly related viruses (Scholtissek et al. 1978; Lindstrom et 
al. 2004; Taubenberger et al. 2005; Rabadan et al. 2006).  

Genetic drift and shift do not necessarily correspond to antigenic change, or 
change in phenotype. However, given change in phenotype, the progeny 
viruses may have a selective advantage due to host immune system evasion. 
Studies of human IAV H3N2 have demonstrated that genetic shift is a gradual 
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and continuous process, resulting in a ladder shaped phylogeny (Figure 5A). 
However antigenic shift is more punctuated, in that only following the 
accumulation of a number of mutations at specific positions will viruses 
occupy a new phenotype (Smith et al. 2004; Koel et al. 2013). 

Figure 5: Influenza A viruses evolve through two main mechanisms. Genetic drift is the result of an 
error prone RNA-dependant RNA polymerase lacking proof reading ability resulting, resulting in 
continued mutation. The resulting phylogenetic tree exhibits a ladder like shape with continual change 
over time. Genetic shift, or reassortment, whereby a single cell within the host is infected with more 
than one virus and following replication and packaging, new progeny virions containing combination 
of the parental viruses are released. As a result, different segments have different evolutionary histories 
and segment phylogenetic trees do not map to each other (Phylogenetic trees reproduced with 
permission from Volz et al. (2013) and Lewis et al. (2015)). If antigenic change has occurred, they 
may be referred to as antigenic drift and antigenic shift, respectively. 
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Genetic drift and genetic shift allow for IAV to rapidly diversify, however, 
current genetic structure of IAV is due to an interplay between diversification 
and selective sweeps in the population. Viruses with specific genome 
constellations that attain a much higher fitness will rapidly increase in 
frequency. These constellations may drive competing lineages to extinction, 
and may be driven to fixation, thus eliminating circulating diversity – a 
selective sweep. Although it is only the antigenic segments that may be 
selected for, as these are the ones that interact directly with the immune 
system, the other segments in that successful constellation will be “carried 
along” by a “hitchhiking” mechanism (Chen and Holmes 2010). As a result, 
there will be a selective sweep across not only antigenic segments, but all 
segments of IAV. 

Despite a proposed ancient co-evolution of birds and IAVs, dating of current 
lineages suggest these are of recent origin. The time of origin of the 
circulating PB2, PB1, PA, NP and M segments is only approximately 100-130 
years ago. The most recent common ancestor for the more divergent HA, NA, 
and NS segments is more ancient; however, intra-subtype radiation also 
occurred more recently (Chen and Holmes 2006; Worobey et al. 2014) (Figure 
6). Coincidentally, during this time period the first descriptions of HPAIV in 
domestic chickens occurred, and there was a transition to more intensive 
chicken farming. Additionally, 1872-73 corresponds with a severe panzootic 
of equine influenza, coupled with reports of influenza in domestic birds 
following local equine outbreaks (McDonald et al. 2009). Thus, it is 
hypothesized that these events resulted in a global sweep of avian IAV 
resulting in observed shallow divergence times (Worobey et al. 2014). While 
this global sweep has had large implications in the genetic structure of IAV, 
numerous local sweeps have occurred as well, driven by the introduction of a 
novel segment or segments following reassortment (eg. Bahl et al. 2009). 

Another feature of current IAV genetic structure in wild birds is lineage 
differentiation based on geography; in all segments viruses from North 
America and Eurasia occur in different genetic lineages. This is likely driven 
by the ecology of the host, in that avian migration routes in North America 
and Eurasia show little or no overlap. There is also some evidence that South 
American viruses may occupy unique lineages (Donis et al. 1989; Olsen et al. 
2006; Pereda et al. 2008). Gene flow between the North American and 
Eurasian IAV lineages does occur, but only infrequently. Most of the 
intercontinental gene flow is detected in viruses from gulls and shorebirds 
(Obenauer et al. 2006; Krauss et al. 2007; Dugan et al. 2008; Bahl et al. 2009; 
Chen and Holmes 2009; Pearce et al. 2009; Wille et al. 2011). 
Intercontinental exchange, or the introduction of segments between geographic 
regions occurs mainly from Eurasia to America, and has resulted in the  
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extinction of some North American lineages. For instance, all currently 
circulating lineages of the PB1, PA, H6 segments in North American wild 
aquatic birds are derived from Eurasian introductions that occurred at some 
time in the 1960s, which has led to the exclusion of endemic versions of these 
segments in North America (Bahl et al. 2009). 

Figure 6: Global selective sweeps resulting in shallow lineages and recent divergence times in all 
influenza A virus segments. The last sweep was the result of an outbreak of equine influenza circa 
1872. (Worobey et al 2014, reproduced with permission from Nature).  

Mallard: central reservoir species for influenza A 
virus 
Mallards are the archetypical and most recognizable anatid species. This 
species is adaptable to wide ranging habitats, and no duck species is more 
tolerant of human presence or disturbance. They are thought to be the most 
abundant and wide-ranging duck on Earth; native to the Holarctic and thriving 
globally due to successful artificial introductions, with the exception 
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of Antarctica (Cramp and Simmons 1977; Drilling et al. 2002). The Mallard 
population is approximately 19 million individuals, of which 7.5 million breed 
in Europe (Wetlands International 2015). Furthermore, all domestic ducks are 
derived from the Mallard, with the exception of Muscovy Ducks (Cairina 
moschata), and domestication dates back to at least the twelfth century 
(Drilling et al. 2002). Approximately 600 million ducks are farmed in China: 
60% of the world population of domestic ducks (Food and Agriculture 
Organization 2003; Huang et al. 2010). As a result, there are more 
domesticated ducks in China than there are wild Mallards across the globe, 
making these birds the largest aquatic bird reservoir for diseases in the world. 

Due to the distribution, population size, and long-term associations with 
humans, Mallards are utilized as model systems to study various topics, 
including evolution (Lack 1974; Kulikova et al. 2005), speciation (Rhymer 
and Simberloff 1996; Kulikova et al. 2004; Kulikova et al. 2005), sexual 
selection (Figerola and Green 2000), immunology (Moon et al. 2005; 
MacDonald et al. 2007; Magor 2011), and genomics (Huang et al. 2008; 
Skinner et al. 2009). In the context of disease, this species has become the 
“laboratory mouse” for experimental studies (Wobeser 1997). Duck species 
are not equal in terms of disease susceptibility and response, and are often 
exposed to very different diseases due to different behaviours and occupation 
of different ecological niches. Mallards, however, are hosts to nearly all 
diseases affecting waterfowl in various capacities, ranging from reservoir to 
spill-over host. The occurrence of disease in Mallards is affected by numerous 
factors including the physiology and genetics, life history and behaviour, and 
the environment they occupy. Indeed, in IAV studies Mallards play a central 
role: prevalence in this species is high during the autumn across years and 
locations, and the largest number of viruses have been isolated from this 
species with a high diversity of subtypes. This species is also a dominant 
component in species composition of many IAV surveillance studies. A 
review by Olsen et al (2006) demonstrated that nearly 50% of all waterfowl 
samples were from Mallard, with a prevalence of 12.9% (Table 1). The 
number of collected samples has risen dramatically since the review; a search 
of the Influenza Research Database (IRD; http://www.fludb.org) indicates 
64,194 samples have been collected from Mallards with 3271 HA sequences 
generated. Surveillance at Ottenby Bird Observatory boasts 22,229 cloacal/
fecal samples from Mallards, with 1081 viruses isolated across 74 HA-NA 
subtypes (2002-2009) (Latorre-Margalef et al 2014).  
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Table 1: Prevalence of IAV in wild birds, as of 2006 (Modified from Olsen et al, 
reproduced with permission from Nature).  

Family Species No. 
sampled 

No. 
positive 

Prevalence 
(%) 

Ducks 36 species 34,503 3275 9.5 
Mallard (Anas platyrhynchos) 15,250 1965 12.9 
Northern Pintail (Anas acuta) 3,036 340 11.2 
Blue-winged Teal (Anas 
discors) 

1,914 220 11.5 

Common Teal (Anas crecca) 1,314 52 4.0 
Eurasian Wigeon (Anas 
penelope) 

1,023 8 0.8 

Wood Duck (Aix sponsa) 926 20 2.2 
Common Shelduck (Tadorna 
tadorna) 

881 57 6.5 

American Black Duck (Anas 
rubripes) 

717 130 18.1 

Green-winged Teal (Anas 
carolinensis) 

707 28 4.0 

Gadwall (Anas strepera) 687 10 1.5 
Spot-billed Duck (Anas 
poecilorhyncha) 

574 21 3.7 

Geese 8 species 4,806 47 1.0 
Swans 3 species 5,009 94 1.9 
Gulls 9 species 14,505 199 1.4 
Terns 9 species 2,521 24 0.9 

Mallard immunity to influenza A virus 
Most microorganisms are immediately and non-specifically detected and 
destroyed by the innate immune system, and it may alone succeed in repelling 
the pathogen while allowing time for the adaptive immune response to be 
mounted. IAV infection in ducks is combatted by the innate immune system, 
resulting in short duration of infection. The adaptive immunity then develops 
subtype specific neutralizing antibodies, in addition to more generalized 
antibodies (Magor 2011; Vanderven et al. 2012). Following infection by 
LPIAV, it has been demonstrated that RIG-I (retinoic acid-inducible gene 1) is 
highly upregulated at the site of infection: the gastrointestinal tract or lungs of 
ducks infected with LPIAV and HPIAV, respectively. The RIG-I gene is 
absent in chickens, and may explain why chickens display severe morbidity 
often resulting in mortality following infection, whereas Mallards may display 
no clinical signs of disease (Barber et al. 2008; Vanderven et al. 2012). Other



15 

important innate immune genes are effectors of the interferon (IFN) pathways. 
Interestingly, the major histocompatibility complex (MHC), a part of the 
acquired immune response, appears to be an important player both early and 
late in IAV infection (Vanderven et al. 2012).  

Despite combatting IAV infection rapidly, ducks may have poor long-term 
immune memory (Magor 2011), hypothesized to be due to the structure of the 
immunoglobulins, such as the translocation of the IgA (Magor et al. 1998; 
Magor et al. 1999; Magor 2011) and a truncation of the IgY (Warr et al. 
1995). However, infection experiments (Fereidouni et al. 2010) and natural 
experimental infections (Tolf et al. 2013a) have demonstrated the presence of 
anti-NP antibodies for months following infection. In chickens, protection 
against IAV is primarily through antibodies directed at the HA (Kapczynski 
and Swayne 2009), which is likely also true in Mallards. In wild Mallards, 
across an autumn season, both homo- and heterosubtypic immunity are 
present at the HA clade level, as defined by phylogenetic and antigenic 
relatedness (Latorre-Margalef et al. 2013). Individuals infected with a 
particular subtype are unlikely to be re-infected with that same HA subtype 
later in the season (homosubtypic immunity), and across seasons (Tolf et al. 
2013a). Furthermore, partial or complete protection is apparent when re-
infected with a closely related HA subtype (heterosubtypic immunity). Homo- 
and heterosubtypic immunity have also been demonstrated in the context of 
vaccine development against highly pathogenic H5 and H7 viruses 
(Fereidouni et al. 2009; Costa et al. 2010; Fereidouni et al. 2010; Costa et al. 
2011). This immunity shapes the dynamics of many diseases, and is likely a 
driver for the continuing divergence of HA types. 

Open questions in IAV ecology and evolution 
The emergence of H5N1 HPAIV in Asia with subsequent spread to Europe 
and Asia significantly renewed the interest in IAV research, and the last 
decade has provided expansions and several shifts in our understanding of 
IAV ecology and evolution. Dugan et al (2008) outlined some fundamental 
questions still to be addressed in IAV ecology and evolution. While much 
work has been done, these same questions can still be posed today: 1) what is 
the frequency and patterns of reassortment, and the interplay between 
reassortment and linkage of constellations, 2) how are specific subtypes 
maintained at high frequencies annually, 3) how the diversification and 
maintenance of diversity occurs, 4) what are the reservoir for IAV when 
prevalence is low in dabbling ducks, and 5) how diffusion of viruses across 
space occurs with the migration of wild birds (Dugan et al. 2008; Chen and 
Holmes 2009, 2010; Bahl et al. 2013; Roche et al. 2014). These questions 
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remain open due to computational hurdles, the current structure of sequence 
datasets, and the current focus of surveillance schemes. For example, in depth 
assessments of reassortment remain a large obstacle, due to the sheer diversity 
of the avian system, which are computationally difficult to disentangle. 
Assessing the genetic features of long term maintenance has not be possible to 
date, due to composition of sequence datasets: different host species, 
geographic locations, temporal scales. Finally, the focus on screening 
waterfowl, which may be central to IAV epidemiology and good indicators for 
the movement of HPIAV, but are unlikely to be the only avian hosts.  

Other important questions are those considering the immune response of 
ducks, and the interplay of other microorganisms sharing the same duck 
ecosystem. Host-pathogen co-evolution requires an understanding of not only 
the pathogen (virus), but also the host, which is often neglected. However, 
including the host in IAV studies is challenging as we have limited 
understanding of the duck immune response. In addition to the host, the 
outcome of IAV infection may be affected by other microorganisms sharing 
the host environment. Research into host-parasite (virus) dynamics center on a 
single virus in a single host, which is a feature of IAV research. However, the 
relationships of viruses sharing the host environment may range from 
facultative to competitive, and thus affect observed dynamics (Pedersen and 
Fenton 2007). HPIAV infection has large economic consequences for the 
poultry industry, and therefore there is rather singular focus on IAV in wild 
bird screening schemes. However, it has been demonstrated that better 
accounting for parasite diversity is important to ascertaining infectious disease 
risk (Bordes and Morand 2011).  
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AIMS 

This thesis forms part of a long-term monitoring scheme of influenza A 
viruses in waterfowl that has been conducted at Ottenby Bird Observatory 
since 2002. Broadly, the aims of this thesis are to address dynamics and 
evolution of IAVs in a natural reservoir host. 

More specifically, I wanted to: 

Improve global phylodynamic analysis of IAV by expanding and analysing 
the European waterfowl IAV dataset with sequences from our study site 

Contribute to the virus catalogue in waterfowl, and add to the natural history, 
epidemiology, and aetiology of viruses circulating in Mallard 

Using these data to address open evolutionary questions about IAV: 
- the frequency and patterns of reassortment 
- the long term maintenance of certain subtypes 
- the role of immunity in the diversification and maintenance of 

diversity 
- the role of other virodiversity in observed dynamics 
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METHODS 

Ottenby as a location to study wild and sentinel 
ducks for patterns of infections 
Ottenby Bird Observatory is located on the southern tip of Öland (56°12’N, 
16°24’E), Sweden, which is located along a main migratory route utilized by 
many bird species, including waterfowl. Ottenby is an important stop-over 
location for Mallards migrating from breeding areas in Finland, the Baltic 
States, and western Russia, and continuing to their wintering areas southwest 
including Germany and The Netherlands. The site is important in refueling for 
migration, and GPS tagged birds spent an average of 31 days at the study site 
(Gunnarsson et al. 2012; van Toor et al. 2013; Bengtsson et al. 2014) (Figure 
7). 

IAV surveillance has been carried out at Ottenby Bird Observatory since 
2002, and duck trapping at the site commenced in the 1960s. The trap is a 
30m x 7m steel frame covered in a nylon mesh. The trap is baited with grain, 
and wild ducks enter through one of five small openings at night or in the 
early morning. In addition to grain, 10 “lure” ducks, which are wild-strain 
domestic Mallards, reside in a separate compartment within the duck trap 
(Figure 7). The ducks are collected from the trap daily, and either fecal or 
cloacal samples are collected. Additional samples may be collected for other 
studies, including oropharyngeal samples for influenza, blood samples for 
serology or DNA, and feathers for stable isotope analyses. All newly captured 
birds are ringed with an individually numbered metal ring, and all birds are 
weighed at each capture occasion. 

Due to the consistency of the sampling scheme, long-term patterns of 
influenza dynamics have been inferred in the migratory population of 
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Mallards visiting the study site (Latorre-Margalef et al. 2014). In addition to 
surveillance of wild birds, we have demonstrated the utility of sentinel birds 
(Tolf et al. 2013a). The “lure ducks” that reside in the trap share water, 
aerosols, and are able to touch through the mesh of the duck trap. Therefore, 
they are infected by their wild conspecifics. The great utility of these birds is 
that they can be sampled daily, and blood can be collected in a rigorous 
scheme, resulting in close to complete infection histories, as well as 
information on seroconversion and –reversion (Tolf et al. 2013a) (Figure 4). 
The sentinel ducks allow for a natural-experimental system, which can be 
used to test hypotheses, as demonstrated in Paper III. 

Figure 7. (a) Ottenby is an important part of the Mallard migratory route in northern Europe, whereby 
birds migrate from breeding areas in Finland in the Baltic States (red) to wintering areas southwest, 
including Denmark, Germany, France (blue) (Gunnarsson et al 2009, distributed under a Creative 
Commons Attributions License) (b) The duck trap at Ottenby Bird Observatory (picture by Daniel 
Bengtsson) 

Detection of viruses in birds 
Screening and Isolation 
Fecal or cloacal samples are collected in virus transport media (VTM), and 
stored in a -80C freezer within 2-6 hours of collection. Maintenance of “cold 
chain” and minimizing the number of freeze-thaw cycles are vital to 
maintaining viable viruses and high quality viral material. Over the last 10 
years there as been a steady improvement in screening of IAV by 
improvement of throughput, in addition to the utilization of more sensitive 
techniques (Latorre-Margalef 2012). The current routine for extraction and 
screening is as follows: Viral RNA is extracted from diluted VTM samples 
with the MagNA Pure 96™ Nucleic Acid Purification System (Roche, 
Mannheim, Germany) and MagNA Pure 96 DNA and Viral Nucleic Acid 
Large Volume Kit (Roche) following manufacturer’s recommendations. The 
RNA is then screened for IAV using a rRT-PCR assay targeting a short region 
of the matrix gene (Spackman et al. 2002), using the One Step RT-PCR Kit 
(Qiagen, Hilden, Germany) on a Roche Light Cycler 480 machine. High 
quality RNA extractions have utility beyond just screening samples for IAV, 

A B
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these same RNA plates can be used to screen birds for other viruses, such as 
Avian Paramyxovirus (APMV-1) and Coronaviruses (CoV). In the case of 
APMV-1, a specific targeted approach is used to identify the M gene (Tolf et 
al. 2013b) compared with a broadly targeted approach to identify CoVs using 
a combination of three probes (Muradrasoli et al. 2009). 

IAV (and APMV-1) are subsequently isolated from samples that are positive 
using embroyonated chicken eggs from specific pathogen free (SPF) flocks. A 
small quantity of the original sample in VTM (150ul) is injected into the 
allantoic sac, and the eggs are allowed to incubate for 2 days prior to 
collection of the allantoic fluid. The fluid is then tested for agglutination 
activity utilizing a haemagglutination test. An alternate method is to test the 
fluid by rRT-PCR, but haemagglutination is rapid and cost effective. The 
isolated viruses can then be used for subtyping or sequencing. An alternative 
approach for culturing these viruses is using MDCK (Madin-Darby canine 
kidney) cells; these cells are used to culture a large number of different 
viruses, however embroynated chicken eggs are still the “gold standard” for 
avian IAV (Eisfeld et al. 2014).  

Histopathology 
While screening cloacal samples is a good indicator of the infection status of 
birds, to confirm active infection, infected cells within a bird need to be 
identified. Following fixation and embedding tissues of interest, in this case 
the respiratory or gastrointestinal tract, infected cells can be identified through 
the utilization of immunohistochemistry. In short, a primary antibody binds to 
the IAV NP in the nucleus of the infected cell, and is revealed as a bright red 
precipitate involving a peroxidase labeled secondary antibody. The slides are 
counterstained with hematoxylin (blue). In non-infected cells, the secondary 
antibody has no substrate onto which to bind, and therefore no red colour 
appears as the antibodies are washed away (Figure 8). Utilizing techniques 
such as immunohistochemistry are important in interpretation and 
confirmation of other techniques, such as real-time PCR of swab samples.  

Figure 8: Epithelial cells of the cloacal bursa of a Mallard infected with IAV. The nucleus of infected 
cells appear red, in constrast to uninfected cells which are blue. 
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Characterization of viruses 
Sequencing 
IAVs are relatively easy to sequence due to the nature of the small, segmented 
genomes with conserved 3’ region. cDNA of all segments can be generated 
using a single primer which binds to this conserved 3’ end, and utilizing 
previous published primers, the entire genome could be sequenced with as few 
as 8 PCR reactions (Zou 1999; Hoffmann et al. 2001; Chan et al. 2006; Wille 
et al. 2011). While Sanger sequencing of PCR products is still a viable way to 
sequence genomes, next generation sequencing pipelines maximizes 
efficiency, particularly when trying to sequence a large number of viruses 
(JCVI pipeline, http://gcid.jcvi.org/projects/msc/influenza/pipeline.shtml).  

Sequence availability for phylodynamic studies 
In order to understand the ecology and evolutionary processes of IAV in any 
one study, the sequences are placed on context of regional or global IAV 
dynamics through the utility of outgroup sequences. These sequences can be 
queried from public databases such GenBank 
(www.ncbi.nlm.nih.gov/genbank/), and selected based on sequence 
similarities (or differences), host species compisition, geographic region, etc.  
Despite large-scale initiatives for sequencing of IAV, there is a great disparity 
in where the low pathogenic IAV sequences, especially from wild birds 
originate. This is apparent when reading the literature, wherein 
most evolutionary analyses are based entirely on sequences from North 
America viruses. This is reflected in sequence availability in these public 
databases. Doing a search in the Influenza Research 
Database (IRD; http://www.fludb.org/), which includes data submitted 
directly to IRD in addition to curating sequences from GenBank, 
indicates that there are approximately 5 times as many sequences from 
North America as Europe. A closer investigation of the sequences from 
Europe demonstrates that 10-15% are of H5N1. Furthermore 50% are 
sequences of viruses isolated from Mallards in Sweden, the bulk of which 
were sequenced for this thesis. 
Table 2. Number of sequences (complete segments including near-complete 
sequences [IVR]) from avian species available in the influenza research database 
(IRD) August 2014 

PB2 PB1 PA HA NP NA M NS 
North American 5859 6109 6298 5793 5850 5934 6074 6331 
European (total) 1008 1036 1052 1414 1088 1244 1243 1183 
European H5N1 89 96 104 234 126 189 113 141 
Mallard/Sweden1 515 506 502 542 503 546 500 558 
1. 92 of these are from Paper I, and 284 from Paper II.
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Alignment and phylogenetic tools 
In order to characterize sequences, in this thesis I followed the same general 
workflow: following quality control, sequences were aligned, a model test was 
performed on the alignment, followed by subsequent phylogenetic analysis.  
Aligning sequences allows for the identification of regions of similarity or 
difference across multiple sequences, and is the basis for all comparative 
sequence analysis, such as phylogenetics. Thus, good sequence analysis starts 
with a good alignment. While the “internal” segments of IAV are well 
conserved (PB2, PB1, PA, NP, M), and thus relatively easy to align, the 
segments that are important in immune evasion are highly divergent (HA 
subtypes 1-16, NA subtypes 1-9, NS subtypes 1-2), and thus more difficult to 
align.  

Differences in sequences sometimes do not reflect true evolutionary history 
due to the accumulation of multiple substitutions at nucleotide positions over 
time. This is more likely to occur between sequences that diverged farther 
back in evolutionary time, or those with a higher mutation rate. To correct for 
this, a number of nucleotide substitution models have been developed which 
take into account base frequencies, substitution rates between specific bases, 
and rate heterogeneity. The best-fit model should be utilized, as an inaccurate 
model will affect tree topology, branch length, and estimates of evolutionary 
rates and divergence times, while retaining high statistical support (i.e. high 
support for an incorrect tree) (Posada and Crandall 2001; Strimmer and von 
Haeseler 2009).  

There are a number of methods available for phylogenetic inference, and 
while there is no “correct” method, each are based upon different strategies 
and algorithms, and some are better suited to the task. For the most part, 
distance methods, UPGMA and parsimony methods are rarely used due to 
various shortcomings, in addition to and increase in computation resources 
available to run more taxing methods which perform better with complex 
data: Maximum Likelihood and Bayesian methods (Felsenstein 1981; Rannala 
and Yang 1996; Holder and Lewis 2003). Both maximum likelihood and 
Bayesian approaches are utilized in this thesis, and the selection choice 
tailored to the type of analysis required. Bayesian analyses were utilized in 
Paper I and II, and likelihood analyses were utilized in Paper III and IV. 

Phylogenetic trees have applications beyond the investigation of basic 
evolutionary relationships. Reassortment can be observed by the conflicting 
topologies between the different segment trees, an approach utilized by 
programs like GiRaF (Nagarajan and Kingsford 2010). However, there is a 
shortfall of topology incongruence analysis – there are a different number of 
genetic lineages co-circulating simultaneously. For example, the M segment 
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of IAV is very conserved as it encodes, in part, for the physical matrix of the 
virus, and therefore due to few “allowable” mutations, there are few lineages 
co-circulating. In contrast, due to interacting directly with the immune system 
of the host, the HA is highly variable, and in wild birds there are 16 different 
subtypes, and a number of genetic lineages within each subtype. Building 
constellations based on phylogenetic trees, and looking at the change in 
constellations provides a method in which to illustrate the change in segment 
combinations. Better ways to address reassortment are still being investigated, 
and this complex problem has yet to be adequately solved (Figure 9).  

Figure 9: Current methods for estimating patterns of reassortment in wild bird genomes A) Topology 
comparisons of two trees (Lewis et al) B) Differences of ΔLnL when segments are fitted to the 
sequence data from the reference segment and branch lengths are re-optimized (Dugan et al, 
distributed under a Creative Commons Attributions License). C) Multidimensional scaling of tree to 
tree patristic distances (Bahl et al 2013, distributed under a Creative Commons Attributions License)  

Given a time-structured dataset, one can use a coalescent sampler such as 
BEAST (Bayesian Evolutionary Analysis Sampling Trees) to investigate time 
scales and mutation rates (rather than substitution rates)(Drummond and 
Rambaut 2007). Using BEAST has many caveats, in that the data needs to be 
informative enough to estimate numerous parameters, especially if using 
nonparametric clock models (such as the relaxed clock) and tree models (such 
as the Bayesian Skyline or Bayesian SkyGrid models). However, the 
advantages are that one can estimate many more parameters from sequence 
data, and better reconstruct evolutionary histories. This method was employed 
in Paper II, wherein we present a dataset collected across 8 years, with >10 
sequences for all years, except 2004.

Measuring and manipulating the immune status of 
birds 
Detecting previous infections through antibody development 
Following the innate immune response, critical in clearing IAV infection, 
birds will develop an acquired immune response. To determine whether birds 
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have been infected previously, and whether they have developed an immune 
response, we can use ELISA (Enzyme Linked Immunosorbant Assay), in this 
case a blocking ELISA. The approach is based on the binding of the anti-NP 
antibodies in the sera to antigen (IAV NP) coated on plates, revealed by a 
colour changing catalytic reaction involving a secondary antibody. The 
resulting optical density can be measured at a specific wavelength, allowing 
for a quantitative assessment. 

Previous to the development and utilization of ELISA, and even real-time 
PCR, antibodies were used to screen for IAV, specifically neutralizing HA 
antibodies. These virus neutralization assays, while mostly having fallen out 
of favour, are ideal in determining whether individuals have developed 
antibodies against specific subtypes of IAV. NP-ELISA merely indicates that 
an individual has antibodies against IAV. In effect, sera from birds are 
incubated with antigens from viruses of known subtypes, and the resulting 
wells are assessed for cytopathic effects (Ramey et al. 2014).  

Vaccines for immunological priming of birds 
Patterns of infection are driven, in part, by the immune status of individuals 
and populations, that is, whether or not they have developed protective 
immunity against IAV following previous infection. Thus, utilizing 
individuals with a known immune response are important in addressing 
research questions regarding infection dynamics. Releasing experimentally 
infected birds into a duck trap is not possible due to the risk of transmission of 
viruses to the wild migratory bird population. Therefore utilizing efficacious 
vaccines to illicit an immune response offers a good substitute. To test our 
hypotheses relating to homosubtypic and heterosubtypic immunity (Paper III), 
we developed vaccines using viruses that were isolated from Mallards at our 
study site in previous years. While commercial vaccines are available, 
developing vaccines against other subtypes have been pioneered by 
(Fereidouni et al. 2010). Specifically, to make inactivated vaccines, specific 
viruses are propagated and subsequently inactivated, using the chemical beta-
propiolacton. Full inactivation is confirmed by the absence of replicating virus 
in two subsequent isolation passages. To stimulate the immune system, an 
adjuvant (Freud’s complete adjuvant) is administered in combination with the 
inactivated virus. To determine whether there is an immune response to the 
vaccination, the sera can be tested using NP-ELISA, or more specifically with 
virus neutralization assays against the HA subtype in question. 
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RESULTS AND DISCUSSION 

Reassortment in ducks is frequent, and occurs 
between co-circulating viruses 
Genic shift, or reassortment following co-infection, allows for IAV to rapidly 
change genotype and, in the case of antigenic shift, phenotype. Given a 
coinfection with two IAVs, each with 8 segments, 256 different progeny are 
possible, generating significant viral diversity. This diversity, in turn, 
facilitates rapid evolution under selection pressure, such as adapting to new 
host environments, evasion of host immune response, and acquisition of 
resistance to antiviral drugs (Steel and Lowen 2014). IAV reassortment is 
pervasive in the avian system, and occurs at some frequency, but studying 
reassortment has proven to be a great challenge due to the large diversity of 
subtypes and lineages within all segments. Despite the abundance of 
waterfowl IAV genomes and genetic studies, estimates of frequency, patterns, 
and mechanisms driving reassortment are vague (Dugan et al. 2008; Bahl et 
al. 2013) (Figure 9). Our assessment of reassortment in an autumn season 
across multiple subtypes indicated a high rate, up to 56% of viruses share 
segment lineages (Paper I). Similarly, within the same subtype (H4N6) about 
50% of viruses within an autumn season have the same genome constellation, 
although this varies across years. This means that about 50% are genetic 
reassortants of the most common genome constellation (Paper II). Estimates 
this high would suggest that there is limited selective pressure on progeny 
viruses being shed in ducks (Marshall et al. 2013; Steel and Lowen 2014; Tao 
et al. 2014). We could further hypothesize that the unlinking of common 
genetic constellations (putatively with high fitness) should only be selected for 
if these new variants would have high fitness in the immune landscape – the 
population develops herd immunity following infection and new variants 
would allow for some level of escape. Experiments to date have demonstrated 
that there is limited effects on duration, extent and pattern of viral shedding, 
as well as on the reduction of infectivity in water over time of putative 
reassortants in comparison to viruses with common subtype linkages  
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Figure 10: Network analysis of genome constellations from 92 virus isolates whereby any four of six 
segments needed to be shared between constellations. Each circle represents a distinct genome 
constellation. The size of the circle is proportional to the number of times the constellation was present 
in the dataset. Lines between circles suggest that the constellations have partly shared genomes, where 
black lines indicate large similarities between constellations and gray lines less similarities. The levels 
of connection between constellations are included on the connectors, where the higher the level the 
more differences there are between constellations. The number of infections per day is plotted in the 
background in grey bars, with the highest number of infections per day being 10, and constellations are 
plotted in relation to time of isolation (modified from Wille et al, 2013, reproduced with permission 
from Virology). 

Figure 11: Genome constellations of H4N6 viruses isolated from wild ducks in 2006. Segments are 
presented in coloumns, and identical colours indicate that sequences for that segment are within 95% 
identity. Viruses genome constellations are presented horizontally, with segment order as follows: The 
antigenic segments H4, N6, NS, followed by the internal segments PB2, PB1, PA, NP, M. Viruses are 
ordered by date of sample collection, with the viruses collected earliest in the season at the top. 
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(Lebarbenchon et al. 2012). This would suggest that these viruses have equal 
fitness in the immunologically naïve host and environment.  To build upon 
current laboratory studies and our hypothesis, ducks should be challenged 
with different variants, but using both immunologically naïve and 
immunologically primed individuals. 

In Paper I, patterns of reassortment were dictated temporally; there was 
reassortment between viruses occurring within primary infections of the 
sentinel ducks, and within secondary infections, but no signs of carry over of 
constellations between primary and secondary infections (Figure 10). This 
suggests that reassortment occurs between viruses circulating simultaneously, 
particularly during periods of heavy viral load in the host reservoir population 
(Paper I). This is not surprising as it is co-infections that lead to reassortment, 
and based on studies examining superinfection, the optimal time window for 
reassortment is a superinfection 6-18 hours following initial infection 
(Marshall et al. 2013). We didn’t find that subtype was a major driver of 
reassortment in our system, despite the importance of signal matching 
(Marshall et al. 2013) suggesting high compatibility between lineages and 
subtypes of avian IAV. 

What governs long-term maintenance of certain 
subtypes? 
An early concept in IAV evolution is that avian IAVs are in “evolutionary 
stasis”, in that the evolutionary arms race between host and virus was less 
intense in avian systems, resulting in little selective requirement to repeatedly 
fix amino acid changes that evade the immune response (Suarez 2000; Chen 
and Holmes 2006). While the hypothesis of evolutionary stasis has been 
refuted based on results of genetic studies, this is based on early observations 
of predictable patterns of subtype presence and dynamics. For example, a 
study of ducks in Alberta between 1976-1990 found that H3N8 and H6N2 
were isolated annually, and patterns of infection and frequency were similar 
between years (Sharp et al. 1993; Sharp et al. 1997). Furthermore, these two 
subtypes are found to dominate most waterfowl study sites in North America, 
and have done so since 1976 (Bahl et al. 2009; Wilcox et al. 2011; Bahl et al. 
2013). In Europe H4N6 and H6N2 fill that niche (Munster et al. 2007; 
Latorre-Margalef et al. 2014). Given the population of ducks being studied, it 
is reasonable to assume some level of herd immunity. From a population 
level, it has been demonstrated that ducks have within-season homosubtypic 
immunity, that is, given they are infected with a particular subtype they are 
unlikely to be reinfected by the same subtype (Latorre-Margalef et al. 2013). 
But, even more interestingly, from sentinel ducks, it has been demonstrated 
that they are unlikely to be reinfected with the same subtype across seasons 
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(Tolf et al. 2013a). Thus, even with an input of immunologically naïve 
individuals, it would seem unlikely that the same subtypes would dominate for 
decades. This begs the question, which genetic features allows for common 
subtypes to be maintained in the population at a high prevalence, annually? 

Figure 12. H4 IAVs are isolated at high frequency and proportion to other subtypes from Mallards 
sampled at Ottenby Bird Observatory. 

H4N6 viruses have been isolated at high frequency from our study site since 
the initiation of IAV screening in 2002 (Figure 12). Based on not only 
screening data, but also genetic data, H4N6 infection has the characteristics of 
an outbreak in the population – these viruses are detected during a short time 
period at very high frequency, and about 50% of the genome constellations 
are identical across individuals. However, these common constellations are 
rapidly unlinked due to reassortment, as discussed above. Phylogenetic trees 
of each segment illustrate a recent common ancestor for circulating Eurasian 
sequences, however, diversification has resulted in a number of different 
genetic lineages. These lineages have different patterns of maintenance and 
turn-over given different segments (Figure 13). There is, however, one 
instance of a genetic sweep across all segments, that is all segments have 
simultaneous turn over which coincides with the turn-over from NS A to B 
alleles. This sweep did not drive the extinction or fixation of any alleles. Thus 
maintenance is an interplay between diversification, resulting in a number of 
different genetic lineages, and reassortment which allow for the turn-over of 
segment lineages independently to create novel genetic constellations.  

Whether these genetic features correspond to antigenic features is uncertain, 
but for lineages to be maintained, and be present at different frequencies 
between years, suggests some type of virus advantage (Paper II). Support for 
putative antigenic change following genetic lineage change is demonstrated in  
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Figure 13: Maximum credibility clade trees of the (a) H4 and (b) N6 segments. Taxa colour 
corresponds to year; black taxa are sequences from GenBank. Sequences from GenBank forming 
individual clades that do not include Ottenby sequences have been collapsed. Node bars correspond to 
the 95% highest posterior density interval (HPD) on the root height. Scale bar represents time in years. 

the study of H3 viruses in Paper III, as even ducks with H3 neutralizing 
antibodies can be infected with H3 viruses. We propose that the vaccine 
strain isolated in 2010 is distant enough from the circulating H3 viruses in 
2013 to allow for immune escape (Paper III) (Figure 14). The HA and NA of 
these circulating H3s are only 95% similar, and the NS is of a different allele. 
This reflects the general trends demonstrated in the H4 viruses. In human 
influenza, H3N2 has been maintained since the Hong Kong pandemic of 1968 
(Scholtissek et al. 1978) and detailed genetic and antigenetic analyses have 
been undertaken to demonstrate maintenance, despite strong vaccine 
pressure. It has been eloquently shown that is that genetic change is gradual, 
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but antigenic change is punctuated and is the result of amino acid changes 
adjacent to the receptor binding site of the HA proteins (Smith et al. 2004; 
Koel et al. 2013). Thus, the next pivotal step in understanding IAV dynamics, 
especially pertaining to subtype maintenance, is linking genetic features with 
antigenic change. 

Interplay between Mallard immunity and influenza 
A virus immune escape strongly affects patterns of 
homo- and heterosubtypic immunity 
A feature of avian IAV is not only that there is great diversity of IAV 
subtypes and lineages, but also that these circulate in a host population 
simultaneously. The evolutionary model under which these HA evolve, and to 
a lesser degree NA and NS, is still unclear. Some HA subtypes seemed to have 
evolved under a model similar to allopatric speciation in that there are 
geographical or host species barriers, such as H15 in Australia (Rohm et al. 
1996) and H13/H16 in gulls (Hinshaw et al. 1982; Fouchier et al. 2005). Other 
subtypes evolve under a sympatric model, according to which there are no 
geographical or host species barriers and therefore natural selection has 
enforced speciation: the current circulating subtypes likely represent fitness 
peaks in an adaptive landscape shaped by immunity, specifically cross-
immunity (Dugan et al. 2008). Cross immunity, or heterosubtypic immunity, 
constantly inhibits branching by natural selection against mutants that are 
related to previously successful variations (Grenfell et al. 2004). While this is 
an eloquent theory, there is yet limited empirical evidence to assess the 
presence and strength of both homo- and heterosubtypic immunity against 
IAV in wild birds systems. A recent study from our study site assessed 
infection histories of 7728 Mallards and demonstrated that within an autumn 
season ducks had a low probability of being infected by the same subtype 
following infection clearance. Further, ducks had a lower probability of being 
infected by a closely related HA subtype within the same HA group (Latorre-
Margalef et al. 2013). Unlike the Mallards at Ottenby, heterosubtypic 
immunity doesn’t seem to explain patterns of IAV in Ruddy Turnstones in 
Delaware Bay (Brown et al. 2014). Laboratory studies offer a more targeted 
approach, but thus far have focused on H5 and H7; the relationship between 
low and high pathogenic strains and cross protection offered by vaccines 
(Fereidouni et al. 2009; Costa et al. 2010; Fereidouni et al. 2010; Costa et al. 
2011). Further, evidence of homo- and heterosubtypic immunity across these 
studies is not conclusive. There are two caveats of these laboratory studies: 
experimental infection often involves challenging ducks with a surplus of 
virus, thus inducing infection, regardless of whether or not it reflects natural 
infections. Second, experimental animals are only challenged with a single 
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subtype, which similarly does not reflect the reality of the natural system. 

In our study (Paper III) we wanted to assess the role of homo- and 
heterosubtypic immunity in IAV infection dynamics. To combat the 
drawbacks of previous studies we used a natural-experimental system by 
placing vaccinated birds in a duck trap, to allow natural infection by their 
conspecifics with a diversity of subtypes. To account for the uncertainty in 
natural systems, we had two groups, which were vaccinated with distantly 
related HA subtypes. We hypothesized that if homosubtypic immunity were 
present, groups would not be reinfected with the subtype to which they were 
exposed by vaccination. Heterosubypic effects would be a deficit, or 
decreased infection intensity, of phylogenetically related subtypes. Despite 
one group being vaccinated with H3 (strain isolated in 2010), all ducks were 
rapidly infected by H3, demonstrating no homosubtypic immunity (Figure 
14). The H3 group did have a raised immune response (by anti-NP ELISA), 
and H3 neutralizing antibodies were present in some ducks prior to placement 
in the trap. Sequencing of H3 viruses circulating in 2013 demonstrate a   

Figure 14: There is no difference in infection histories for ducks vaccinated with H3, H6 or sham 
vaccines. Individuals are along the Y-axis, and represented by a schematic of a duck. The colour 
corresponds to the experimental group: yellow H3, red H6, black sham. Time is along the X-axis, 
where each day of the experiment is identified by the date, in the year 2013. While spaces indicate the 
duck was negative by real-time PCR, grey indicates positive by real time PCR but isolation was not 
successful, and coloured boxes indicate the isolated subtype.  
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genetic difference in the HA, NA, and a different NS allele (Figure 15). We 
hypothesize that these differences confer enough antigenic change to allow for 
immune escape. Furthermore, following intense infection with H3, ducks did 
not develop high titers of anti-H3 neutralizing antibodies. This is in contrast 
to H10, where all ducks developed H10 neutralizing antibodies, and H6, 
where ducks challenged with a vaccine had high levels of H6 neutralizing 
antibodies. Thus, we further hypothesize that ducks may not develop efficient 
antibodies against H3, however further experiments need to be conducted to 
confirm this. The results of this study open some interesting avenues for 
future studies. First, reassessing the central questions and hypotheses of this 
study using different subtypes, and using infections rather than vaccines. 
Second, to better understand immune escape, the relationship between genetic 
and antigenic changes in viruses needs to be characterized. Finally, focusing 
on the lack of a robust immune response to these European H3 viruses and 
more work on the Mallard immune response in general. 

Figure 15: Maximum Likelihood Tree of the HA, where the vaccination strain only has 95.7% identity 
to the H3 viruses circulating during the experiment. Viruses isolated during the study are indicated 
with a circle, where a yellow circle indicates the sample was taken from a duck in the H3 group, red 
H6 group, and black sham control group. Neutrilization strains are indicated in bold. Tree is rooted, 
with the North American clade as an outgroup. Scale bar indicates number of substitutions per site. 
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Mallards and flu: are other viruses affecting 
observed dynamics in this system? 
Simultaneous infection of a host with multiple parasites is the rule rather than 
the exception (Bordes and Morand 2011). Yet, most investigations consider 
only a single disease agent, and even when screening for multiple 
microorganisms are incorporated, their interactions are rarely investigated. For 
example, thus far at our study site (including this body of work), research has 
focused almost entirely on IAV (Paper I-III, V). However, numerous different 
viruses, bacteria, fungi, and parasites have been catalogued in Mallard 
(Wobeser 1997; Hubalek 2004). In Paper IV we assessed the natural history 
and interactions of avian paramyxovirus type 1 (APMV-1), avian coronavirus 
(CoV) and IAV; APMV-1 and CoV have been assessed or detected in 
Mallards previously (Muradrasoli et al. 2009; Tolf et al. 2013b). CoV 
prevalence is high (up to 12%), and follows a similar bimodal pattern of 
prevalence to IAV in 2011. APMV-1 follow a different pattern, wherein it is 
largely absent from Ottenby until late in the season. Intriguingly, not only is 
the virus present in the study site before the prevalence peak (at 2%), many of 
the ducks that become infected had been at the study site for some time prior 
to becoming infected (Figure 16).  

Figure 16: Seasonal prevalence trends for three viruses in a Mallards utilizing Ottenby as a stop over 
location. (Wille et al, 2015, reproduced with permission from Infection, Genetics and Evolution). 

Interactions between these viruses may play a role in the observed disease 
dynamics which may range from inhibitory to facultative. Indeed, there is a 
synergistic relationship between CoV and IAV, where in given infection with 
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IAV the prevalence of CoV in the population is higher. As little is known 
about the biology and aetiology of these avian CoVs, it is difficult to 
ascertain why this relationship exists. What is important to consider, 
however, is that due to high prevalence of IAV in the Mallard populations, 
all other viruses must be able to succeed given IAV infection and the 
immune response of the host to IAV infection. Further, despite being 
infected with three different viruses, none of the Mallards had any signs of 
infection. As Mallards occupy the interface between humans, poultry, and 
wild birds, it is imperative to better characterize the virodiversity to better 
anticipate disease risks. 

Revisiting a dogma in influenza A virus research: 
positive oropharyngeal swabs are not indicative of 
respiratory infection 
Early work demonstrated that LPIAV viruses preferentially infect the 
epithelium of the lower gastrointestinal tract and are shed predominantly 
through the feces (Webster et al. 1976; Slemons and Easterday 1978; Webster 
et al. 1978), unlike HPIAV, which replicates preferentially in the respiratory 
tract (Keawcharoen et al. 2008; Bröjer et al. 2009). Therefore, the best sample 
choice for LPIAV virus surveillance is the cloacal swab. However, due to the 
detection of LPIAV in both oropharangeal and clocal/fecal swabs and 
surveillance for HPIAV in wild birds, the utility of oropharangeal swabs have 
been reintegrated into sampling regimes. Further, the assumption that virus-
positive oropharyngeal swabs represent respiratory tract infection has been 
introduced to the literature (Ellström et al. 2008; Hoye et al. 2010; Gaidet et 
al. 2012; Ip et al. 2012; Krauss et al. 2012). Support for this assumption is that 
receptors for LPIAV, α2,3 sialic acid receptors, are distributed not only in the 
gastrointestinal tract, but also in the respiratory tract of Mallards (Jourdain et 
al. 2011; Costa et al. 2012). However, to date there is no evidence that wild 
birds are naturally infected in the respiratory tract. Despite positive results by 
rRT-PCR, and the isolations of viruses from position samples, Mallards 
included in our study were not infected in the respiratory tract, asasssed by 
immunohistochemistry. An alternate hypothesis to respiratory tract infection is 
that these waterfowl are filtering, hence concentrating, virus in the 
oropharyngeal and nasal cavities while dabbling, and that we are detecting 
contamination from the environment in these cavities, as opposed to infection 
(Paper V). The continued collection of oropharyngeal swabs are useful for 
describing the diversity of influenza A viruses in the waterfowl reservoir, and 
are important as a detection system for HP H5N1 virus, which does replicate 
preferentially in the respiratory tract. However, increased detection rates using 
this sample collection route should not be interpreted as increased detection of 
infected individuals, and certainly not as individuals infected in the 
respiratory tract. 



35 

CONCLUSION: VIRUSES ON THE 
WING 

The incursions of novel HPIAV H5N8 in Europe, and H5N2 in North 
America (Verhagen et al. 2015) demonstrate the propensity of IAV to move 
spatially, on the wings of birds. Given the public health concerns of HPIAV, it 
is important to consider that these viruses originate from LPIAV, which are 
prevalent and circulate asymptomatically in their natural reservoir, dabbling 
ducks. Despite being the focus of research, rather intensively since 2005, there 
are still fundamental questions to be addressed, and topics to be revisited. In 
this thesis I aimed to address questions pertaining to IAV genetic structure, the 
interplay between IAV and host immunity, as well as IAV and other viruses 
occupying a similar niche within the host environment. Finally, I revisited a 
fundamental question concerning infection in Mallards.  

As highlighted, reassortment is an important component in IAV genetic 
structure. This is pervasive, and viruses share segments across subtypes co-
occurring during the same time frame. This pervasive reassortment must 
provide some type of selective advantage, as it is unintuitive that common 
constellations (presumably with high fitness) would be unlinked as rapidly as 
seen in nature. To address this, the relationship between genotype and 
phenotype need to be assessed, as eloquently done in human influenza. Better 
understanding of the phenotype will allow us to better understand the 
interaction between the virus and the host immune response, as highlighted in 
our study assessing homosubtypic immunity. It would be naïve of us to 
believe that IAV occurred in isolation; this thesis has demonstrated that not 
only do other viruses co-occur, there may be facilitation affecting observed 
dynamics.  

Ducks are rather incredible organisms in that they harbor a diversity of viruses 
that do, or are closely related to, viruses that cause morbidity and mortality in 
poultry. The three viruses assessed in this thesis are probably the “tip of the 
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iceberg” in terms of virodiversity. Anthony et al (2013) assessed the viral 
diversity in Indian Flying Fox (Pteropus giganteus), a species of bat, and 
determined that there are likely 32,000 viruses to be discovered in mammals. 
Viruses are interacting on the host landscape, modulating the immune 
response and competing (or cooperating) for resources, and thus steps to better 
characterize the diversity of the microorganisms in birds, especially Mallards, 
is a key step for the future. 
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