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Abstract
Genomic Approaches to Virus Discovery and Molecular Epidemiology

Sarah C Hill, Doctor of Philosophy, Trinity 2017

Viral sequence data has great potential for answering questions about the epi-
demiological dynamics and evolution of viruses. Classical approaches have sought
amino acid changes that alter pathogenesis or transmissibility by influencing a virus’s
ability to enter or replicate within cells. However, this approach rarely recognises
the fundamental impact of heterogeneous host contact structures and existing im-
munological responses on viral transmission. This thesis draws heavily on ecological
and immunological concepts to explore the epidemiological dynamics, diversity and
evolution of viruses using molecular sequence data.

A number of different research approaches and study systems are used in this
thesis. I begin by describing a novel polyomavirus in a European badger, and apply
phylogenetic techniques to analyze the evolutionary history of the Polyomaviridae. 1
subsequently describe a large metaviromic study in a population of wild mute swans,
for which host demographic data are available. I describe nine new viral species
and test whether age and season are associated with differences in abundance and
prevalence of different viral taxonomic groups. The study highlights the potential of
metaviromics for investigating viral epidemiological dynamics in natural populations.

Influenza A viruses of avian origin (AIV) threaten human and animal health. Us-
ing phylogeographic methods, I reconstruct the spatial spread of an H5NS virus at
a regional scale, and investigate how bird density and migration shaped this disper-
sal. Despite the importance of acquisition of humoral immunity to different strains
throughout the lifespan of wild birds for epidemiological dynamics, this topic is poorly
understood. I assess the accumulation of immune responses to AIV with age in mute
swans. [ consider how ecological factors, including age-structured immunity, might

have affected the epidemiology of an H5NS& outbreak in the population.
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Chapter 1

Introduction

1.1 Viral diversity and the effects of ecological pro-

cesses on viral epidemiology and evolution

1.1.1 Viral diversity and evolution

Viruses are probably the most diverse and most abundant replicative entity on the
planet [426, 427]. We have no robust picture of how many different viruses are
present across all global ecosystems, but we can be confident that the number is
staggeringly large and vastly exceeds the several thousand viral species that have
thus far been discovered and named. The host-species of currently identified viruses
suggest that certain types of virus are more likely to occur in certain orders of life.
Bacteria, for instance, appear to be far more commonly infected with dsDNA viruses
than eukaryotes [304]. The distribution of viral diversity throughout different host
ecosystems is far from clear.

The huge diversity of viruses and their evolutionary success results in part from
their ability to rapidly replicate and undergo genomic change through mutation or
recombination. Burst size (i.e., the average number of virions released during lysis of
a cell following lytic infection) and replication time vary among virus species, but a

virion that infects a single host cell can produce up to tens of thousands of progeny



within hours or days [517, 64]. Viruses, particularly RNA viruses that replicate
using RNA-dependent RNA polymerases that lack proof-reading capabilities, have
mutation rates that can be six orders of magnitude higher than the mutation rates
of the hosts that they infect [111, 174]. Whilst viral mutation is the primary driver
of the population level diversity that forms the substrate for natural selection, viral
recombination that occurs through template jumping of polymerases between different
viral genomes in a co-infected cell, or through reassortment that occurs when different
segmented viruses infect a single cell, can also generate novel combinations of existing
viral diversity. The continual generation of diversity and rapid rate of replication allow

viruses to evolve rapidly in response to selective pressures.

1.1.2 Ecological processes shape viral epidemiology and evo-

lution

The epidemiology and evolution of viruses are inextricably tied to the ecological land-
scape through which that virus is able to transmit. Evolutionary theory predicts that
virus lineages should evolve traits that maximise the number of copies of that virus
over long periods of time. Viruses are obligate intracellular parasites that lack the
ability to replicate outside of a host cell. For a viral lineage to proliferate and survive,
it may evolve traits that maximise its ability to encounter and enter a continual sup-
ply of new cells within an existing host organism and, ultimately, to allow effective
transmission to a new host organism. Both host immunity and contact structure are
thus critical in shaping the long-term evolution of epidemiologically important viral

traits, including virulence and modes of transmission [144].

1.1.2.1 Contact structure

Contact structure between hosts includes when and how often contact occurs, what
type of contact occurs and between which hosts. For many viruses, including all blood-

borne and sexually transmitted pathogens, transmission is only possible through spe-



cific forms of direct contacts between infected and susceptible hosts. Network-based
models of infectious disease transmission predict that network modularity, number
of nodes (hosts), and degree of each node (number of contacts that each host has),
can all affect how a virus is likely to transmit once it is introduced to the network
[83]. Contacts between hosts in a network can be influenced by whether virulence
of the pathogen (i.e., the ability of that pathogen to damage the host) significantly
affects whether contact is more or less likely to occur. It has been theorised that
viruses that rely primarily on direct transmission may evolve lower virulence than
viruses that rely primarily on indirect transmission [123], because direct transmission
relies heavily upon behaviours that are energetically demanding for the host, such as
fighting or sex.

The existing contact structure of the host has huge capacity to shape transmission
of a pathogen. For example, infection with simian immunodeficiency virus (SIV) has
been repeatedly shown to be more common in adult African green monkeys than
juveniles, and more common in females than males [207, 274]. Sex-based differences
in prevalence are presumably an effect of higher variance in number of mating contacts
in males than in female in the monkey’s polygynous mating structure, in which non-
dominant males are prevented from mating [440]. For indirectly transmitted disease,
such as vector-borne viruses or respiratory viruses, pathogen transmission is no longer
rigidly tied to specific direct contact patterns, yet host behaviour and ecology still
critically influence observed patterns of virus evolution. For example, host population
size critically determines whether measles is likely to persist in a population without

reintroduction from outside [406, 19].

1.1.2.2 Immunological landscape

The availability of susceptible hosts within an existing contact network is a fundamen-
tal driver of how transmission occurs through that network. The extent to which a
host is susceptible to infection upon exposure with a virus results from immunological

protection as a result of previous exposure to an antigenically similar pathogen, and



the physiological ability of the host to mount an effective immune response. Suscep-
tible hosts accumulate through the entrance of new naive hosts into the population,
for example, through birth or through antigenic evolution of the virus.

The effect of age and sex on the physiological aspects of the immune-function is
extremely complex, and likely to vary by species according to the typical life history
of that species. Infectious diseases progress slower and cause fewer fatalities in fe-
males across a wide range of mammalian species [135, 225, 448]. This paradigm is
often attributed to the evolutionary benefit of males channeling energetic resources
to mating efforts at the expense of immune defense [418], via the proximate mech-
anism of immunosuppressive effects of sex hormones such as testosterone [135, 418].
A general decline in immune function with age is documented for many animals, in-
cluding humans and certain birds [172, 242]. Elderly humans show reduced ability
to establish immunological memory to novel antigens and decline of the adaptive im-
mune system, which increases the risks associated with infection in the elderly by
three-fold compared to young adults [505]. Other factors such as immunosuppression
as a result of infection with viruses which target the immune system, such as HIV
which destroys lymphocytes, can also affect the host’s ability to mount an effective
immune response.

Immunological memory of specific encountered antigens is formed in vertebrate
hosts as part of the adaptive immune response, such that particular antigens can
be targeted more rapidly upon secondary than primary exposure. For viruses such
as measles, against which permanent immunity typically follows primary infection
[475], the gradual accumulation of naive individuals through their birth leads to
cyclic dynamics of large outbreaks that cause the development of immunity in most
of the population, followed by troughs in prevalence during which the number of naive
individuals gradually accumulates again before the next outbreak can occur [74].

Acute viral infections such as measles are often associated with rapid viral repli-
cation, followed by elicitation of host immune responses that result in viral clearance

and induction of long term immunity to the encountered viral antigens in the host.



Many viruses have evolved strategies that allow them to circumnavigate the potential
problem of running out of susceptible hosts, including rapid antigenic evolution or
establishment of long term, chronic infection of the host. For viruses such as avian
influenza virus, the rapid rate of antigenic evolution means that hosts can be rein-
fected with the same strain within a few years of primary infection because antibodies
developed against the primary infection are no longer capable of recognizing the virus
[400, 478]. Cross-reactive responses can result in immune-mediated competition be-
tween different strains or species. Such competition has been proposed for subtypes
and strains of avian influenza, in which subtype success is dependent on the degree
of circulation of other subtypes in the population [238, 483].

Some viruses have evolved the ability to persist for long periods in a single host
through effective evasion of the host immune system. This strategy can a small num-
ber of hosts to serve as reservoirs for a larger population, or can allow high viral
prevalence in a population despite a relatively low rate of new infection. Persistently
infecting viruses require a smaller critical community size (the minimum size of a
population in which an infection can persist indefinitely [20]) than viruses that only
cause short term, acute infection. There are two main non-exclusive strategies that
can result in viral persistence, including continuous replication or establishment of
latent viral infection. Continuously replicating viruses successfully evade host im-
mune responses through continual production of extensive new antigenic diversity.
Whilst the presence of the infection is detected by the host immune system and many
virions are immediately neutralised, virions with antigens that are novel to the host
immune system may evade immediate immunological detection, which leads to ongo-
ing proliferation and evolution of the viral infection in the host in response to immune
selection. In contrast, some viruses that establish persistent infection often endure
by minimising detection by the host immune system. This can be achieved through
a variety of strategies, including low levels of expression of viral antigens, infection
of immunologically privileged sites, and/or by direct modulation of the immune re-

sponse of the host. Viruses can lie dormant within cells in latent infection, reducing



or minimising the production of viral proteins that may be recognised by the im-
mune system. Spread of the virus beyond the latently infected cell can be achieved
by periodic reactivation of gene expression and the lytic cycle of viral replication. A
classic example of a latently infecting virus is herpes simplex virus, which selectively
expresses certain viral genes and can infect cells in the immunologically privileged
nervous system [189]. For viruses that rely heavily on vertical transmission in order
to be sustained in a host population, formation of persistent infection in an infected
newborn allows the virus to be sustained until the host reaches reproductive age, at
which point the virus can be transmitted onwards. Viruses that rely heavily on this
mode of transmission including bovine diarrhea virus and hepatitis B virus (HBV)
[264, 340]. Bovine diarrhea virus currently appears to be unique among viruses that
cause persistent infection in that it establishes persistent infection following vertical
transmission by infecting the foetus early enough that the foetus develops immuno-

tolerance to the virus [340].

1.1.2.3 Seasonal drivers

A consequence of this reliance of transmission on host ecology, immunity and be-
haviour is that seasonal changes in any of these traits in the host can also drive
seasonal waves of peaks in viral prevalence. Co-ordinated breeding of certain animals
at a particular time of year leads to sudden leaps in the number of immunologically
naive hosts (for example, rabies in bats [419] and raccoons [112]). Alternatively,
for vector-borne viruses such as Zika virus [126], seasonality determines the number
of available vectors that can transmit disease between hosts. Seasonal changes in
host sociality, such as gathering during breeding or because of changes in food or
water availability, affect host-density and the number of contacts between different
hosts. In humans, such seasonal changes include the oft-cited effect of school terms
on increasing measles outbreaks in children [133]. Climatic conditions associated with
particular calendar periods can help to drive seasonality of infection by causing differ-

ences in viral persistence in the environment or in the ability for viruses to transmit.



Avian influenza A viruses retain infectivity in the environment for longer periods in
colder and more humid conditions [82, 271]. Flooding caused by monsoons or ex-
treme weather has been associated with an increase in diarrhoea cases caused by the
water-borne rotavirus [164, 280]. Host-susceptibility to infection is not well-explored,
but modulation of the immune-system in response to energetic channeling towards

reproduction or elsewhere might also cause seasonal differences in viral transmission

[107].

1.2 Molecular biological and phylogenetic tools for
studying viral diversity and diversity

The premise of this thesis is that the processes that determine viral epidemiological
dynamics and the long-term evolution of viral diversity can, and should, be explored
by studying viral distribution and transmission in natural ecological settings, in which
heterogeneous contact patterns between hosts, competition between different viruses,
and pre-existing immunological responses are all present and can potentially interact.
There are several possible complementary approaches to studying genetic diversity
that can be used to meet this goal, including classical epidemiological approaches,
detection of immunological responses as a footprint of previous viral infection, and
approaches that are reliant on molecular genetics. Although this thesis draws on
traditional epidemiological and immunological approaches in Chapters 4 and 5, it
is centered around the fact that a rapid revolution in sequencing technology has
radically altered the ease with which viruses can be discovered and their evolutionary

and epidemiological patterns explored.



1.2.1 Viral sequencing
1.2.1.1 Classical approaches to virus discovery

The development of sequencing technologies has resulted in a dramatic shift in the
ease with which viruses can be discovered and their evolutionary and epidemiologi-
cal patterns explored. Prior to the development of molecular technologies to detect
viruses, viral identification was extremely laborious. The first discovery of a virus was
achieved in the late 19th century with the identification of tobacco mosaic virus. Un-
like bacteria, the causative agent of tobacco mosaic disease remained infectious upon
passing through the extremely small pores in Chamberland filters, was capable of dif-
fusing through agar, and was entirely unculturable - thus suggesting that the agent
was significantly different from previously known bacteria [243, 510]. At the turn of
the century, many important viruses were subsequently identified based on their abil-
ity to retain infectivity following passage through filters, including foot-and-mouth
disease virus, yellow fever virus and influenza A virus [273, 370, 413]. Key discoveries
in the mid 20th century, including the invention of the electron microscope and the
development of tissue culture methods, allowed the subsequent characterisation of
the physical structure and replicative cycle of different viruses (reviewed in [149]).
Early virus classification and identification was often aided by structures identified
via electron microscopy [5, 149, 300], to the extent that many viral taxonomic names
are derived from the Latin etymological roots of their electromicroscopic structures;
for example, astroviruses are named for their star-like shape (astro is derived from
the Greek word for star). The discovery in 1949 that poliovirus could replicate in cell
cultures [118] revolutionised virology by demonstrating that cultivation of viruses in
the laboratory could be comparatively cheap and convenient, and did not have to rely
on the availability of an appropriate, susceptible animal in order to grow the virus in
vivo. Since the 1950s, cell culture has remained a fundamental cornerstone of virol-
ogy, both for studying viral infectivity and pathobiology and for amplifying viruses

prior to crystallisation for electron microscopy or for subsequent genomic sequencing.



Traditional approaches to viral discovery using cell culture methods are limited,
in part because many viruses cannot yet be cultured [115]. The development of DNA
sequencing technologies and associated molecular genetic techniques, such as PCR,
have radically reshaped the way in which new, unculturable viruses can be identified,
with genomic identification rapidly outstripping any other form of identification of
new viruses. The history of the development of sequencing technologies is exten-
sively documented elsewhere, for example, by Heather and Chain (2016) [165], but
is reviewed very briefly here. The earliest widely adopted sequencing technology was
pioneered by Sanger in 1977 [377], and relied upon the principle of synthesis of a DNA
strand with dNTPs, followed by chain termination of a synthesising DNA strand with
labelled ddNTPs that lack the 3" hydroxyl group required for further DNA extension.
The second generation of sequencing technologies (sometimes termed “next genera-
tion sequencing”) retained the principle of sequencing by synthesis, but introduced
techniques in which huge numbers of sequencing reactions could be performed on
different molecules in parallel. These include the bead-based emulsion PCRs required
for 454 pyrosequencing, lonTorrent and SoLID, bridge-amplification processes utilised
in Illumina sequencing, and electronic detection systems that would allow the high
resolution, small scale detection of optical or pH changes resulting from base-addition
during synthesis. All second generation techniques are limited by length of sequencing
reads, which rarely exceed around 600bp. Between 2004 and 2010, the-per base cost of
second generation sequencing halved every 5 months [414], democratising large-scale
sequencing projects and resulting in a deluge of new genomic data. Third-generation
sequencing technologies, including single-molecule sequencing and nanopore sequenc-
ing are still relatively young, but promise to further revolutionise the capabilities of
genomic sequencing. The Oxford Nanopore MinlON technology, and other nanopore
platforms, represent a significant divergence from sequencing-by-synthesis, and in-
stead sequence single strands of DNA by detecting electrical changes as the strands
are channeled through pores in a charged plane. Although the error rate of the Min-

ION platform is still very high at a per-base level and therefore currently unsuitable



for many applications, ultra-long read lengths of >800kb can be achieved.

1.2.1.2 Virus discovery in the era of high-throughput sequencing

Classical approaches to viral discovery using molecular genetic techniques have re-
lied on sequence-dependent approaches, which use pre-existing information on the
genomic sequences of other, related viruses to design degenerate or specific PCR
primers that can amplify a range of sequences from a particular viral family or genus.
Depending on the degree of viral diversity contained within different amplicons, this
was followed by cloning of the amplicon into expression vectors in order to separate
specific viral variants followed by colony PCR and Sanger sequencing of individual
variants, or direct Sanger sequencing without cloning.

The rapid leap in sequencing capabilities over the past 15 years has heralded a
new era of metagenomics, in which high-throughput sequencing can be used to inves-
tigate naturally occurring microbial diversity without prior need for culture in cells.
Metagenomic studies can be classed into two groups; “shotgun metagenomics” and
“marker genome metagenomics”. The latter approach, sometimes also termed “meta-
genetics”, is commonly used for identification of prokaryote or eukaryote species in
a sample, as all prokaryotes and eukaryotes have conserved regions that can be am-
plified using PCR, (16S or 18S ribosomal RNA regions, respectively, for prokaryotes
and eukaryotes). Due to the absence of a universal genomic marker for all groups
of viruses, a meta-genetic approach of this kind cannot be used to characterise all
viruses in a sample. The earliest use of a metagenomics study specifically designed to
characterise viral diversity, or “metaviromics”, was a study that investigated seawater
samples [42]. The seawater study demonstrated that viral diversity in seawater was
extremely high and that most sequences (65%) had no significant sequence homology
to any other previously characterised virus or other organism. The finding that most
sequences were unlike any other known organism has been replicated in many subse-
quent studies across a wide range of sample types, including environmental samples

[40, 187, 41, 162).
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Although the relationships are not strictly linear [482], it has been estimated that
in gastrointestinal and marine environments there are 10-100 times more viral parti-
cles present than cells [290, 482]. The longest viral genome belongs to viruses from
the species Pandoravirus salinus, and, at 2.5Mb, is larger than certain bacterial or
archaeal genomes [343, 361]. Most viral genomes are several orders of magnitude
smaller than this [52]. Despite the ubiquity of viruses in the environment, the ex-
tremely small size of the typical viral genome means that, without enrichment for vi-
ral nucleic acid, any sequenced environmental sample of nucleic acid would be almost
entirely dominated by nucleic acids co-extracted from prokaryotes and eukaryotes.
Modern metaviromic approaches to detection and sequencing of viruses can be there-
fore be categorised as either sequence-dependent or sequence-independent, depending
on whether prior information about the genomic sequence of that virus is relied upon
during the enrichment process. Sequence-dependent approaches include probe-based
capture followed by high-throughput sequencing. Sequence independent approaches
almost always require enzymatic or mechanical enrichment of viral material by fil-
tration through small pore filters, centrifugation, density gradient centrifugation to
select for particular density particles, or nuclease treatments to remove unwanted host
or environmental nucleic acid. These methods are sometimes followed by molecular
amplification of viral material through amplification, such as in sequence-independent
single-primer amplification (SISPA) [363] or multiple displacement amplification us-
ing phi29 DNA polymerase. Although sequence-independent approaches are often
seen as less biased than sequence-dependent approaches, many stages in sequence-
independent approaches have the potential to introduce unintended bias towards par-
ticular components of a sample (for example, biasing the true proportions of virions
of different sizes in a sample towards smaller size virions through the application of
high centrifugation speeds [73, 441]).

Currently, the detection of viruses and reconstruction of whole viral genomes from
metaviromic data is a significant computational challenge for sequence independent

or metagenomic approaches. Classification methods that determine which virus, if
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any, is represented by each sequencing read (or contig) are a necessary step of many
sequence-independent pipelines. Classification methods most commonly rely on de-
tecting similarities between query sequences and sequences in an annotated reference
dataset, such as the NCBI GenBank nucleotide reference collection, using alignment
algorithms such as BLAST [6] or DIAMOND [49]. Alternative classification meth-
ods to similarity searching include classification techniques based on shared sequence
composition (k-mer distributions), for example, PhyloPythiaS+ [151, 286], PhymmBL
[38, 39] or Kraken [490]. These algorithms can be useful for classification of viral data
that are significantly divergent to known viruses [38].

Construction of whole viral genomes from metagenomic data can be completed
using reference based mapping if a template genome is already available, but de
novo assembly using either de Bruijn graph [89] or overlap consensus assembly tech-
niques must be performed if a closely related reference is unavailable. Both of these
approaches are computationally intensive. Overlap consensus assemblers are imprac-
tical to apply to large datasets, because contig extension relies on exhaustive pairwise
comparisons between all unassembled reads and existing contigs [369].

Beyond surveying existing diversity, the potential to use metaviromics to learn
about viral ecology and epidemiology in the wild is almost entirely untapped. Given
a population in which comparatively little is known about the types of viruses that
cause natural infections but for which behavioural or demographic data are available
for individuals, it should be possible to use metaviromic data to both discover new
viruses and subsequently infer patterns in prevalence by age, sex, social group or sea-
son that might provide insights into the drivers of viral spread in the population. Only
a handful of papers have ever explored the factors that affect viral presence in wildlife
using metaviromics. Temporal variation in viral infection has been investigated for
honey bees, although micro-arrays, rather than true metaviromics, were used to de-
tect the presence of infection [372]. A further metaviromic study has demonstrated
increased prevalence of simian immunodeficiency in adults and female monkeys [207],

as had been observed in previous studies. Geographic differences between animals
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at different sampling sites have been shown, with greater sharing of viruses between

macaques at the same site than at different sites [9].

1.2.2 Phylogenetic and phylodynamic tools for studying viral

epidemiology and evolution

As DNA sequencing and computational technologies have developed that can rapidly
generate and process large volumes of sequencing data, the availability of viral se-
quence data has dramatically increased. Phylogenetic analyses, which attempt to in-
fer genealogical relationships between species or individual viral strains, have proved
invaluable for exploring the evolution of different viruses and inferring important
epidemiological parameters related to viral transmission. The applications of phylo-
genetics for exploring viral epidemiological and ecological dynamics are extensive. At
the simplest level, differences in tree topologies can be used to explore viral genealogies
by providing evidence for host-viral codivergence or lack thereof [145], demonstrating
recombination or reassortment events, or helping to ascribe a novel virus to a particu-
lar taxonomic group [217]. Phylodynamic approaches exploit the fact that infectious
disease behaviour is jointly shaped by epidemiological, immunological and evolution-
ary processes, and that information about these processes can therefore be inferred
from phylogenies estimated from viral genomes [460, 152, 353]. Complex phylody-
namic models can be used to explore adaptation of viruses following host-switches
[27, 106], outbreak origins and spread [110, 439], or intra-host structuring of viral
populations [357].

Estimation of phylogenetic trees from an alignment of sufficiently closely related
sequences can be performed using multiple methods, including genetic distance meth-
ods, maximum parsimony, maximum likelihood and Bayesian methods [255]. Genetic
distance methods such as neighbor-joining require the creation of a pairwise genetic
distance matrix that is subsequently transformed into phylogenetic branch lengths

between pairs of sequences. Pairwise distance matrices are calculated using substitu-
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tion models that account for the effect of incurring different nucleotide or amino acid
substitutions at the same site. Using only the raw observed percentage of differences
between sequences (p-distance) would underestimate the number of substitutions that
has occured between two sequences, as it fails to account for the possibility of mul-
tiple substitutions occuring at the same site. However, the information on the exact
characters at each aligned site is discarded prior to tree construction using the evo-
lutionary distance matrix, and is not used to further assess support for ancestral
relationships between different sequences. Estimated neighbour-joining tree topology
is affected by the order of sequence addition [234], and a single phylogenetic tree is
produced that is not formally compared to other possible trees. Genetic distance
methods are therefore rapid, but are often considered inferior to maximum likelihood
phylogenetic estimation techniques. Maximum likelihood trees use similar given nu-
cleotide (or amino acid) substitution models to determine how likely a set of data are
given a particular tree topology, with the aim of comparing multiple trees and select-
ing the tree that generates the highest likelihood. Searching through possible tree
topology space is usually made faster through the use of topological rearrangement
approaches such as subtree pruning and regrafting or nearest neighbour interchange
[255]. For both maximum likelihood and genetic distance methods, confidence in the
tree topology can be assessed through resampling approaches, such as bootstrapping.
Bayesian methods estimate the posterior probability for a tree given a set of data
and prior support for certain parameters. Several algorithms can be used to esti-
mate the posterior distribution, including using Markov chain Monte Carlo methods
to converge on the set of trees with the highest posterior probability. Methods for
phylogenetic tree reconstruction are reviewed in detail elsewhere (for example, [255]).

Accurately characterising the viral transmission routes, date of introduction and
mode of transmission is important for efficient targeting of control and surveillance
methods during viral outbreaks. Determining routes and risk factors for virus trans-
mission has traditionally been achieved using classical epidemiological approaches, in-

cluding descriptive epidemiology, contact tracing, case-control methods and prospec-
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tive cohort studies [37]. Reliable estimation of transmission routes is typically depen-
dent on the availability of accurate data on host contact structures or using estimated
time and location of viral acquisition to assess plausible routes, yet such data are often
unavailable. This is particularly true for epizootics in wildlife, especially when the in-
fected species is highly mobile and non-terrestrial (such as migratory birds or aquatic
mammals), or when the infected species avoids humans, is highly camouflaged or noc-
turnal. Recent advances in genome sequencing and computational analysis present a
viable alternative to using classical epidemiological approaches to infer transmission
routes. The phylodynamic framework proposes that certain pathogens can mutate
so fast that the accumulation of new genetic changes in the genome can occur on
the same timescale as ecological changes in the environment of the pathogen. Hence,
phylogenies constructed using viral genomes can contain distinct signatures that are
jointly shaped by epidemiological, ecological and evolutionary processes.

Incorporating estimates of the evolutionary rate of a pathogen by making an
assumption of a molecular clock helps to calibrate phylogenies in terms of real calendar
time units [353], which is invaluable if inferences of the probable ecological drivers
are to be made from the phylogenetic reconstruction of that outbreak. For example,
molecular-clock reconstruction of avian influenza virus HSN8 [439] demonstrates that
the timing of introduction of the virus to new geographic regions was compatible with
viral carriage by migrating wild waterfowl.

Coalescent theory is an approach that directly links the rate at which branches
in a phylogenetic tree coalesce with population-level processes, including changes in
population size or structure, and evolutionary selection [255, 219]. Under certain
conditions, changes in the size of outbreaks and growth parameters such as the basic
reproduction number can be estimated from tree topology. Amongst other studies,
this has been used to show that HIV-1 group M underwent an explosive growth
in population size around 1960, correlating with a proposed increase in iatrogenic
transmission resulting from the introduction of unsterilised injections [127]. Estimates

of the basic reproductive number have been calculated from viral sequence data for
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viruses such as hepatitis C virus and Ebola virus [351, 410].

Inferring the spatial dissemination and transmission route of a virus is key to de-
signing effective intervention methods for ongoing or future outbreaks. Although max-
imum likelihood and maximum parsimony approaches are often used for estimation of
the geographic route of viral spread [256, 396], Bayesian approaches are particularly
amenable for inferring the spatial spread of a pathogen because geographic location
at ancestral nodes can be jointly estimated along with the tree topology whilst tak-
ing into account phylogenetic uncertainty, rather than being inferred on a fixed tree
topology after it has been constructed. Determining transmission routes can include
inferring the “transmission tree”, i.e., the history of direct transmission between spe-
cific individuals [77, 78, 291, 294, 506, 507|, or inferring more general movement of a
pathogen through geographic space or among host-species [114, 254, 253, 276, 408].
The effect of specific factors on geographic transmission between discrete locations
can be explicitly calculated using generalised linear models that parameterise move-
ment between locations as a function of specific factors such as geographic distance
or travel-time between locations [252]. This approach has been used to show the
importance of air traffic movement on the spread of avian influenza A virus [252])

and dengue virus [309].

1.3 Introduction to the ecology and epidemiology
of avian influenza virus

One virus that I focus on particularly throughout this thesis is avian influenza A
virus, and I therefore provide a short general introduction of the virus, its ecology
and its epidemiology here. Influenza A viruses are one of seven genera of segmented,
negative sense RNA viruses in the family Orthomyxoviridae. The family includes the
genera Influenzavirus A, B, C' and D, and the genera Thogotovirus, Isavirus and

Quaranjavirus. The genome of influenza A virus is composed of 8 segments that

16



encode the glycoproteins haemagglutinin (encoded by HA) and neuraminidase (NA),
the matrix proteins (a single segment encodes M1 and M2), non-structural proteins
(a single segment encodes NS1 and NS2), nucleoprotein (NP) and the proteins that
form the RNA-dependent RNA polymerase (including PB1, PB2, PA). Structurally,
influenza A viruses have a lipid membrane that is taken directly from the host cell
during viral budding, into which the HA, NA and M2 proteins are embedded. The
core of the virion consists of viral ribonucleoprotein that is composed of the genomic
RNA, the polymerase proteins and the nucleoprotein. Influenza viral diversity can
be generated from three different processes, including recombination, mutation and
reassortment (in which genomic segments originating from different virions in the
same genus can be shuffled upon reinfection of the same cell to generate new genomic
combinations of progeny, 1.1).

The replication strategy of influenza A virus has been reviewed extensively else-
where (for example, [494]), but is briefly summarised here. The HA protein of in-
fluenza A virus binds to sialic acid that is present on the surface of host cells. Different
HA proteins show preferences for binding to sialic acids that have different chemi-
cal linkages. The distribution of these sialic acids varies according to host or tissue
type, so the specific HA protein can therefore strongly influence the host specificity
or pathogenicity of the virus. Following binding and endocytosis into the cell, low
pH in the endosome initiates a conformational change in the HA protein that allows
the viral membrane to fuse with the endosomal membrane, and allows release of the
viral ribonucleoproteins into the cell. The ribonucleoproteins are transported to the
host nucleus. In the nucleus, the viral RNA-dependent RNA polymerase synthesises
positive-sense mRNA templates for viral protein synthesis by host ribosomes within
the cytoplasm and cRNA that is used as a template for transcription of new viral
genomic RNA. The HA, NA and M2 proteins are transported to the host cell mem-
brane, genomic RNA and assoicated proteins are packaged into the new virion, and
the virus buds from the cell membrane. Initially, the new virion remains still bound

to the host cell due to the binding of HA with sialic acid present on the cell surface.
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Reassortment:

Two different viruses enter the body:

New ‘H1N8’ virus released from that cell:

HA1

N8

Figure 1.1: Generation of influenza A viral diversity via reassortment. Reassortment
and selection acting on spontaneous mutations are the main drivers of new viral
diversity for influenza viruses. Note that, whilst one reassortant virus is show here,
theoretically reassortment between two different viruses could produce up to 256
different viral genotypes.
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The NA protein possesses sialidase activity that removes sialic acid from the host
cell, therefore allowing viral release from the cell surface.

As well as the main avian reservoir host, influenza A viruses can infect a wide
variety of different animals, including pigs, horses, dogs, bats [445, 446] and humans.
Influenza A viral dynamics in humans and birds are fundamentally different. Influenza
A viruses can be subtyped on the basis of its two of its segments; the surface antigens,
HA and neuraminidase NA, of which there are currently 18 and 11 different recognised
forms, respectively. In human populations there is limited co-circulation of different
subtypes, such that most human infections observed at any one time are all caused
by the same subtype. Circulating subtypes gradually accrue genomic changes that
may result in antigenic change as part of a process known as “antigenic drift”. In
this process, certain random mutations in the viral genome are selected for because
they result in variants of the strain that has antigens that are not recognised by host
antibodies. Continual antigenic change of the viral strain during its circulation in
the population results in the ability of a human host to be infected by the same viral
lineage multiple times, as immunity gained during an earlier infection of a virus from
that lineage may not be specific enough to neutralise antigenically newly evolved
strains. Every 10-50 years, the predominant circulating subtype is replaced by a
different subtype (“antigenic shift”). In the past 100 years, there have been at least
four major shifts of the dominant subtype, between HIN1 (1918-1957), H2N2 (1957-
1968), H3N2 (1968-present) and a reintroduction of HIN1 in 1977 and 2009 [484]
that is currently circulating with H3N2. These antigenic shifts are often associated
with major pandemics due to immunological naivety of the majority of the global
population to the new subtype.

The viral epidemiological dynamics in birds are very different to those in humans.
Waterbirds, particularly Anseriformes (ducks, geese and swans) and Charadriiformes
(waders, gulls and auks) represent the primary natural reservoir hosts of avian in-
fluenza A virus (AIV) [137]. The virus has been detected in at least 100 species

from more than 25 families of bird [137, 411]. In birds, multiple different subtypes
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co-circulate contemporaneously. The HA and NA segments can co-circulate in six-
teen and nine forms respectively in aquatic birds [137], and therefore possible subtype
diversity is significantly higher than that in humans, where only three HA types (H1,
H2, H3) have ever been observed to cause very large scale human outbreaks. Some
antigenic types are not detected evenly across all avian species that harbour AIV,
especially H13 and H16 that are almost exclusively detected in gulls and other shore-
birds [136, 208, 314]. Because the co-circulating diversity is much higher in birds than
in humans, reassortment between subtypes occurs far more commonly in avian hosts
than in humans.

AIV can be further described of as highly pathogenic (HPAI) or low pathogenic
avian influenza virus (LPAI) based on the clinical phenotype in chickens. The HA
protein is synthesised as a precursor HAO, that must be post-translationally cleaved
into HA1 and HA2 subunits in order to mediate binding of the virus to host cells and
fusion with endosomal membranes [415]. Low pathogenic AIVs can only be cleaved
by trypsin-like proteases that are present in the respiratory or gastrointestinal tracts,
thereby causing relatively localised infection. Although there is some evidence for
differences in feeding and migration behaviour and reduced bodyweight upon infection
with common influenza viruses [231, 239, 454], LPAI viruses do not appear to cause
mortality or severe disease in birds. Most infections that occur in birds are caused by
LPAI virus. However, LPAI H5 and H7 subtypes can sometimes gain multiple basic
amino acids at the HA cleavage site through substitution or mutation. This allows
the HA protein to be cleaved by proteases found in most cell types and hence the ATV
can infect cells throughout the host, causing widespread infection that often results
in high mortality rates [35, 417, 461]. Prior to 2005, most HPAI infections have been
believed to cause little disease in aquatic birds with few exceptions [494]. The GsGd
(A/goose/Guangdong/1/96) lineage of H5 viruses that I focus on in more detail in
Chapters 3 and 6 appears to have become a clear exception to this rule. In 2005, an
outbreak of H5N1 of this lineage killed more than 6000 wild birds at Qinghai Lake,

China. Since then, this virus and reassortants of the subtype has spread widely and
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been associated with thousands of deaths of wild birds globally [439].

Most infections in wild waterfowl are LPAI, and therefore significantly more is
known about the epidemiology and ecology of LPAI viruses in wild birds than about
HPATI viruses. In ducks, LPAI virus is replicated primarily in the gastrointestinal tract
and shed in high viral loads via faeces [472], so the transmission route of LPAI viruses
is considered to be primarily faecal-oral. The virus can remain infectious for weeks
to months in water, lake sediment or faeces [45, 48, 305, 390, 412], with increasing
salinity, pH and temperature being inversely proportional to virus persistence [45, 48,
412].

Substantial evidence suggests that prevalence of LPAI virus varies seasonally,
which likely relates to the periodic introduction of susceptible, hatch-year individuals
and, in migratory species, the effect of seasonal migration patterns. Most long-term
studies show substantial inter-annual variation [240]. In ducks in the northern hemi-
sphere, LPAI virus prevalence is believed to be highest immediately prior to and dur-
ing autumn migration and lowest in spring [228, 240, 296, 325, 412, 462, 471]. Adult
birds also typically have lower LPAI virus prevalence than juvenile birds (typically
measured as hatch-year) [296, 325, 412, 462]. How birds gain and retain immunity to
different subtypes throughout their lifespans has been theorised to cause sequential
dominance of different subtypes in birds through cross-immunity induced competi-
tion [238] and contact between birds with different immune-profiles as a result of
differences in lifespan might drive more rapid emergence of HPAI strains [483].

LPAI viruses sampled in the eastern and western hemispheres tend to form sepa-
rate phylogenetic clades with rare trans-hemispheric transmission in accordance with
structuring of the migratory flyways of the avian host [15, 183, 332]. Furthermore,
at an intra-continental scale, viral movement within a flyway is significantly higher
than movement between flyways [140, 142, 235, 381]. However, many researchers have
claimed that higher virulence of HPAI on the host affects the host ability to migrate
to the extent that wild bird migration should be less important for HPAT transmission

than trade in live poultry [373].
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1.4 Structure of the thesis

This thesis uses the newly developed technologies of sequencing and phylodynamics,
described in detail in the previous sections, to improve our understanding of viral
transmission and diversity. Drawing on concepts from immunology and ecology, 1
apply these methods to a number of different study systems, with a particular focus
on viral infection in wildlife populations. I describe the novel diversity of viruses in
wildlife and explore the processes that may have led to the epidemiological dynamics
and macro-evolutionary patterns that we observe.

Chapter 2 describes the genome of a novel polyomavirus in the European badger
(Meles meles), and uses phylogenetic methods to explore the evolution of host-range
in the Polyomaviridae. Existing explanations of evolution of the Polyomaviridae
proposed that the family’s evolution was characterised by host-viral co-divergence
[384]. The family Polyomaviridae has rapidly expanded within the last ten years,
and the discovery of many new viral species that do not form clades with other viral
species discovered in the same or similar hosts has helped to largely reject this theory.
However, comprehensive exploration of alternative processes that could generate the
observed evolutionary patterns has not been conducted. I explore the relative im-
pact of cross-species transmission and recombination in shaping the diversity of the
Polyomaviridae.

The fast rate of evolution of the RNA genome of avian influenza virus (AIV),
particularly of the genes encoding the primary viral antigens (haemagglutinin and
neuraminidase) means that phylodynamic methods are particularly appropriate for
studing the transmission of this virus over short time-scales of months to years. Highly
pathogenic avian influenza (HPAI) viruses threaten human and animal health yet
their emergence is poorly understood, partly because sampling of the HPAI Asian-
origin H5N1 lineage immediately after its identification in 1996 was comparatively
sparse. The discovery of a novel H5N8 virus in 2013 (HA clade 2.3.4.4) provides

a new opportunity to investigate HPAI emergence in greater detail. Chapter 3
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investigates the emergence of the HA clade 2.3.4.4 ATV H5NS in Asia, and how the
ecological landscape of poultry and wild-bird density and migration patterns have
affected the spread and persistence of the virus.

Chapters 4, 5 and 6 focus on using a single study population to explore the
processes shaping viral distribution and diversity in wildlife. This study population
consists of a well characterised group of wild, mute swans (Cygnus olor) that form
a resident population at Abbotsbury, on the Fleet Lagoon in Dorset, UK. Chapter
4 describes the results of a large metaviromic study in this population. Beyond
surveying existing diversity, the potential to use metaviromics to learn about viral
ecology and epidemiology in the wild is almost entirely untapped. Chapter 4 describes
the viromic diversity in faecal samples from 119 swans in this population of well-
studied mute swans over a period of 6 months. I describe nine whole genomes of new
viral species and use the metaviromic data to explore how age and sex are associated
with differences in abundance and prevalence of different viral taxonomic groups.

Despite the importance for understanding epidemiological patterns, the acquisi-
tion of immune responses to AIV with age as a result of exposure to multiple strains
has never been studied in detail for a long-lived bird. In Chapter 5, I perform
detailed statistical analyses of the patterns of humoral immune response to differ-
ent subtypes of AIV, as measured by haemagglutination inhibition assays conducted
for five different HA antigens (belonging to three HA types). I study the gain in
immunological responses to different avian influenza virus subtypes with age in the
Abbotsbury mute swan population.

Chapter 6 presents data from an outbreak of HA clade 2.3.4.4 ATV H5NS8 that
struck the Abbotsbury mute swan population in winter 2016/2017, causing significant
mortality. I describe the outbreak and present evidence for a significant age-bias in
mortality that is consistent with the results of Chapter 5. I sequence 12 genomes and
conduct phylogenetic analyses to explore the origins of the viral strain that entered

the population, including the timing of entry of the virus into the population.
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Chapter 2

Discovery of a polyomavirus in
European badgers (Meles meles)
and the evolution of host range in

the Polyomauviridae

2.1 Introduction

Polyomaviruses are a family of small, non-enveloped icosahedral viruses, compris-
ing approximately 70 putative species from three proposed genera [188, 195]. Poly-
omaviruses have been found in many different avian and mammalian hosts, including
rodents, birds, bats, humans, non-human primates, carnivorans, elephants, dolphins,
horses and Artiodactyla. In human populations, polyomavirus seroprevalence reaches
up to 90% for BK polyomavirus and up to 80% for JC polyomavirus, and most infec-
tions are asymptomatic [453]. However, in immunocompromised individuals infection
can cause an array of symptoms, including Merkel cell carcinoma, kidney disease,
and progressive multifocal leukoencephalopathy [188]. Although renal and respira-
tory diseases, tumours and wasting have been reported in some other animals, the

consequences of polyomavirus infection in many non-human species remains to be
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determined.

All identified polyomaviruses share a similar genome organisation and virion struc-
ture. Polyomaviruses typically exhibit a 40-45nm diameter non-enveloped icosahedral
capsid, comprised of 72 monomers [16, 188]. The capsid encloses a single double-
stranded, circular DNA genome of approximately 5000bp [195]. All polyomavirus
genomes are composed of early and late regions, and regulatory regions called the
non-coding control region (NCCR) [188]. The NCCR contains the origin of repli-
cation, transcription factor binding sites, promoters and enhancers. Transcription
from the NCCR is bidirectional, producing mRNA encoding either early proteins, or
late proteins [195]. All polyomaviruses produce at least two early mRNA products
encoding large (LT-Ag) and small tumour-antigens (St-Ag) [188]. These proteins are
involved in viral genome replication and modulation of host cell conditions required
for virus replication [416]. The mouse and hamster polyomaviruses also encode a mid-
dle tumour-antigen (MT-Ag) [188]. Recently, an alternate reading frame gene (called
ALTO) overlapping the LT-Ag gene, has been identified in Merkel cell polyomavirus
(MCPyV) and predicted to occur in polyomaviruses that are phylogenetically related
to MCPyV [55]. Late polyomavirus mRNA transcripts encode capsid proteins (typi-
cally VP1, VP2 and VP3) [188, 195]. Several mammalian polyomaviruses also encode
an agnoprotein or other short proteins between the NCCR and the VP2 open reading
frame (ORF) [195]. Agnoproteins are involved in control of viral protein expression
and have effects throughout the viral life cycle [146].

Most current knowledge about the replication strategy and epidemiology of
polyomaviruses has been gained from experimentation with simian virus 40 (SV40),
murine polyomavirus (MPyV) and the human polyomaviruses BK polyomavirus
(BKPyV) and JC polyomavirus (JCPyV). Mechanisms of replication vary by different
viral species, including differences in cell surface receptors and cell entry pathways.
Many polyomaviruses recognise certain linkages of sialic acid on gangliosides and
glycoproteins, and may also use a variety of co-receptors depending on the species.

For example, it is believed that SV40 uses the sialic acid on the GM1 ganglioside
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as a receptor, and MHC class I as a co-receptor, whereas MPyV1 uses o2,3-linked
sialic acids on GDla and GT1b gangliosides as a receptor, and «4f1 integrin as a co-
receptor [447, 147, 306]. The major cell entry pathway for SV40, MPyV and BKPyV
is via caveolin-dependent endocytosis, whereas JCPyV enters via clathrin-dependent
endocytosis [306]. The viruses are trafficked from the endosome to the endoplasmic
reticulum and on to the nucleus, where the capsid disassembles [188]. In the nucleus,
the host RNA polymerase II produces a single mRNA transcript for each of the
early and late regions for the genome, which are subsequently alternatively spliced
to generate different transcripts. Following the production of the early transcripts
and expression of the LT and St-antigens, the viral genomic DNA is produced. The
LT-Ag protein fulfils important roles in allowing viral genomic replication, including
inducing the host cell to enter the S-phase of its cell cycle that is necessary for viral
genomic replication, and by acting as a helicase [188]. The production of LT-Ag
controls the switch from expression of the early genes to the late genes [188], as
it binds to motifs in the NCCR that prevent the host polymerase from completing
further transcription of the LT-Ag and recruits transcription factors that promote
late gene transcription. The capsid (late) proteins are synthesised in the cytoplasm
and imported into the nucleus, where they assemble into viral particles into which
genomic DNA is incorporated [188]. Virions are released via cell-lysis, and may also
be released by lysis independent processes based on limited evidence [122].
Polyomavirus infection appears to be ubiquitous in human populations. Serologi-
cal and genomic data suggests that infection can occur within the first few months of
life, and that many infections persist asymptomatically throughout life. The proba-
bility of a serological response increases with age for many viruses [188, 459]. JCPyV
sampled from the same individuals 4-7 years apart show the same genomic sequences
[223]. In healthy humans, polyomaviruses appears to persist within the nucleii of
certain host cells, with the kidney being commonly considered an important site of
persistent infection for several polyomavirus species. The mechanisms that contribute

to persistence are currently poorly understood, but may rely on epigenetic regulation,
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immune regulation, or suppression of viral gene expression by viral microRNA [190].

The main mode of transmission of polyomaviruses has also not been conclusively
resolved, although common detection of human polyomaviruses JCPyV and BKPyV
in urine and sewerage have led to suggestion that urine may be important in the
spread of these viruses [22, 29]. Some polyomaviruses, including BKPyV, have been
associated with mother-to-child transmission, but this transmission strategy appears
to be limited and restricted to only a small number of human polyomaviruses [30, 376].
It is probably that transmission mode and site of persistence varies between different
polyomayviruses.

Virus cross-species zoonotic transmission is a frequent cause of emerging epidemics
in humans (e.g., influenza A virus, Lassa fever virus, Ebola virus, severe acute respira-
tory syndrome coronavirus and Middle East respiratory syndrome coronavirus) [327].
Understanding the evolutionary history of viral families can help define the propensity
of viruses to switch host species. However, little is known about the evolutionary his-
tory of polyomaviruses, or their capacity for host switching. In an early phylogenetic
study [384], the similarity of mammalian and polyomavirus evolutionary trees led to
the suggestion that polyomaviruses had co-evolved with their host species. This idea
evolved to incorporate a combination of host-switching and virus-host co-divergence
events (notably, the basal split between avian and mammalian polyomaviruses) [336].
However, recent statistical re-evaluation that incorporates novel polyomaviruses from
a wider range of taxa has largely rejected the hypothesis of polyomavirus-host co-
divergence [436, 469].

In the absence of evidence for co-divergence, alternative models have been pro-
posed to explain the phylogenetic distribution of polyomavirus host species. In the
first model, cross-species transmission of polyomaviruses is proposed to be a relatively
common evolutionary event [436]. This hypothesis has consequences for human and
animal health and raises the question of what factors determine the rate of virus trans-
mission between species [419]. In the second model, the polyomavirus phylogeny is

proposed to result from recombination among polyomaviruses, which results in the
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appearance of host species switching. A recent study found support for recombina-
tion of several polyomaviruses, yet was unable to identify ancestors of the putative
recombinant lineages with certainty [436]. In a third model, heterogeneity in the
evolutionary rates of different genes amongst the polyomavirus lineages is used to
explain their complex evolutionary history [436].

Here, [ report MmelPyV1 as a novel polyomavirus present in wild European badger
(Meles meles) populations, and attempt to clarify the evolutionary history of the
mammalian polyomaviruses. To my knowledge, this represents the first description
of a polyomavirus in Mustelidae family, expanding the host range of these viruses for
which full length sequences exist to 18 distinct mammalian families. To explore the
evolutionary history of this novel virus and the mammalian polyomaviruses as a whole,
I performed comprehensive phylogenetic analyses and analyses of viral recombination

using whole genome sequences from all available mammalian polyomavirus species.

2.2 Materials and Methods

2.2.1 Viral discovery and sequencing of UK isolate

MmelPyV1 was first discovered in a cell culture supernatant, derived from the apical
lobe of a badger lung in Cornwall, England, in 1996 [18]. The culture was established
using the mink cell line NBL-7 (ATC CCL 64) by Banks et al. (2002) [18]. The
clarified supernatant of this cell culture had been stored at -80°C since 1997 (the
“1997 supernatant”).

The 1997 supernatant was enriched using a sucrose cushion according to pub-
lished methods [466], and DNA was subsequently extracted. Randomly-primed am-
plification (REPLI-g UltraFast reagents) was used to amplify all sample DNA. This
method provides robust amplification of all DNA in preparation for deep sequencing,
but also works particularly well at amplifying small circular templates such as the

polyomavirus through rolling circle replication (reviewed in [195]). This material was
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sheared using a Covaris sonicator and standard Illumina paired-end libraries were
prepared and sequenced on an Illumina MiSeq. The short read sequence data (1 x
107, 149nt reads) were filtered to remove low quality reads using QUASR [470] and
reads mapping to mink repetitive sequences.

De novo assembly with Velvet (v1.2.7) and VelvetOptimiser-2.2.0 was used to
assemble larger sequence contigs [512, 511]. The resulting contigs were processed
using SLIM, an iterative BLAST algorithm [79], to identify viral sequences.

The 1997 supernatant from which the MmelPyV UK isolate was discovered was
re-cultured to increase virus stock using mink cell line NBL-7 (ATC CCL 64). Fol-
lowing lysis by freeze-thawing to release any remaining cell associated virus, a new
supernatant (henceforth called MusHV1) was produced by centrifugation. To estab-
lish whether the polyomavirus was of badger or mink cell line origin, cells from the
mink cell line NBL-7 were cultured in Minimum Essential Medium (10% FCS/1%
Pen/Strep/Glut), and were either infected with MusHV1 or mock infected. Infec-
tion was allowed to proceed until extensive cytopathic effect of the MusHV1 infected
sample. Cells and supernatant were harvested, centrifuged (1200rpm x 5min) and
the cell pellet was re-suspended. DNA was extracted using the Qiagen DNA Blood
and Tissue kit, with lysates being passed through a QiaShredder column to reduce
viscosity prior to loading onto the DNA binding columns. DNA was amplified using
Invitrogen Accuprime Taq and primers listed in Table A.4. The following reaction
conditions were used: 94°C for 5 min and 35 cycles of denaturation (94°C, 30s), an-
nealing (58°C, 30s), and elongation (68°C, 5 min), and a final elongation at 68°C for
10 min. DNA products were resolved by agarose gel electrophoresis and visualised

using ethidium bromide staining.

2.2.2 Sequencing of French isolate

Wild badger tissue samples were tested for the polyomavirus in an independent labo-

ratory. Between March and May 2013, eleven badgers were captured in the Chavigny
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commune, France, as part of a study into a vaccine for Mycobacterium bovis. Fol-
lowing capture, badgers were maintained together in open-air pens. Ethical approval
was given by Anses/ENVA/UPEC, which is registered by the French national work-
ing group on animal ethics (CNREEA). Legal permissions were obtained from the
French Ministry of Higher Education and Research (reference number 00611.02) and
from regional governmental committees (Direction Départementale des Territoires de
Meurthe-et-Moselle, Direction Départementale de la Protection des Populations de
Meurthe-et-Moselle (reference C54-431-1) and Direction Départementale de la Pro-
tection des Populations d’Indre-et-Loire (reference C 37-175-3).

DNA was extracted from blood samples using QIAamp kits (Qiagen). Tissue
samples were extracted according to published methods [80, 166]. Diagnostic PCRs
targeting VP1 and the NCCR were performed in eight sample types from eleven
different badgers (Tables A.1 and A.2). A template of 250ng of organ or whole
blood DNA, or 5ul of DNA extracted from faeces, was added to the PCR master
mix (AmpliTaq Gold reagents (Applied Biosystems)) (primers listed in Table A.4).
PCRs were completed under the following conditions: 95°C for 12 min and 45 cycles
of denaturation (95°C, 30s), annealing (60°C, 30s), and elongation (72°C, 2 min),
and a final elongation at 72°C for 10 min. All PCR products of expected sizes were
purified and sequenced using the Big Dye terminator cycle sequencing kit (Applied
Biosystems) on a 377 automated DNA sequencer (Applied Biosystems). Bases were
called using Sequencing Analysis v5.4 (Applied Biosystems) software and the resulting
files analysed using Geneious 7.1.4 (Geneious).

One of the DNA samples positive for both the NCCR and VP1 (salivary gland
of badger 6) was chosen for genome amplification. Long-distance nested PCR was
performed using the TaKaRa-EX PCR system (Takara Bio Inc) and the primers
listed in Table A.4. The amplicons were sequenced and analysed as above, producing
a full-length genome. To validate the genome, independent overlapping PCRs were
completed, and the new amplicons resequenced (Table A.4).

EMBOSS was used to search for tandem repeats and palindromes in the NCCR
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[364]. Settings were; palindromes: minimum length 10 and 20, 1 and 3 mismatches

respectively, and tandem repeats: maximum repeat size 600, threshold score 12.

2.2.3 Phylogenetic analyses

To construct an alignment of polyomaviruses, 63 whole genome polyomavirus se-
quences were obtained from GenBank (accessed August 2014), including reference
sequences from all known mammalian polyomavirus species and putative novel mam-
malian polyomavirus species. Avian polyomaviruses were too divergent to be aligned
at the whole genome level and were excluded. The two MmelPyV1 isolates were
nearly identical, varying at 35 sites (0.67% of the genome), so only the UK isolate
was included in the phylogenetic study.

Nucleotide sequences were aligned using Muscle 3.8.31 with default parameters
[113], which generated a comparatively poor quality alignment that required manual
editing using Se-Al (Rambaut, 1996). Regions where the alignment was highly un-
certain (including non-coding regions) were removed, resulting in a “genome-wide”
alignment of 3534bp that covered approximately 70% of the average polyomavirus
genome length (regions retained are shown in Figure 2.1). Two further alignments
were derived from the genome-wide alignment; (i) an “early-gene” alignment (2034nt)
and (i) a “late-gene” alignment (1500nt). Third codon positions were found to be
significantly saturated using the test of Xia et al. (2003) as implemented in DAMBE
[499, 500, 498], and were removed.

Mega 6.0 [434] was used to test nucleotide substitution models. For both early
and late regions, the best-fit model was a general time reversible model of nucleotide
substitution, with gamma-distributed among-site rate heterogeneity and a category
of invariant sites (GTR+G+I). Phylogenetic trees were estimated using maximum
likelihood as implemented in Garli-2.01 [519] from the genome-wide, early-gene and
late-gene alignments outlined above. Ten heuristic searches for the maximum like-

lihood tree were repeated for each alignment and the tree with highest likelihood
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retained. One thousand maximum likelihood bootstrap replicates were performed,
and the support for each node annotated onto the maximum likelihood tree using the
SumTrees functionality of DendroPy 3.12.0 [423].

MrBayes 3.2.2 [368] was used to generate a posterior sample of trees from the
genome-wide alignment, using a Markov Chain Monte Carlo of 3 million steps. The
first 25% of trees were discarded as “burn-in”. Trait values that represent the taxo-
nomic group of the host species of each viral sequence were assigned to the phyloge-
netic tree tips (see Table A.3). The program BaTS was used (with 200 randomisations
of assigned trait values performed to define a null distribution) to statistically test
whether viruses found in taxonomically-related hosts are clustered in the virus phy-
logeny [326].

To assess the presence of phylogenetic signal for recombination among poly-
omaviruses, the genome-wide alignment was divided into twelve overlapping sub-
genomic partitions. Starting from position 1, each partition was 600nt long with a
neighbouring partition overlap of 200nt. Phylogenetic trees were estimated from each
partition using the maximum likelihood approach detailed above (except that two
heuristic search and 200 bootstrap replicates were performed for each partition). Vi-
sual inspection of these trees revealed phylogenetic inconsistencies between genome
regions. Subsequently, one species was chosen randomly from every monophyletic
clade that was present in all twelve partition phylogenies. Sixteen clades that were
well supported in the whole-genome phylogeny were identified (fifteen clades sup-
ported by bootstrap support values of 100% and one by 91%). Ten species that did
not belong to any clade were also included in the analysis, resulting in a reduced
alignment of 26 polyomavirus species. These 26 taxa were analysed using Recco
[282] to seek evidence of recombination. Recco attempts to find the minimum cost
of reconstructing each sequence in an alignment from a combination of recombina-
tion and mutation of the other sequences, where recombination and mutation have
a cost penalty [282]. Probable recombination breakpoints are generated based on

the minimum cost solutions. To further investigate potential recombinants, putative
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recombination breakpoints were used to define new genomic partitions and maximum
likelihood phylogenies were again estimated from each partition.

To determine the divergence of the MmelPyV1 isolate genomes (UK and French),
I created a whole genome alignment containing only the two isolates plus the closest
related viral species (CSLPyV1) as an outgroup. All three genome positions and
almost all regions except the NCCR could be retained (4812 sites). Pairwise genetic
distances were calculated using Mega 6.0 [435]. The date of divergence of the UK and
French MmelPyV1 isolates was estimated using previous estimates of polyomavirus

substitution rates [134].

2.3 Results

2.3.1 Virus discovery in cell culture

The badger polyomavirus was first discovered in a cell culture supernatant, derived
from tissues taken from a badger lung in Cornwall, England, in 1996 [18]. The original
purpose of the culture was to maintain a badger herpesvirus, mustelid herpesvirus-1
(MusHV-1), present in the original tissue sample [18]. The clarified supernatant of
this cell culture had been stored at -80 °C since 1997 (henceforth referred to as “1997
supernatant”). The 1997 supernatant was enriched using a sucrose cushion as part of
an attempt to sequence the badger herpesvirus present. DNA was extracted from the
sucrose cushion-purified supernatant, amplified using random priming, and sequenced
using I[llumina deep sequencing.

In addition to herpesvirus contigs, two polyomavirus contigs of 4495nt and 468nt
were identified, which appeared to encode a full-length circular genome (Figure 2.1)
(here denoted the MmelPyV1 UK isolate; GenBank accession number KP644239).
Overlapping identical sequences of 110nt were found at both ends of the molecules.
Furthermore, additional reads were present in the short read data that spanned both

ends of the sequences. When the original MiSeq reads were mapped to the genome,
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1278 reads (of 6.3 million) were identified with perfect homology to the genome. In
alignable regions, nucleotide identity with any other polyomavirus genome was never
more than 72%, and the closest known viral genome was the California sea lion poly-
omavirus 1 (CSLPyV1). Under the definition of less than 81-84% sequence identity
suggested by Johne et al. ( 2011) [195], the polyomavirus described here represents
a new species, and the species name “Meles meles polyomavirus 1”7 (MmelPyV1) is
proposed.

To determine that the polyomavirus was not a contaminant in the mink cell line
used to culture the badger herpesvirus isolate, the mink cell line was tested for pres-
ence of the virus. Primers designed from the MmelPyV1 genome generated strong
PCR bands in a mink cell line sample that had been inoculated with material gener-
ated from the 1997 supernatant (Figure 2.2) (see Section 2.2.1 for details). Indistinct
or no bands were present in the negative control mock-infected mink cell line sam-
ple. This finding is consistent with the polyomavirus being derived from the original

badger lung tissue, and not the mink cell line or cell culture reagents.

2.3.2 Virus discovery in wild badgers

Fetal calf serum, which was used here throughout cell culturing, is the source of at
least one species of polyomavirus, and other species have been isolated from bovine
tissue [328, 334, 380, 513]. To establish conclusively that MmelPyV1 occurs in bad-
gers, uncultured samples from wild badgers in France were tested in an independent
laboratory for presence of the virus. Diagnostic PCRs targeting VP1 and the NCCR
were performed on faecal samples and seven different tissues from eleven different bad-
gers to determine prevalence. Eight badgers (73%) showed evidence of polyomavirus
infection. PCR results were positive at least once in all sample types, except faecal
samples which were all negative (Tables A.1 and A.2). Overall, 21 of 87 (24%) sam-
ples were positive for MmelPyV1. Samples from liver and lymph nodes exhibited the

highest rate of positivity. Neither VP1 nor the NCCR showed any sequence variabil-
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Figure 2.1: Genome map of MmelPyV1. Thick black blocks (outer circle) represent
genomic regions that could be aligned across all mammalian polyomaviruses and were
therefore included in the “genome-wide” alignment. Coloured arrows represent ORF's.
Early proteins are in purple, late proteins in blue, red, and green. Breakpoints used
in recombination analysis are marked with two stars.
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Figure 2.2: Gel electrophoresis of mink cell line NBL-7. Lanes marked “I” are infected
with UK isolate cell line and lanes marked “M” are mock infected. Numbers below
lanes represent the primers used. Numbers on left represent the ladder fragment size
(bp). Controls not shown.
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ity across the wild badger samples. Long-distance nested PCRs were used on one
sample to generate an amplified genome, which was subsequently sequenced. This
generated a further polyomavirus isolate, referred to here as the MmelPyV1 French

isolate (GenBank accession number KP644238).

2.3.3 Genome characterisation

Full-length comparison of the French and UK isolates showed that they differ by 34
SNPs and one indel. Thirty of the 34 SNPs fell in coding regions, four of which
were non-synonymous (three in VP1 and one in LT-Ag) (Ser1770Thr, Ile2520Val,
Ala2557Gly, Ala3044Pro; nucleotide positions given relative to the MmelPyV1 UK
isolate genome (comparison to the type species SV40 is inappropriate here due to
sequence length variation between MmelPyV1 and SV40 in VP1). The single indel
occurred in the NCCR.

The divergence time of the UK and French isolates was estimated based on pre-
viously published rates of polyomavirus nucleotide substitution. Assuming a substi-
tution rate in coding regions of 4.34x107 substitutions/site/year (95% Cls 2.42-6.41
x10 substitutions/site/year [134]), my observation of 30 SNPs in 4791bp of coding
sequence suggests that the French and UK isolates diverged approximately 72 years
ago (mean: 72 years ago, 95% Cls: 49-139 years ago). This estimate should be con-
sidered tentative as it is based on an evolutionary rate for the BK polyomavirus [134],
and the rate for MmelPyV1 may be different.

The MmelPyV1 genome is a 5186-7bp circular molecule with a G+C content of
42.8%. These values fall within the range for known mammalian polyomaviruses
(length 4697bp to 5722bp; G+C content 36.4 to 47.3%). The genome organisation
of MmelPyV1 was typical of the Polyomaviridae, encoding ORF's from both strands
of the genome separated by the NCCR (Figure 2.1). ORFs encoding known viral
proteins were conserved between the MmelPyV1 isolates and their closest relative,

CSLPyV1 (Figure 2.3). Proteins homologous to polyomavirus VP1, VP2, VP3, LT-
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Ag and St-Ag are present.

The LT-Ag sequence shares many features with other polyomaviruses, including a
DnaJ domain [7, 344] (including HPDKGG at positions 42-47; amino acid positions
given relative to SV40), Rb binding motif [7, 344] (LRCDE at 103-107), ATPase mo-
tifs [344] (GPINSGKT at positions 426-433 and GCVKVNLE at 503-510), zinc finger
motif [7, 344] (CMDCLEEQIITHYKYH at 302-317), a TPPK motif [92] (TPPK at
124-127), Bub-1 motif [7] (WERWW at 91-95) and a Crl domain [344] (LMQLL at
13-17). Other motifs identified in SV40 appear to be absent (Cul-7: FNXEX [116]).
The St-Ag has motifs similar to other polyomaviruses, including two conserved PP2A
binding motifs ([116] (CQRNVNPKCRCLMCRLKRKH at 103-122 and WGMCY-
CYSCYCQW at 135-148).

The NCCR contained three likely LT-Ag binding sites [7, 344]; one GAGGC at
nucleotide positions 275-279 and two reverse complement GCCTC at positions 77-
81, and 84-88 (positions relative to the UK isolate). Analyses using EMBOSS [364]
showed no evidence of tandem repeats or palindromes in the NCCR.

Neither ALTO nor agnoprotein genes were identified in MmelPyV1. A 53 amino
acid (aa) ORF was identified overprinting the LT-Ag exon 2 in a frameshift posi-
tion, in a similar genome position to the previously proposed ALTO gene [55]. How-
ever, MmelPyV1 is phylogenetically distinct from the clade of ALTO-containing poly-
omaviruses (Figure 2.4) and the ORF is considerably shorter than identified ALTO
proteins (53aa compared to 248-250aa [55]). Consequently, this ORF is unlikely to
represent an ALTO gene. After searching for ORFs that (i) are conserved between
the two MmelPyV1 isolate genomes, (ii) are >30aa long (corresponding to the short-
est proposed current agnoprotein [288]) and (iii) are located in the forward direction
upstream of the VP2 start codon, I found no evidence of an agnoprotein ORF. I
discovered one ORF >100aa long in MmelPyV1 (location indicated by grey box in
Figure 2.3). This ORF does not have sequence identity with any known polyomavirus
proteins and is not conserved between MmelPyV1 and the closely related CSLPyV1,

so is unlikely to represent a protein-encoding ORF.
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Figure 2.3: Conserved ORFs of the two MmelPyV1 isolates and their nearest relative
(CSLPyV1). All 6 translation frames are shown; the three forward (For) and reverse
(Rev) reading frames are shown in separate boxes. All ORFs >100 amino acids are
shown as boxes, with the first methionine marked in red. Solid vertical lines indicate
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probable protein coding ORF's identifiable by numbering as follows; 1: VP2 and VP3,
2: VP1, 3: St-Ag and Exon 1 of LT-Ag, 4: Exon 2 of LT-Ag.
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Figure 2.4: Maximum likelihood phylogeny of all known polyomavirus species or
putative species, including MmelPyV1, estimated from the “genome-wide” alignment.
Viral taxa are coloured according to host species and bootstrap support scores are
indicated using coloured circles (details in legend). Scale bar represents expected
number of substitutions per site (first and second codon positions only).
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It is unknown whether MmelPyV1 causes disease, although none of the badgers
identified to be carrying the disease in this studied showed serious clinical symptoms
and it therefore appears likely that MmelPyV1 causes asymptomatic infections in
animals that are otherwise healthy. The badger from which the UK isolate was
derived was malnourished, harboured mustelid herpesvirus 1 (a virus found in most
badgers [218]), and exhibited non-specific symptoms of inflammation and lesions in
the kidneys, liver and lungs [18]. The badgers from which the French isolate was

obtained showed no obvious disease symptoms when examined by a veterinarian.

2.3.4 Phylogenetic analysis of the Polyomaviridae

To investigate the evolutionary history of the mammalian polyomaviruses, I con-
structed maximum likelihood phylogenetic trees based on an alignment of 63 whole
genome polyomavirus sequences (obtained from GenBank in August 2014). In a max-
imum likelihood phylogeny of polyomavirus genomes (Figure 2.4) MmelPyV1 clus-
tered with CSLPyV1 [474]. This result is supported by 100% bootstrap support in
all phylogenies I estimated. In the genome regions retained in the genome-wide align-
ment (but including all three codon positions) (Figure 2.1) MmelPyV1 and CSLPyV1
shared 72% nucleotide sequence identity. Based on a longer alignment of only the bad-
ger isolates and CSLPyV1 genomes across all coding regions, the estimated genetic
p-distance between the French and UK badger isolates was 0.006 substitutions/site,
and between each MmelPyV1 isolate and the CSLPyV1, was 0.334 and 0.335 substi-
tutions/site, respectively.

The maximum likelihood phylogeny based on all known mammalian polyomavirus
genomes is comprised of two well-supported clades; a smaller clade containing the
KI, WU, HPyV6 and HPyV7 human polyomaviruses and a larger clade containing
a broader range of species (Figure 2.4). MmelPyV1 and CSLPyV1 are clustered
with monkey, bat, ape, rodent and dolphin viruses, among other hosts. This cluster

is distinct from the Almipolyomavirus group that is defined by the presence of the
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ALTO gene [55] (indicated by a yellow star in Figure 2.4).

The division into these two clades is not preserved when different parts of the
genome are considered separately. Phylogenies estimated from overlapping 600bp
partitions of the genome-wide alignment (not shown) show that the WU, KI, HPyV6
and HPyV7 polyomaviruses, which form a strongly supported monophyletic clade in
Figure 2.4, are not consistently placed together when different sub-genomic regions
are analysed. Such phylogenetic incongruence may indicate that these taxa have
recombined in their evolutionary history. Analysis using Recco indicated statistical
support for recombination of HPyV6, HPyV7, WU and KI, and also for the min-
iopterus polyomavirus (small black star in Figure 2.5) (alignment p-values <0.001).
Recco also reported recombination in the equine polyomavirus lineage, although this
was less well supported (p=0.026).

The putative breakpoints in the circular genomes of WU, KI, HPyV6 and HPyV7
were identified as occurring in the NCCR,, and towards the 3’ end of the LT-Ag exon
2 (breakpoints marked on Figure 2.1 with black stars). These breakpoint positions
were used to define two partitions of the genome-wide alignment: (i) partition A,
comprising the late region (approximately 1000 nucleotides) plus a short region of
the LT-Ag exon 2 (approximately 360 nucleotides), and (ii) partition B, comprising
the majority of the early region (approximately 1000 nucleotides of the genome-wide
alignment). The phylogeny estimated from partition A (Figure 2.5) shows the WU,
KI, HPyV6 and HPyV7 polyomaviruses to be a well-supported monophyletic cluster,
placed as a sister group to the remainder of the mammalian polyomaviruses. The
phylogeny estimated from partition B (Figure 2.5) does not support this cluster.
Instead, WU and KI group together within one clade (red in Fig. 5b) and HPyV6
and HPyV7 group together in a separate clade (blue in Figure 2.5 panel B), in both
instances with a bootstrap support of 93%.

Visual inspection of the mammalian polyomavirus phylogenies indicates that
viruses isolated from the same host family or order are not always clustered together,

yet closely related virus species are often from similar hosts (Figure 2.4). The
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Figure 2.5: Maximum likelihood phylogenies produced from different regions of the
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program BaT§S [326] was used to quantify the statistical support for an association
between the virus phylogeny and host species taxonomy. Host species were assigned
to categories in three different ways (Table A.3). In each case there was a significant
correlation between host taxonomic category and viral phylogeny (Table 2.1). Thus
polyomaviruses from related hosts are grouped together in the viral phylogenetic

tree more often than expected by chance (Table 2.1).

Table 2.1: Results of the BaTS tests for association of

virus phylogeny with host species taxonomy.

Host species grouping (number of Mean Association In- Mean P-value
categories) dex value Parsimony

Score value

Mammalian Order (8) 0.47 13.79 <0.01
Mammalian Family (19) 1.69 26.00 <0.01
Modified Order grouping !(10) 1.44 26.74 <0.01

2.4 Discussion

Under the species definition proposed by Johne et al. (2011) [195], the polyomavirus
reported here represents a novel species and I suggest the name “Meles meles poly-
omavirus 1”7. To my knowledge, MmelPyV1 represents the first complete poly-
omavirus species found in the family Mustelidae. A metagenomic analysis of ferret
faeces [403] detected DNA fragments with sequence similarity to polyomaviruses in

two ferrets, hinting that polyomaviruses may occur in mustelids [403], a hypothe-

'Host species are grouped according to mammalian order, except bats (split into Old/New World
bats), primates (split into Old/New World monkeys, and apes), and ungulates (grouped into a single
category). See Table A.3 for further details.
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sis that has been confirmed here. Following the discoveries of the California sea lion
and raccoon polyomaviruses [95, 474], MmelPyV1 represents the third fully described
polyomavirus species in carnivorans and the first to be described in a European car-
nivoran.

The closest relative of MmelPyV1 is CSLPyV1 [474]. Of all known polyomavirus
hosts, the sea lion is the most closely related to the European badger. Analyses using
BaTS [326] showed significant support for preferential clustering of polyomaviruses
from more similar hosts (Table 2.1). Although previous analyses have ruled out strict
viral-host co-divergence during polyomavirus evolution [230, 436, 469], this is not
inconsistent with the fact that more phylogenetically related polyomaviruses are iso-
lated from more similar hosts than expected by chance. Instead, the evolutionary
history of cross-species transmission in the polyomaviruses is likely to result from the
interplay of multiple factors, such as preferential host switching among related hosts,
viral-host co-divergence, and host species sympatry (e.g. [58, 419]). Understanding
the evolutionary history is complicated by the fact that some polyomaviruses have
been isolated from captive animals rather than from animals living within their nat-
ural host ranges (e.g., [382]). It is possible that animals living in artificially close
proximity may share pathogens more frequently than in the wild. Further, such
cross-species transmissions may be more likely to cause disease symptoms that are
subsequently investigated and identified as caused by novel viruses.

Using a previously published nucleotide substitution rate for BK polyomaviruses
[134], I estimate that the two MmelPyV1 isolates diverged around 72 years ago. The
polyomavirus NCCR is the most variable genome region, both within and across virus
species [90]. The recent divergence of the French and UK isolates is supported by
a deficit of genetic differences in the NCCR. The substitution rate I employed is, to
my knowledge, the only published rate derived from longitudinal sampling of poly-
omavirus genomes. There are caveats to the rate used here. First, Firth et al. [134]
noted that the BK polyomavirus data set they analysed contained comparatively

weak temporal structure, hence their estimated evolutionary rate may be poorly re-
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solved. Second, BK polyomavirus is not closely related to MmelPyV1 (especially in
the late region; Figure 2.5 panel A) and the extrapolation of evolutionary rates across
different viral species may lead to errors in estimates of divergence times.

My phylogenetic analysis of all available genomes enabled us to explore the evolu-
tionary relationships of the mammalian polyomaviruses. Four human polyomaviruses
(HPyV6, HPyV7, WU and KI) were placed in different phylogenetic positions de-
pending on the genome region analysed (Figure 2.5). Although this result may be
compatible with a recombinant origin for this clade, it is known that distinguishing
between genetic signatures of recombination and lineage-specific variation in evo-
lutionary rate is difficult. Tao et al. [436] reported significant evolutionary rate
heterogeneity between the early and the late regions in the HPyV6, HPyV7, WU
and KI polyomayviruses, but observed no such heterogeneity in other polyomaviruses
[436]. The ability of such rate heterogeneity to generate apparent signatures of re-
combination has been noted for other viruses, including influenza virus [492]. These
observations, plus the observation that genetic distances and bootstrap support val-
ues are generally lower in the early region phylogeny (Figure 2.5 panel B), suggests
that rate variation may be the more likely explanation for phylogenetic incongruence
in the mammalian polyomaviruses.

Diagnostic PCRs to determine the presence of MmelPyV1 in different tissues
suggested that the virus occurs at highest frequencies in the lymph nodes and the liver,
and rarely in blood, faeces or kidney samples. In a study of primate polyomaviruses,
viruses were also rarely present in these latter tissues [382]. A previous metagenomic
analysis of badger faeces by van den Brand et al. [451] did not identify polyomavirus,
supporting the suggestion that MmelPyV1 is rarely found in faeces. Future attempts
to characterise MmelPyV1 or to discover new mammalian polyomaviruses should
perhaps focus on solid tissue samples rather than blood or faeces.

The known diversity of the polyomavirus genus has increased substantially due
to increased virus discovery efforts, yet unanswered questions remain. The true host

range and genomic diversity of mammalian polyomaviruses is unknown. Evolution-
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ary rates for the family are unclear and a molecular epidemiological investigation of
polyomavirus transmission and diversity within a wild animal population has yet to
be conducted. Further, it is unknown why only some polyomaviruses are associated
with disease and information about the aetiology of polyomaviruses is mostly limited
to the viruses infecting humans. This problem is unlikely to be solved without sys-
tematic virus sampling in natural host populations, thereby avoiding sampling biases
arising from the convenient sampling of easy to catch, captive, high-profile or dead

animals. 2

2Sampling viruses exclusively from dead animals might bias our understanding of the true
pathogenicity or evolutionary history of a viral family if the death of the animal was a result of
the viral infection and under the circumstances that a) most species in the studied viral family are
low pathogenic, such that the high pathogenicity represents the exception rather than the rule, b)
high pathogenicity of the strain was caused by additional, unidentified host factors (for example,
immunocompromisation), or ¢) the virus infection in that host species represents a recent spillover,
such that high pathogenicity is symptomatic of the lack of adaptation of the virus to that new host
species.
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Chapter 3

Wild waterfowl migration and
domestic duck density shape the
epidemiology of highly pathogenic
H5N8 influenza in the Republic of

Korea.

3.1 Introduction

Highly pathogenic avian influenza (HPAI) viruses are a threat to human and
animal health and cause considerable economic damage. H5N1 viruses of the
A/goose/Guangdong/1/96 (GsGd) lineage have become endemic in parts of Asia
(including Bangladesh, China, India, Indonesia and Vietnam) and in Egypt, and
have resulted in the culling of over 250 million birds worldwide [428, 502]. Previous
research has tried to characterise where GsGd lineage H5N1 emerged and how it
subsequently spread [63, 67, 155, 253, 262, 281, 391, 421, 502]. Unfortunately,
comparatively poor sampling in the months immediately following the identification

of GsGd lineage H5N1 in 1996 has prevented an accurate reconstruction of its
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emergence.

Since 2009, there has been an unprecedented surge in the emergence of novel
reassortant H5 viruses of the GsGd lineage [91, 268, 489, 514], most notably including
H5N8 [515]. The emergence of these novel reassortant H5 viruses should be easier
to investigate than that of the 1996 GsGd lineage H5N1 virus because more viral
genetic data is available from the early phase of their emergence emergence. These
novel viruses thus provide an fresh opportunity to investigate in detail the factors
behind avian influenza virus emergence [456].

The first case of GsGd lineage H5N8 (henceforth referred to as HSN8) in Asia was
reported in China in 2010 [515]. In November 2013, several viruses (clade 2.3.4.4;
[105]) were isolated from domestic and wild ducks in China, which appeared to be
novel reassortants of the 2010 H5N8 virus [124, 249, 495]. By January 2014, the first
outbreaks outside of China were noted in the Republic of Korea (ROK; commonly
known as South Korea) [249]. H5N8 viruses were found in domestic ducks and wild
Anseriformes around the Donglim Reservoir (Jeonbuk province), an important habitat
for wild migratory birds [193, 504]. During 2014, outbreaks of H5N8 were confirmed
on at least 33 different commerical farms in ROK. The population sizes of birds
in affected farms varied between 100 birds to many thousands of birds. A total of
296 HSHNS viruses were isolated in ROK, including 43 from wild birds and 253 from
poultry farms. By the beginning of 2015 the H5NS virus had been reported in wild
and domestic bird populations throughout Asia, Russia, Europe, and, most notably,
in North America.

The HPAT H5N1 and H5N2 viruses discovered in North America in December 2014
and January 2015 appear to be reassortants of the Eurasian H5NS8 virus, carrying
an HA segment of the GsGd lineage [330, 449]. Highly pathogenic Eurasian H5
viruses have never been identified before in North American birds [192, 194], so the
appearance of Eurasian-like viruses in North America represents an unexpected shift
in the global epidemiology of avian influenza.

Wild birds, particularly Anseriformes and Charadriiformes, are considered the
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primary natural reservoir for low pathogenicity avian influenza viruses [314, 315]. In
contrast, the relative contribution of wild birds versus domestic poultry to HPAT virus
persistence, and to its introduction to new locations, remains unresolved [314]. It has
been suggested that HS)N8 may be maintained and spread by wild birds more readily
than the earlier H5N1 viruses of the same HA lineage [121, 203], a difference that
might in part explain the recent, notable changes in H5 epidemiology. For at least
some species of wild birds, infection symptoms may be mild enough to allow migration
whilst infected with H5N8 [193, 203, 213]. Recent studies have found that H5N8
viruses isolated in Europe, Russia and Asia are surprisingly genetically similar given
the large intercontinental distances separating the locations from which they were
sampled [36, 81, 161, 163, 316, 458]. These observations have prompted suggestions
that migrating birds may have recently carried H5N8 from a common location [36,
81, 458]. Testing this hypothesis is of practical importance, as current surveillance
measures were largely developed in the context of the earlier H5N1 subtype and may
need adapting for H5N8 or other related reassortant viruses if transmission pathways
are different.

Phylogeographic analyses can be used to reconstruct the geographic dispersal of
a virus lineage from viral genome sequences [173]. Such analyses have been usefully
applied to many rapidly-evolving viruses, including GsGd lineage H5N1 (e.g., [253]).
Ecological data, for example on poultry, human or waterfowl population densities,
can be used to identify risk factors for the emergence of avian influenza (e.g., H7TN9
in China [148], H5N1 in China [277]), and can be combined with genetic sequence
data from outbreaks [275, 507]|. Although interpretation of phylogeographic analyses
in the context of known ecology could help illuminate the causes of HPAI virus emer-
gence and spread, no such studies have been attempted for H5N8, probably because
insufficient sequences from any one affected region have been available for analysis.

Poultry production in ROK (including both duck and chicken farming for meat
and eggs) has rapidly increased over the past 15 years. Census counts suggest over

150 million chickens and over 8 million ducks are farmed commercially in ROK (Re-
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public of Korea Livestock Census 2014; http://kostat.go.kr) under high to moderate
levels of biosecurity. Poultry are also produced for trading in live bird markets on
small scale farms with low to moderate levels of biosecurity. Many species of wild
birds regularly migrate to ROK to overwinter, creating distinct temporal dynamics
in the available hosts for influenza viruses. Integrating virus genetic information with
ecological information on host availability is critical for understanding the spread of
avian influenza virus in the country.

Here I investigate the geographic spread of H5N8 with a particular focus on the
Republic of Korea. ROK was one of the first countries to report outbreaks in both the
2003 GsGd lineage H5N1 outbreak and the ongoing H5N8 outbreak. I report 49 new
sequences of the HA segment of H5NS isolates from the country. Phylogeographic
methods are used to reconstruct the spatial spread of the virus and to investigate how
this dispersal was shaped by bird density and migration patterns. Understanding
how H5NS& became established in ROK could help inform strategies to prevent future
epidemics and to mitigate the risks arising from a greater diversity of HPAI viruses

in poultry worldwide.

3.2 Materials and methods

3.2.1 Bird ecology data
3.2.1.1 Longitudinal data on bird counts and waterfowl numbers

Ecological information on seasonal and overwintering wild waterfowl counts was col-
lated. Data was only obtained on wild birds from the family Anatidae, as the H5NS8
virus has been mostly isolated from that family. A literature review was undertaken
to obtain longitudinal bird count data, under the conditions that the data must in-
clude waterfowl counts taken for at least one year, with sampling at least every month
(Web of Science search terms “Korea AND (longitudinal OR temporal OR seasonal
OR changes OR dynamics) AND (bird OR waterfowl OR duck)”, with papers in En-
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glish and published after January 2000 considered). Longitudinally sampled waterfowl
counts were obtained for four different sites in ROK: (i) Mokpo Namhang Urban Wet-
land, Jeonnam province (daily waterfowl counts April 2006-July 2010; Birds Korea),
(ii) Sihwa Lake, Gyeongii province (monthly waterfowl counts January to December
2009; Park et al., 2011), (iii) Nakdonggang Estuary, Busan province (monthly Mergus
albellus, Mergus serrator and Bucephala clangula count, 2002-2008; [176, 177], and
(iiii) Junam Reservoir, near Changwon, Gyeongnam province. Province locations are
shown in Figure 3.1. Waterfowl counts were scaled so maximum count at each site is
equal to one. Data were plotted using R version 3.1.1 [356] and the package ggplot2
[481], as implemented in RStudio [371].

Maps of estimated numbers of the four most common waterfowl in ROK were
obtained from the ROK Ministry of Environment Wild Bird Census for Winter 2014
report [211]. The Ministry simultaneously observed 195 national wildlife reserves
for migratory birds from January 24th to 26th. At each reserve, bird numbers were
counted by two specialists using line and point census methods. For the line census,
researchers counted birds whilst walking along roads. For the point census, total bird
numbers were counted using binoculars from a single observation point, usually on

the water.

3.2.1.2 Poultry density and temporal data

Maps of livestock distributions for the Republic of Korea were produced for domestic
ducks and chickens, using the Gridded Livestock of the World version 2 [488, 366].
Briefly, the GLW version 2 uses sub-national statistics and predictor variables of
livestock density to model the density of livestock at a 1km by 1lkm scale. Data
on seasonality of poultry counts throughout the year (not shown) were obtained
from the Republic of Korea Livestock Census 2014 (published by Statistics Korea;
http://kostat.go.kr). The census is based on poultry counts for a single day in each

quarter, for all farms breeding >3000 chickens or >2000 ducks.
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3.2.2 Sequence data

In total, 296 H5NS8 viruses were isolated in ROK in 2014. The HA genes of 49 H5N8
isolates from ROK were sequenced to complement previously published sequences.
Isolates were chosen for sequencing in order to generate a dataset that, when com-
bined with previously published sequences, included at least 4 strains per month and
1 strain per province (Tables B.1 and B.2). Viral RNA was extracted from the allan-
toic fluid of embryonated eggs using the Viral Gene-spin viral DNA/RNA extraction
kit (iNtRON) according to the manufacturer’s instructions. The HA gene was am-
plified with gene-specific universal primers (Hoffmann et al., 2001), using the One
Step RT-PCR Kit (Qiagen). PCR products were purified from agarose gels using the
QIAquick gel extraction kit (Qiagen). Full genomic DNA was sequenced by Cosmo
Genetech (Seoul, South Korea) with an ABI 3730 genetic analyzer (Applied Biosys-
tems). Contig assembly was performed using CLC Main Workbench Ver. 6.8.2 (CLC
bio). GISAID accession numbers for these new sequences are EP1573192, EP1573195-
EPI573242 (Table B.3).

In addition to the 49 new sequences, 51 HA clade 2.3.4.4 sequences were down-
loaded from the Influenza Research Database (FluDB), and 22 HA sequences were
downloaded from the Global Initiative on Sharing Avian Influenza Data (GISAID)
EpiFlu. This resulted in a dataset of 122 HA sequences, of which 88 were from ROK
(see Table B.3 for details). Acknowledgements of originating and submitting laborato-
ries for GISAID sequences are provided in Table B.3. Geographic locations, collection
dates and hosts are also provided. All sequences were combined and aligned using
Muscle 3.8.31 [113] as implemented in Mega 6.0 [435]. The alignment was trimmed

to coding regions only.
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3.2.3 Bayesian molecular clock phylogeography
3.2.3.1 Model selection

Initial maximum likelihood trees were generated for the HA segment using Garli 2.01
[519]. Path-O-Gen [358] was used to confirm strong temporal signal and the appropri-
ateness of a molecular clock approach. Coalescent and nucleotide substitution models
were subsequently chosen following model comparison in BEAST [109, 108]. All com-
binations of the following models were compared: constant size versus Bayesian sky-
line (five groups) coalescent models and SRDO06 versus General Time Reversible nu-
cleotide substitution models, with gamma distributed rate heterogeneity. The SRD06
nucleotide substitution model and Bayesian skyline coalescent tree prior were chosen
for all subsequent analyses based on model comparison using the harmonic mean
estimator and Akaike information criteration, as implemented in Tracer 1.6 [360].

Early results obtained during model selection suggested that Maximum Clade
Credibility (MCC) trees included a clade of European, Russian and Asian samples
(clade C4), within which internal nodes were poorly supported. In an attempt to
clarify this portion of the tree topology, available NA sequences for clade C4 strains
were also included (see below; Table B.3). Maximum likelihood trees were generated
using Garli 2.01 [519], and a concatenated alignment of HA and NA sequences was
scanned for recombination using GARD [98, 347, 348] to check that no isolates within
clade C4 had undergone reassortment in the NA segment.

A prior distribution for the rate of molecular evolution was chosen based on a pre-
liminary analysis in BEAST. Specifically, 30 sequences from Europe and Asia span-
ning the period 2007-2014 were downloaded from the Influenza Research Database
for both the HA (H5, clades 2.2 and 2.3) and NA segments (N8). For both segments,
the 30 reference sequences and available HSNS8 sequences were combined and aligned
using Muscle, as implemented in Mega 6.0 [113, 435]. BEAST was used to generate
estimates of the nucleotide substitution rate for the HA and NA segments from these

temporally-structured alignments using the relaxed lognormal molecular clock, which
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were then used as informative priors of the substitution rate parameters in subsequent

analyses.

3.2.3.2 Phylogeographic analyses

Discrete phylogeographic analyses were performed to reconstruct the geographic
spread of the virus, whilst simultaneously estimating the phylogenetic tree. These
analyses were implemented in BEAST [109, 108, 253], using the BEAGLE library
[12]. An asymmetric model was chosen to allow different rates of lineage movement
in opposite directions between each pair of locations [114]. Analyses were performed
under the SRD06 substitution model, using an uncorrelated lognormal relaxed clock
and Bayesian skyline coalescent model. For most isolates, only the HA segment
sequences were used, but for sequences in clade C4 NA sequences were also included,
where available. Molecular clock and substitution models were unlinked for the two
segments, whilst the phylogeny itself was linked. Sequences were coded by area
(Figure 3.1). A fully annotated MCC phylogeny is provided in Figure B.1.

Discrete phylogeographic analyses were conducted both with and without
Bayesian stochastic search variable selection (BSSVS). BSSVS identifies which
geographic links are strongly supported by the data, by assuming that for many
possible pairs of locations there will be limited or no observations of viral lineage
movement [253].  Between two and four independent runs of 200 million steps
of a Markov chain were performed for each analysis, with sampling every 20000
steps. Convergence of the runs and effective sample sizes were checked using Tracer
(http://tree.bio.ed.ac.uk). Runs were combined after discarding 20 million steps as
burnin. MCC trees were generated using TreeAnnotator and visualized using Figtree
(http://tree.bio.ed.ac.uk).

A reduced dataset was generated to exclude sequences that were descended from
specifically identified long branches in the MCC tree (see Results section 3.3 and
Discussion), reflecting my view that these branches represent virus re-introduction

from outside ROK, not cryptic persistence within ROK throughout 2014. Using a
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subsampled empirical tree distribution of 1000 trees generated during discrete trait
reconstruction with BSSVS on this reduced dataset, Markov jump analysis [287, 311,
433] was performed to estimate the number of jumps between pairs of locations, for
each with a Bayes Factor >10. SPREAD was then used to calculate Bayes Factor
support for the location rate indicators [28]. These values give an indication of the
intensity of movement among locations.

Heterogeneous sampling may affect phylogenetic inference, with less well-sampled
locations tending to be inferred as sink regions. Because H5N8 sequence data is rel-
atively limited, it was not possible to use downsampling approaches (e.g., [127]) to
create a dataset with equal sample sizes for each region. To assess the effects of includ-
ing locations for which only one sequence is available, I re-ran the phylogeographic
analysis with BSSVS whilst (i) removing locations with only one sequence from the
dataset, or (ii) combining locations with only one sequence with the geographically
closest province (as per the case map in [504]; Figure B.2).

To further investigate the phylogenetic structure of clade C4, monophyly statis-
tics and TMRCAs for defined groups of viruses within this clade were estimated.
Both HA and NA sequences were included where available for this clade (Table B.3).
Statistics were estimated under three models (no phylogeographic reconstruction,
phylogeographic reconstruction without BSSVS and phylogeographic reconstruction
with BSSVS). The monophyly statistic represents the posterior probability that the
defined groups of sequences are monophyletic. Each defined group (Table 3.1) in-

cludes all C4 isolates from the countries named.

3.3 Results and Discussion

3.3.1 Density and temporal dynamics of poultry

Relevant ecological data sets were collated for ROK. Estimates of livestock density

were obtained for ROK [366] and are presented in Figure 3.1 panels A and B. Chicken
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density is relatively homogeneous among provinces (Figure 3.1 panel A). In contrast,
domestic duck densities (Figure 3.1 panel B) are noticeably higher in western main-
land areas (Jeonbuk, Jeonnam, Chungnam, Chungbuk and Gyeonggi) than in eastern
areas (Gyeongnam, Gangwon, Daegu, Gyeongbuk and Ulsan; see Figure 3.1 panel 1C
for locations). Longitudinal data from commercial farms in ROK (Republic of Korea
Livestock Census 2014) suggest that there are small but regular summer peaks in the
number of domestic chickens in ROK. No seasonal changes in domestic duck intensity
were observed in commercial farms. Although weak seasonality in domestic poultry
numbers on commercial farms in ROK is unlikely to affect HSN8 dynamics, I cannot
rule out seasonal variation in poultry numbers on smaller subsistence plots, as has

been reported in China free-grazing duck poultry production systems [53].

3.3.2 Density and temporal dynamics of wild waterfowl

Maps generated from the Ministry of Environment Wild Bird Census for Winter 2014
indicate that overwintering waterfowl mostly inhabit the west of ROK (Figure 3.2).
The most common waterfowl in winter in ROK, the Baikal teal (Anas formosa), occurs
in high numbers only on the west coast (Figure 3.2 panel A). The other three most
common waterfowl (mallard, Anas platyrhynchos; bean goose, Anser fabalis; spot
billed duck, Anas poecilorhyncha) also mostly inhabit the west of the country (Figure
3.2 panels B-D). Counts of waterfowl show that the period of peak migration into
ROK occurs between October and January each year, with the greatest number of
waterfowl present in January (Figure 3.3 panel A). Due to a paucity of published raw
longitudinal data, the wild bird counts are derived from only four sites in ROK. These
data therefore will not reflect the full diversity of local flyways or of migration patterns
for different species. Fluctuations that reflect local conditions, such as the effects of
frozen wetlands on bird density, or the effect of averaging bird migration patterns
across a variety of waterfowl species, may also be present. However, annual trends in

waterfowl migration into ROK are consistent among the four sites. The observation
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that high numbers of birds migrate to ROK to overwinter between October and March
is further supported by other published longitudinal studies from which suitable raw
data was not available [186, 244, 303, 389].

3.3.3 Phylogeographic analyses of H5NN8

To reconstruct the phylogenetic history and geographic dissemination of H5NS8 in
ROK, I performed discrete phylogeographic molecular clock analyses using BEAST.
The maximum clade credibility phylogeny (Figure 3.3 panel B) strongly supports two
lineages, denoted Groups A and B following the nomenclature of Jeong et al., 2014
[193]. Group B includes viruses that have a different internal gene constellation to

Group A isolates. Viruses from Group A dominated the outbreaks in ROK [193, 249].

3.3.3.1 First wave of viral entry to ROK

My data indicate that H5N8 first entered ROK via the province of Jeonbuk (Figure
3.4). The ancestral node of all Group A Korean isolates (black square in Figure 3.3
panel B) has a high probability of being located in Jeonbuk (location posterior prob-
ability = 0.99). This result appears to be robust to potential undersampling because
the basal sequences of several well-supported clades were sampled in Jeonbuk and
exhibit short terminal branch lengths. Furthermore, the only two Korean sequences
in Group B are also both from Jeonbuk.

My analyses suggest that HSNS first entered ROK at a time and in a place associ-
ated with the entry of wild waterfowl during winter migration. Specifically, the most
recent common ancestor (MRCA) of the Group A sequences from ROK (black square
in Figure 3.3 panel B) is estimated to have existed in Jeonbuk in mid-November
2013 (95% highest posterior density (HPD) interval = mid-October to mid-December
2013). This interval is coincident with the season during which overwintering water-
fowl arrive in greatest numbers into ROK (Figure 3.3 panel A). Large numbers of wild

waterfowl overwinter in Jeonbuk province, especially Baikal teal (Figure 3.2). Conse-
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quently, the arrival of H5NS8 to Jeonbuk is consistent with migrating wild waterfowl
carrying the novel H5N8 subtype to ROK during their winter migration. That the
first cases of HHNS8 in both poultry and wild birds were identified near an important
habitat of wild migratory birds (Donglim Reservoir [193]), supports the conclusion
that wild waterfowl likely introduced H5N8 to ROK. The index cases of the November
2006 [248], April 2008 [214] and December 2010 [212] outbreaks of GsGd lineage H5N1
in ROK were also from Jeonbuk, suggesting that risk factors for the introduction of
HPAI may be common to both strains.

I cannot formally exclude the possibility that this first wave of virus entry may
have involved multiple introduction events to ROK, as opposed to a single introduc-
tion followed by local dissemination. However, isolates from the first wave were de-
tected over a very short time window and are typically linked by short branch lengths
in the molecular clock phylogeny (Figure 3.3 panel B), which supports a single epi-
demic origin. Furthermore, epidemiological reports of the spatio-temporal incidence
of H5N8 in ROK support within-country transmission from a single epidemic origin

in Jeonbuk to neighbouring provinces to the north and south [193].

3.3.3.2 HS5NS8 spread within ROK

Following its establishment in Jeonbuk, H5NS8 spread widely across the west of ROK
(Figure 3.4). There is strong support for lineage migration between Jeonbuk and
Jeonnam in the southwest (Bayes factor = 141). Northwards dispersal of the virus
from Jeonbuk to Chungnam and Chungbuk along the west of ROK is also well sup-
ported by the analysis (Figure 3.4; Bayes factors = 12208 and = 269, respectively).
These western provinces, among which most transmissions have occurred (Figure 3.4),
are characterised by high domestic duck densities and high numbers of overwintering
waterfowl (Figures 3.1 and 3.2).

By contrast, all eastern provinces (including Daegu, Ulsan, Gyeongbuk, Gangwon
and Gyeongnam) are characterised by a combination of (i) few H5N8 outbreaks,

(ii) little or no onward transmission, (iii) a lack of phylogenetic clustering between
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geographically nearby isolates, and (iv) low domestic and wild duck density. Despite
being geographically proximate in the southeast of ROK, the three sequences from
Daegu, Ulsan and Gyeongbuk are clearly separated from each other on the MCC
tree and therefore each represents a separate virus introduction event. These results
suggest that these eastern provinces may be “sink” regions, within and from which
there is little or no onward transmission (Figures 3.1 and 3.4). Five of the six isolates
from these eastern provinces are from domestic chickens, which is an unusually high
proportion for my dataset and reflects the lower density of Anatidae hosts there.
I suggest that the low density of wild waterfowl and domestic ducks prevents the
establishment of persistent chains of H5N8 transmission in the eastern regions of
ROK.

While H5NS8 appears to have persisted more in waterfowl-rich areas in the west
and persisted less in waterfowl-poor areas in the east, it is difficult to determine the
relative contributions of domestic ducks and wild waterfowl to this observed pattern.
This is because, at the provincial level, areas of high domestic duck density and areas
harboring many overwintering wild waterfowl coincide. I note that the longest per-
sisting clade in ROK, clade C1 in Figure 3.3 panel B, was isolated almost exclusively
from domestic birds in a single province over a period of more than six months. This
persistence in domestic birds in a single region contrasts with non-persisting Asian
outbreaks in clades C2 and C4, which were sampled from four different East Asian
locations and mostly from wild birds. Thus domestic poultry appear more impor-
tant in the persistence of H5N8 within ROK, whilst wild birds appear key to viral
introduction to new locations.

My observations that waterfowl densities are more important than domestic
chicken density for regional emergence, persistence and dissemination of H5N8 are
consistent with known pathological effects of the virus. HSNS8 causes lower mortality
in ducks than in chickens [202, 203, 216, 405, 495, 515]. Infections are harder to
identify in ducks than chickens because symptoms are typically less severe, so duck

cases may be detected later and culled less rapidly than those in chickens. Thus
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waterfowl may be more effective vectors of H5N8 than chickens, congruent with my
observations that waterfowl-rich areas are more important in the emergence of new
outbreaks than areas rich in domestic chickens. As was noted previously in relation
to GsGd lineage H5N1 prevalence [193], the observed higher prevalence of H5NS in
ROK compared to Japan may thus be explained in part by the larger size of the
domestic duck populations in ROK.

My dataset included different numbers of sequences for each location, which has
the potential to affect phylogeographic inference, particularly for undersampled lo-
cations which are more commonly inferred as sink regions (Figure B.2). Whilst the
general trend of widespread transmission in the west of ROK and rare transmission
to the east of ROK appears relatively robust and is supported by epidemiological
information, the exact inferred trajectory of HSNS8 spread to the east of ROK ap-
pears sensitive to sampling (Figure B.2). Larger and more comprehensive datasets
would enable us to sub-sample isolates so that sample sizes are homogeneous among

locations, which would allow us to definitely rule out any potential sample size effects.

3.3.3.3 Proposed second wave of virus transmission

Internal branches in the molecular clock phylogeny (Figure 3.3 panel B) that represent
H5NS8 transmission within ROK following its introduction in 2014, are generally short
and almost all are of less than 8 weeks duration (Figure 3.3 panel B). However, three
long branches are notable outliers from this pattern, each representing an internal
branch of more than 17 weeks duration (dashed branches in Figure 3.3 panel B). The
sequences from ROK (and Japan) that are descended from these three long branches
were all sampled between 18th November and 19th December 2014.

There are two interpretations of these long branches, depending on whether the
phylogeographic results are interpreted naively, or if they are interpreted in the con-
text of known bird ecological data. Considered naively, the long branches would
represent unsampled persistence of H5N8 within ROK during summer 2014. If so,

then coincident sampling of these lineages in late 2014 requires a specific explanation
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(for example, a sudden increase in sampling at that time, which identified multiple
infections that had been overlooked during the summer). However, evidence for the
persistence of clade C1 in domestic ducks in Jeonnam throughout the summer of
2014 indicates that sampling was undertaken, at least in parts of ROK. I suggest
that this ecologically uninformed interpretation is implausible, and I favour an al-
ternative that is informed by the ecological data. It is important to note that each
long branch spans a period when few waterfowl are present in ROK (grey shading
in Figure 3.3 panel B), yet the tips of these long branches were sampled during the
period of peak inward migration of overwintering waterfowl. It is therefore much
more likely that these clade C2 and C4 strains represent re-introductions of H5NS8
into ROK via wild birds, and do not result from cryptic or unsampled persistence of
H5N8 within ROK. Hence the long branches most likely represent transmission from
an unsampled reservoir. Existing satellite tracking, GPS and modelling data suggest
that migratory waterfowl typically migrate to or via ROK from sites in northern or
northeastern China, Russia and Mongolia [432, 442, 458], so the unsampled reservoir
may be located in one of these regions. This interpretation implies at least three
separate introductions of HSN8 to Asia in late 2014 from an as-yet uncharacterized
source as part of a “second wave” of virus entry.

The same model of transmission from an unsampled reservoir can explain the long-
branches leading to North American (denoted clade C3 on Figure 3.3 panel B) and
European and Russian (denoted clade C4 on Figure 3.3 panel B), North American
and Russian samples from the same time period. The long internal branch that leads
to clade C4 (Figure 3.3 panel B) contains viruses isolated in Russia, ROK, Japan and
Europe. The presence of isolates from West Europe, Russian and East Asia in this
clade is very striking, especially given the large geographic distances between these
locations. Careful study of clade C4 shows that the phylogenetic topology within it
is not certain, as evidenced by overlapping TMRCAs for several internal nodes in
C4 (Table 3.1, Figure B.3, B.4 and B.5) and low posterior support for many nodes

within the clade (Figure 3.3 panel B). There is a very low probability that all the
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European isolates within C4 form a strictly monophyletic cluster (Table 3.1), whereas
there is greater statistical support for the grouping of three Asian samples with three
European samples, to the exclusion of other European isolates (Figure 3.3 panel B;

Table 3.1).
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Figure 3.1: Maps showing domestic poultry density (number per kilometer, colours
in key) in ROK according to the Gridded Livestock of the World 2.0 (Robinson et
al., 2014). (A) Domestic chicken density. (B) Domestic duck density. (C) Map
of provinces. Colours correspond to the branch colour scheme used in Figure 3.3.
Province abbreviations are as follows; CB: Chungbuk, CN: Chungnam, DG: Daegu,
GB: Gyeongbuk, GG: Gyeonggi, GN: Gyeongnam, GW: Gangwon, IC: Incheon, JB:
Jeonbuk, JJ: Jeju, JN: Jeonnam, US: Ulsan.
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(a) Baikal teal (b) Mallard

Figure 3.2: Maps generated from ROK Ministry of Environment Wild Bird Census
for winter 2014 data showing the number of overwintering waterfowl for the four
most common species in ROK. Circles are proportional to estimated bird numbers
at sites. Geographic locations are approximate. Bird species and total observed
numbers are as follows: (A) Baikal teal (Anas formosa) (365,641), (B) mallard (Anas
platyrhynchos) (155,208), (C) bean goose (Anser fabalis) (72,225), (D) spot billed
duck (Anas poecilorhyncha) (68,204).
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Figure 3.3: (A) Bird population dynamics in ROK. Lines represent the scaled average
number of waterfowl observed at four sites across ROK (counts scaled so the maximum
count at each site equals one). Bars represent the number of H5N8 viruses isolated
in ROK in 2014 from wild birds (dark grey) and domestic birds (light grey). (B)
The estimated MCC phylogeny of Eurasian HSN8 and American H5 strains (all H5
clade 2.3.4.4). Branch lengths represent time and the tree is placed on the same
timescale as the plot in part (A) above. Branch colours represent locations inferred
via discrete trait reconstruction using BSSVS (see key). “Long branches”, as discussed
in the main text, are dashed. Squares and circles at tips represent host species (see
key). Provinces in ROK correspond to the locations and colours used in Figure
3.1. Numbers at nodes show posterior probabilities >0.7. Several sets of proximate
provinces which are represented by few isolates have been grouped. A fully annotated
tree is provided in Figure A.1.
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Figure 3.4: Map representing the estimated trajectory of the H5N8 spread in ROK.
Arrows connecting locations represent directions of movement with Bayes Factor sup-
port >10. Arrow colours represent Bayes Factor support for rate indictors, with
darker blue indicating better support. Arrow thicknesses are proportional to the
inferred values of Markov jumps between locations, such that a wider arrow repre-
sents more migration between a pair of locations. Yellow and orange background
background show the estimated density (numbers per kilometer) of domestic ducks
(colours in key). Province abbreviations are the same as those used in Figure 3.1
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These results leave open two possible scenarios. In the first, there is a single intro-
duction of C4 viruses into Europe (from an unsampled reservoir location) followed by
rapid viral lineage movement from Europe to East Asia. In the second scenario, C4
viruses were independently dispersed from an unsampled reservoir to Western Europe
and East Asia during July to September 2014. Because the European samples do not
form a strictly monophyletic clade, this second scenario requires there to have been at
least two, and possibly many more, separate introductions of C4 viruses into Europe
from the reservoir population. Based on the patterns observed in ROK, I again posit
that this may represent long distance transmission via migratory wild birds from an
unsampled reservoir. This hypothesis follows recent suggestions that the almost si-
multaneous detection of H5N8 across the world could be a result of birds carrying
the virus from unsampled breeding grounds in Russia and Beringia [247, 458, 456].
Ring recovery data from wild ducks suggests that intercontinental transmission by
wild birds is plausible [458]. If this model is correct, then the phylogenetic data can
only be reconciled if H5NS8 entered Europe on at least two separate occasions, and

entered Asia at least three times.

3.4 Conclusions

In this study I investigated the factors underlying the emergence and persistence
of H5N8 HPAI in the Republic of Korea by analyzing new and previously available
viral gene sequences using molecular clock and phylogeographic methods, and by
interpreting the results in the context of data on avian ecology. I suggest two separate
waves of migrating wild waterfowl contributed to the presence of HHN8 HPAI in
ROK; the first during its initial emergence in Asia in 2013/2014, and the second
during late 2014. T find that H5NS8 initially emerged in ROK in an area of high
wild bird and domestic duck density, at a time associated with the migration of
overwintering wild waterfowl into the region. Although I cannot formally exclude

the effect of climatic variables such as temperature, which are naturally co-linear
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with bird migration patterns, these data suggest that migrating wild waterfowl were
important in the establishment of H5N8. Despite several introductions, the virus did
not become established in the east of ROK, which is an area characterised by low
numbers of domestic ducks and wild waterfowl. Domestic duck distribution appears
to have been important in regional persistence. I posit a model of a second wave
of virus introductions by wild birds from an unsampled reservoir population, which
may also explain the observed long distance transmissions to Europe, North America
and Russia. The second wave of H5NS introduction is supported by the presence of
long-branches in the tree that coincide with the absence of wild bird migration to
ROK.

My results support recent hypotheses that wild waterfowl and domestic ducks are
important in the emergence and maintenance of HPAI H5N8 [458, 456]. I highlight
the importance of interpreting phylogeographic analyses in the context of available
ecological data, especially when sample sizes are small or when key locations are
not sampled. Future studies formally integrating phylogenetic data with ecological
data should be conducted in order to more clearly identify factors involved in H5
HPAT emergence and to help target surveillance resources to high-risk source areas.
Publication of the exact geographic locations of viral isolates and collation of exist-
ing ornithological datasets would allow outbreaks to be considered in their proper
ecological context. Determining the ecological drivers of HPAI transmission will be-
come increasingly important for both human and animal health as domestic poultry

production continues to intensify across the world [197].

70



Chapter 4

Diversity of the mute swan

(Cygnus olor) faecal virome

4.1 Introduction

Viruses that affect wildlife are considerably under-studied compared to those in hu-
mans, yet improving our knowledge of animal viruses is important for reasons that
extend far beyond their obvious veterinary significance. Viruses that originate in
wildlife are the primary source of newly emerging pathogens in humans [198, 491].
Understanding the current host range, ecological niche and mode of transmission of a
virus in animals can help predict when and why certain viruses might be more likely
to transmit to humans [196]. Discovering animal homologs of key human viruses
(for example, hepatitis C virus homologs in rodents [206]) can present new opportu-
nities to develop effective animal-models that are useful for basic medical research,
including vaccine and drug development [464]. Commercially, the spillover of wildlife
viruses to farmed animals can cause huge direct and indirect losses through increases
in mortality or reductions in trade; for example, recent H5 avian influenza outbreaks
in the USA resulted in financial losses of $3.3 billion [373]. Infectious diseases can
also pose a threat to conservation of existing biodiversity, as small populations of en-

dangered species can be pushed closer to the brink of extinction by single outbreaks
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[25, 241, 341]. The discovery and epidemiological characterisation of new viruses
has great potential to improve our understanding of cross-species transmission and
viral evolution, and contribute to efforts to protect human and animal health, food
production systems, and global biodiversity.

Virus discovery during most of the 20th century involved virus isolation and am-
plification in cell culture [251]. As the cost of next generation sequencing has reduced,
it has become more feasible to study viral genetic diversity using metagenomic tech-
niques. Here, I use “metagenomics” (or “metaviromics”) to refer to the direct genetic
analysis of microbes (or viruses) in a sample without culturing or performing specific
PCR amplification, sometimes termed shotgun metagenomics. Metaviromic stud-
ies in wildlife have been successfully employed to identify unknown disease-causing
agents (for example, a retrovirus that caused unexplained unexplained mortality in
chickens, or a picornavirus associated with hepatitis [17, 178]), or to catalogue viral
diversity within a given taxonomic group (for example, large-scale ivestigations of
viral diversity in invertebrates and bats [388, 497]).

Despite the existence of >10,000 species of birds, most metaviromic studies in
birds have been conducted on only two species of domestic bird; turkeys and chick-
ens [32, 33, 34, 85, 86, 87, 88, 99, 100, 215, 267, 385, 513, 518]. Single studies have
investigated the viruses present in domestic ducks [62] and domestic guinea fowl
[265]. To my knowledge, only six metaviromic studies have been conducted in wild
species of bird; the European roller (Coracias garrulus) [320], mallard duck (Anas
playtrhynchos) [129], northern fulmar (Fulmarus glacialis) [263], black-capped chick-
adee (Poecile atricapillus) [520], rock pigeon (Columba livia) [342] and captive birds
of the endangered rowi kiwi (Okarito kiwi) species (Apteryz rowi) [476]. The con-
tents of these studies is summarised in Table 4.1. Whilst all of these studies in wild
species of bird are valuable in that they characterise at least one novel virus (some-
times associated with a particular disease) only two of the six studies publish any
information on overall virus composition of tested samples. None of the six studies

explore differences in the viromes of different birds that might result from differences
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in ecology (such as seasonality or geography) or demography (such as age or sex,
which is not published for birds in any of the studies). Both studies that publish viral
composition data are based on sample pooling without barcoding prior to sequencing,
so, despite reasonable numbers of birds sampled in each study (n=>51 and n=23), it is
not possible to assess within-population differences in viral carriage. Little is known
about viral diversity for the majority of wild birds.

The potential to use metaviromics to learn about viral epidemiological dynamics
in the wild is almost entirely untapped. Instead, current studies of viruses in wildlife
are almost always specific to a single viral target, being reliant on molecular genetic
approaches such as qPCR that can only be used to detect the presence of a single or
small number of viruses. Such studies have been extremely important in increasing our
understanding of temporal, geographic and age-related differences in the prevalence
of many clinically important animal viruses, such as avian influenza virus (reviewed
in [297]). Whilst PCR is extremely sensitive, simple and low cost per assay, the need
for target-specific primers can bias detection, as related viruses that are divergent
from the reference at the primer-binding site may not be amplified. Furthermore,
targeting a single virus per PCR assay means that assaying more than a few different
viruses becomes impractical because of the greater cost in time, consumables, and
also due to the increased volume of sample required.

Metagenomic studies have been used to uncover seasonal, demographic and geo-
graphic factors that seem to affect viral prevalence in humans [261, 266, 295], farm
animals [375, 516] and in the environment (e.g., water or air) [289, 317, 480]. However,
to my knowledge, only a few studies have ever attempted to explore the factors that
affect viral presence in wildlife using metagenomics. Temporal variation in viral infec-
tions have been detected for honey bees [372]. In monkeys, variation in the prevalence
of simian immunodeficiency virus by age [207], and geographic differences between
sampling sites have been shown [9]. Combining metaviromic techniques with detailed
host information in order to study viral diversity in its natural ecological context is

extremely rare, and, I believe, has never been conducted for birds. None of these
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studies have been able to identify individual animals or follow them longitudinally
through time.

The availability of susceptible hosts is fundamentally important to shaping how a
virus transmits through a population, and, through necessitating viral evolutionary
strategies to avoid immune recognition, is often a key driver of viral diversity. In wild
birds, as in many other host groups, naive hosts can be introduced into a population
through hatching or through migration. 19% of all modern bird species are believed
to be migratory [404, 220], following seasonal patterns of movement between breeding
and wintering grounds. Breeding is also highly correlated with season in most birds
[69], and is controlled by a physiological cascade triggered by environmental changes
such as differences in the length of daylight or amount of rainfall. Avian influenza
virus (AIV) is perhaps the best studied of all the viruses that infect wild birds. For
low pathogenic AIV, we know that adult birds typically have lower AIV prevalence
than juvenile birds (typically measured as hatch-year) [296, 325, 412, 462], and AIV
prevalence is believed to be highest immediately prior to and during autumn migration
and lowest in spring [228, 240, 296, 325, 412, 462, 471]. Viral prevalence in resident
(non-migratory) species can be affected by the migration patterns of migratory bird
species that share the same geographic environment if cross-species transmissions of
that virus can occur and if migrant birds act as amplifiers of the virus. Beyond avian
influenza, it is probable that age and seasonality are associated with viral prevalence
of many viruses that infect wild birds, because, respectively, young birds are more
likely to be immunologically naive for any particular virus and because the timing
of entry of these young birds to infection networks is determined through seasonal
controls on hatching and migration. Despite their critical importance, the effects of
these factors on the dynamics of most other viruses that infect wild birds, including
many viruses that have been recently discovered through metagenomics, have not yet
been addressed.

Here, I investigate the faecal metaviromes of 119 wild, mute swans (Cygnus olor)

that form part of a well-studied population in Abbotsbury, Dorset, UK. The pop-
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ulation has been studied intensively for over 60 years, and detailed demographic
information (for example, age, sex and parentage) is available for most birds. Avian
viruses are extremely undersampled compared to mammalian viruses, and in total
only 9 viruses are known to infect swans !. I sample birds from this population
over a period of 6 months, sequence the metavirome with help from colleagues at the
University of Amsterdam and analyse the faecal metavirome of 119 wild mute swans.

The following results are presented in two distinct sections that reflect the two
distinct aims of the study, discovery of novel viral diversity and analysis of the patterns
that result in that diversity. Firstly, I describe the de novo assembly and genomic
characterisation of 9 previously unknown viruses that probably represent natural
infections in birds and investigate diversity within the population for two of these
viruses using phylogenetic analyses. I also describe the presence of several additional
viruses that have already been detected in birds. Secondly, I explore whether the
metaviromic data is appropriate for analysing the factors that affect viral carriage
in this population. Here, to provide a proof of principle that metaviromic data can
be used effectively to explore the factors that affect viral carriage in wild birds, I
focus only on the effect of bird age and season. As described above, these two factors
are perhaps the most well established drivers of differences in viral carriage in wild
waterfowl. Other possible correlates of infection that could be explored using the
data available for this population, including family structure (defined by mating data
and genealogies), last-known weight, data on observed illnesses or mortality, or fitness
(as defined by number of cygnets that survive to breeding age), are not considered
here but could perhaps be addressed with further analyses. In its entirety, this work

begins to bridge the gap between genomic description and epidemiological analysis,

and provides a possible blueprint for future studies.

Low to moderate prevalences of aquatic bird bornavirus 1 [97], avian paramyxovirus serotype
1 [333], swan circovirus [159], duck viral enteritis (anatid herpesvirus) [493], coronavirus [185] and
influenza A virus have been identified. Sporadic cases of goose parvovirus [387], West Nile virus [43]
and avian poxvirus [157, 250, 293] are also reported.
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4.2 Materials and Methods

4.2.1 Sample collection

Non-invasive faecal samples were collected from swans at Abbotsbury Swannery on
the Fleet Lagoon (Figure 4.1) (Dorset, United Kingdom; 50.6537°N, 2.6028°W)).
Abbotsbury Swannery harbours a large population of wild mute swans (Cygnus olor)
that have been subject to long-term study. The swans are not wing-clipped, are free
to fly, and habitually mix with other species at the site (Figure 4.3). Population size
varies seasonally due to immigration of swans to the site during the summer moult,
but is typically between approximately 500 and 1000 birds. Birds hatched at the
Swannery are sexed and marked with metal web-tags within 24 hours of hatching.
Web-tags are replaced with adult rings at approximately 5 months of age (Figure
4.2) and birds are weighed. Every two years, all swans present on the Fleet Lagoon
are caught, weighed, and year of hatching and/or sex is recorded where possible.
Consequently, detailed data about date of hatching, sex and parentage are known for
most birds.

Samples were collected on 19 occasions at approximately monthly or bimonthly
intervals between April 2015 and June 2017, with each visit lasting 2-3 days. Samples
collected between April 2015 and March 2016 were entirely swabs of feces (11 sampling
visits), whereas samples collected after March 2016 were whole faecal samples (8
sampling visits). A summary of the number of samples collected per sample occasion
and the number of times that each bird was sampled per sample type and in total are
presented in Tables C.1 and C.2. Only whole faecal samples were used in this study
as the higher volume of material in these samples was found to be more suitable for
metagenomic sequencing, but earlier samples would be appropriate for investigating
specific viruses in detail using PCR amplification methods in future. In total, 1440
samples from uniquely identifiable birds were collected, representing 427 different
birds. Individual birds were sampled on up to 10 different sample occasions.

Birds were observed when on the land, and samples were taken from any ringed

77



bird seen to defecate. For each sample, approximately 0.5ml of faeces was collected
with an individually wrapped, sterile spatula into a 1.5ml sample tube containing 1ml
of Universal Transport Media (Sterilin). Each tube was shaken vigorously to promote
mixing of the sample with the media. Samples were kept on ice in the field for up
to an hour, before being placed at -80°C in a freezer at the field site. All subsequent
transport was conducted on dry ice. Samples used in this study were collected on 5
sample occasions at approximately monthly intervals between May 2016 and October
2017.

None of the birds studied here are known to have died within 7 weeks follow-
ing sampling, and no birds had obvious clinical symptoms of disease at the time of

sampling.

4.2.2 Sample preparation and sequencing

Faecal samples were processed at the University of Amsterdam using previously pub-
lished methods [31, 79]. Briefly, the method used attempts to enrich for viral nucleic
acids without bias for the type of viruses that can be detected. Virions are enriched
in the sample by centrifugation to remove most bacteria, cells and mitochondria.
Residual DNA and RNA molecules that are not virion protected are degraded with a
DNase treatment and by RNases naturally present in the sample. The Boom method
is used for extraction of total nucleic acids [31]. To reduce reverse transcription of
host ribosomal RNA and enrich for reverse transcription of viral RNA, the method
uses non-ribosomal random hexamers during cDNA synthesis [119]. These primers
are designed to bind to hexamer regions that occur more commonly in known viral
genomes, and less commonly in ribosomal RNA and hence reduce reverse transcrip-
tion of ribosomal RNA compared to what would be expected using standard random
hexamers.

The quality of the dsDNA was checked on a Nanodrop, and concentrations mea-

sured using a Qubit high sensitivity dsDNA kit on a Qubit 3.0 fluorimeter. Samples
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Figure 4.1: Position of Abbotsbury Swannery on the Fleet Lagoon (centre bottom: the
swans are visible as white specks in the bay). The site is an important coastal stopover
site for many migratory waterfowl. This photograph was taken by the Abbotsbury
swanherd Charles Wheeler, and is included with his permission.
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Figure 4.2: Uniquely identifiable leg rings on swans. Each swan is ringed with two
legs rings: a metal ring with a code recognisable by the British Trust for Ornithology,
and a coloured, plastic Darvic ring that is easy to read from a distance, allowing
individual birds to be identified. Any unringed mute swans present on The Fleet
Lagoon are able to be ringed during a large, biannual catching event held at the
site (“roundup”). This photograph was taken by the Abbotsbury swanherd Charles
Wheeler, and is included with his permission.
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Figure 4.3: Wild birds at Abbotsbury Swannery. Note that the swans freely mix
with other resident and migratory bird species, including many different species of
waterbird. This photograph was taken by the Abbotsbury swanherd Charles Wheeler,
and is included with his permission.
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were barcoded and paired-end library preparation was performed for all samples using
an Illumina Nextera XT kit by the sequencing team at the Wellcome Trust Centre
for Human Genetics (Oxford, UK). The samples were sequenced in multiplexes on
an [lumina HiSeq 4000 to generate 150bp paired end reads. The first batch was run
using a multiplex of 16 samples (including 5 non-faecal samples that are not consid-
ered here) on a single lane to test the protocol (generating 115Gb), and 118 samples
(including several unrelated samples that are not considered here) were sequenced
across 5 lanes (generating 521Gb). In total, dSDNA generated from faecal samples

from 119 wild mute swans was sequenced.

4.2.3 Computation detection of viral reads

Raw Illumina fastq files were subjected to a custom pipeline for classification of viral
reads. All reads were aligned against a local viral protein database containing the
GenBank complete viral protein database using DIAMOND BLASTX in fast mode
with an E-value cutoff of 1 [49]. Reads that matched with an E-value of <1 were
subjected to DIAMOND BLASTP searching against the entire nr protein reference
2 database to remove false positives. Taxid numbers of each nr best hit were used to
extract the complete hierarchical taxonomy (that is to say, any available classification
at all possible taxonomic levels) of the closest matching sequence for each read. All
matching reads and their pairs were extracted using seqtk [258]. Low quality ends
were trimmed to a quality score of 15 and adaptors were removed using cutadapt

[278]. The resulting dataset was checked for quality with FastQC [8].

4.2.4 Assembly of novel viruses

The number of reads corresponding to each viral species was checked using the taxo-
nomic metadata assigned to each putative viral read (as described in Section 4.2.3).

Plausible viral candidates were chosen for assembly if they had high read numbers

2The nr database is a database of the unique sequences from the set of all translated GenBank
sequences, and sequences from other databases such as RefSeq, SwissProt, PIR, PRF and PDB.
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and were from a predicted vertebrate host species. Typically, this corresponded to
viruses with approximately >150 putative reads (matching viruses with reads in the
highest 10th percentile for the dataset). In addition, the ratio of number of uniquely
occuring sequences corresponding to a species (i.e., grouping sequences that were
unique at the amino acid level) to total viral reads corresponding to that species was
considered, as considering only a low total read number matching to a particular
species might obscure the occurence of high sequencing coverage but that reads could
only be detected via BLAST aligning in a short (perhaps conserved) region of the
genome. Choice of putative candidates for assembly was not blind to species names
or entirely rigid to specific cut-offs of read-counts or unique/total read ratios, and
it is probable that this manual component has biased the specific viruses that were
assembled here.

Data were assembled in Geneious 8.1.7 using a combination of reference mapping
and de novo assembly. For reference mapping, candidate reference genomes for map-
ping were chosen as the genome with the lowest BLAST E-value score (as described
in Section 4.2.3). All viral reads were mapped against this reference. Where a novel
virus was too divergent to the closest existing reference for reference mapping, de novo
assembly using the Geneious assembler was performed. All viral reads with BLAST
matches to the same target virus species or genus were extracted and de novo assem-
bled, and the longest contigs were chosen. For many viruses, one or more gaps were
present in the assembly (typically due to divergent regions or the presence of non-
coding regions). If coverage at mapped or assembled sites was high, gap closure was
attempted by iteratively mapping all viral reads to the end of the contig. Where gaps
persisted, all reads (viral and non-viral) from the sample that contained the highest
number of reads of the target virus were iteratively mapped to the ends of the existing
contig until no further reads could be assembled. A BLASTX search was conducted
on each assembled virus to check that all coding regions had been assembled, under
the expectation that novel assembled species should have similar genome length and

number of open reading frames to their closest matching reference. To check for the
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absence of significant variation in coverage across the genome, which might indicate a
poor assembly or artificial construction of chimaeras, all reads from the sample used
to assemble the putative reference genome were re-mapped to assembled viruses using

BWA [259]. The bam files were indexed and viewed in IGV 2.3 [365], and samtools

[260] was used to extract measures of sequencing depth across the genome.

4.2.5 Confirmation of de novo assembled viruses by specific

PCR

The assemblies of all putative new species of virus for which full genomes were as-
sembled were confirmed by re-sequencing using virus specific primers. Two differ-
ent approaches for re-sequencing were used. For shorter viruses (typically <6 kb),
primers were designed using Primer-BLAST to amplify overlapping amplicons across
the genome, and individual PCR reactions were set up for each target amplicon. 25ul
reactions were performed using Q5 Hot Start High Fidelity Polymerase (NEB) ac-
cording to the manufacturer’s instructions and with 2.5ul cDNA per reaction and 45
seconds of extension per cycle. Amplification was conducted for each virus using the
annealing temperature, sample and 0.5uM final concentration of each primer in the
relevant primer pair in Table C.3. Forty cycles of denaturation, primer annealing and
extension were performed for each assay. Following PCR, amplicons were purified
for Sanger sequencing using Exonuclease I (NEB) and Shrimp Alkaline Phosphotase
(NEB). 0.5U of Exonuclease I and 0.25U of Shrimp Alkaline Phosphotase were added
to 20ul of each PCR product, and adjusted to 30ul using nuclease free water. The
mixture was incubated at 37°C for 30 minutes and 85°C for 15 minutes to remove
single-stranded DNA and free dNTPs. Amplicons were directly Sanger sequenced
by a commercial company (Source Bioscience) using both the forward and reverse
primers. Chromatograms were checked for disparities between the forward and re-
verse reads, and consensus sequences for each amplicon were aligned to the novel

genome to check for the absence of any differences.
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For longer viruses, multiplex PCRs were designed to generate overlapping ampli-
cons across the whole of the novel genome using Primal Scheme, an online multiplex
primer design tool. PCR amplification and all laboratory protocols were conducted
according to previously published protocols [354]. All primers and assayed samples
are given in Table C.6. Forty cycles of denaturation, annealing and extension were
conducted. The negative controls used in cDNA synthesis and a PCR water control
were included on each plate. PCR products were cleaned using 1x Ampure bead
cleanups, and DNA concentration measured using a Qubit High Sensitivity dsDNA
kit on a Qubit 3.0 fluorimeter. PCR products were standardised by concentration,
and 200ng of total DNA per sequencing library was carried forwards into library
preparation.

Amplified DNA and appropriate negative controls were sequenced in barcoded
multiplexes of 6 - 8 samples per run on the MinlON (Oxford Nanopore Technologies)
using FLO-MIN106 flow cells. Library preparation was conducted using Ligation Se-
quencing 1D and Native Barcoding kits according to the manufacturer’s instructions,
but with the changes detailed in [354] (kits numbers; SQK-LSK108, EXP-NBD103).
Libraries were loaded onto flow cells (FLO-MIN106) and sequencing was performed
without basecalling for 48 hours using MinKnow 1.7.7.

Consensus sequences for each barcoded sample were generated following previ-
ously published methods [354]. Briefly, raw files were basecalled using Albacore 1.2.5
(Oxford Nanopore Technologies), demultiplexed and trimmed using Porechop, and
then mapped with BWA to a reference genome (A/turkey/England/052131/2016;
GISAID Isolate ID EPI_ISL 239801). Nanopolish variant calling was applied to the
assembly to detect single nucleotide variants to the reference genome [269]. All sites
where the coverage was <20 and all primer binding sites were masked with Ns dur-
ing generation of the consensus sequences. Consensus sequences were aligned against
the reference, and raw sequencing reads visually inspected in IGV 2.3 [365] to check

consistency between overlapping regions of neighbouring amplicons.
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4.2.6 Targeted sequencing

Following taxonomic assignment and mapping of viral reads, it was apparent that
whilst certain samples clearly contained viral genomic material from a specific viral
species, there were too few reads mapping to that virus to reliably assemble a long
contig. In order to better explore the viral diversity in the population, PCRs gen-
erating amplicons of length approximately 1kb were conducted for a small selection
of viruses in samples that had >20 reads of that virus. To reduce the probability of
false-negatives occurring because of unaccounted divergence in the variable antigenic
regions, a PCR targeting a conserved region of the virus species was performed prior to
any PCRs in more divergent regions of the genome. Conserved regions were assessed
based on alignment of any assembled viruses of that species detected at Abbotsbury
and the most closely related species as estimated through BLAST searching. Posi-
tivity or negativity was defined by detection of a clear band of the correct size using
gel electrophoresis on a 1.5% agarose gel containing 6ul SYBR Safe for every 100ml
of TAE. If samples were PCR positive for the conserved region but were negative
for the more divergent region, the primers for the divergent region were redesigned.
PCRs were conducted using the conditions in Section 4.2.5 but using the annealing
temperatures, extension times and primers given in Table C.4. 45 cycles of PCR were
performed. Amplicons were purified and subject to direct Sanger sequencing using

the methods detailed in Section 4.2.5.

4.2.7 Phylogenetic analysis

Phylogenetic trees were estimated using maximum likelihood methods for all putative
novel species in order to place these species within the currently known viral diversity.
For each new species, a BLASTX search against the NCBI viral reference database
was conducted for each open reading frame of the putative new virus and the 7
reference genomes with the lowest E-values were extracted. A separate BLASTX

search was conducted against the NCBI nr database and the sequence with the lowest

86



E-value was also extracted to ensure that a more closely related sequence would be
included if appropriate, even if that sequence was not a species reference sequence
on GenBank. All matches were combined with the query sequence and aligned using
MUSCLE [113]. Due to high amino acid divergence, certain sequences sometimes
could not be reliably aligned. These were removed and the dataset subsequently
realigned. Alignments were manually trimmed to visually more conserved regions.
Amino acid substitution model testing was performed using ProtTest3 [84] with the
Subtree-Pruning-Regrafting (SPR) tree-searching method and the model with the
best Bayesian Information Criterion (BIC) score chosen. Phylogenetic trees were
constructed in PhyML [156] using the most appropriate model and 100 bootstrapped
replicates.

Some mapped or assembled viral genomes had high homology to an existing virus
species based on BLASTX or BLASTN searching, and hence it was considered likely
that they belonged to this species. For these viruses, sequences from that species were
downloaded from GenBank, and nucleotide alignments were constructed for each
protein or partial protein. All full-length sequences were used where possible, but
where there was a large number of sequences available data were manually sampled
to try and achieve diverse sampling by species, location and time. Where possible, full
length or near-full length protein-coding regions were used in alignments. Alignments
were only trimmed to partial regions if excluding all partial sequences excluded a large
amount of geographic or temporal sampling diversity. Model testing was performed
using jModelTest [349] with SPR moves. The model with the best BIC chosen to use

for phylogenetic tree construction in PhyML [156] with 100 bootstrapped replicates.

4.2.8 Sensitivity test of Illumina sequencing data

Later in the chapter I use raw viral read data to explore whether bird age is asso-
ciated with higher viremia of certain taxa. This approach relies on an assumption

that the number of viral reads sequenced per sample (or an appropriate normalisa-
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tion thereof) reflects the amount of virus present in that sample. It was therefore
necessary to first test that the sequencing protocol did not obscure genuine differ-
ences in viral load between different samples through standardisation of samples by
nucleic acid concentration during sequencing library preparation. To explore whether
[Nlumina read count is closely correlated with viral load for each virus, two qPCRs
were designed against conserved regions of two commonly detected virus taxa in the
population. Targeted viral taxa included the family Astroviridae (targeting conserved
regions of 3 different species identified in this study) and the genus Megrivirus (tar-
geting conserved regions of a single species identified in this study). New cDNA was
made using the Protoscript II First Strand ¢cDNA Synthesis Kit (New England Bio-
labs) and random hexamer primers (Bioline), rather than the non-random hexamers
used in original cDNA synthesis [119]. ¢cDNA was not subsequently standardised by
concentration. qPCRs were set up using the PowerUp SYBR Green Master Mix kit
Applied Biosystems according to the manufacturer’s instructions, using 5ul of cDNA
in a 20ul reaction and 0.5uM each primer. Technical replicates were run for all sam-
ples in triplicate. A 1:5 dilution series made from the sample with the highest read
count for each virus was used in triplicate as a standard curve, with 6 points for the
astrovirus assay and 7 points for megrivirus assay (in the expectation that the stan-
dard curve would then appropriately cover an appropriate range of sample viremia
for the samples studied here, equivalent to 7500 to 2.4 reads for the astrovirus assay,
and 20000 to 1.2 reads for the megrivirus assay). Due to the higher range of total
read counts observed for each virus, 18 samples were tested for megrivirus, and only 7
samples were tested for astrovirus. Cts for each sample and standard were recorded.
Primers and annealing temperatures are given in Table C.5.

To check that the Illumina read counts were representative of the amount of
viral nucleic acid in a sample, Cts generated from qPCRs were correlated with the
normalised read counts (normalized to reads per million) of the identified number of
sequencing reads that had closest BLAST matches mapping to targeted viral taxa

using simple linear models.
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4.2.9 Assignment of host group to faecal metagenomic reads

Swan faecal samples contain large amounts of dietary material, bacteria and envi-
ronmental material (for example, small insects or algae) consumed whilst feeding.
Viruses that infect these components are therefore present in swan faecal samples
along with any viruses that naturally replicate in the bird. I therefore attempted
to classify reads based on which host they might naturally infect, with the intention
of only analysing the carriage of viruses known to infect vertebrates. To make a
reference dataset of associations between known viruses and their natural hosts, all
viral reference sequences in the NCBI database (accessed 6th July 2017) were down-
loaded along with information about their known hosts (classified as one or multiple
of; vertebrate, invertebrate, fungi, algae, plants, bacteria, human, protozoa, diatom,
eukaryotes). This information was processed with a Python script that generated
a “taxid-to-host” lookup file, comprising accession number, host classification and
GenBank taxids for every viral reference sequence.

In parallel to this, all viral reads with BLASTX scores of <0.01 in the faecal
dataset were extracted. Using the aforementioned taxid-to-host database and the
taxids associated with each read (described in Section 4.2.3), each faecal viral read
was associated with one or more possible natural hosts. Reads were compiled into
several different datasets, including (a) reads with highest homology to viral tax-
onomic groups known to only infect vertebrates (including humans), and (b) reads
with highest homology to viral taxonomic groups that are known to infect vertebrates
but that may also infect other host groups. When the viral genus or family were un-
known or the viral species was not included in the taxid-to-host file due to its absence
from the viral reference sequence database, that read was excluded in genus, family
or species-level analyses respectively. Viral reads counts were also summarised at the

family, genus and species level without consideration of probable hosts.
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4.2.10 Statistical analysis

Viral reads with BLAST E-values <0.01 to species that exclusively infected verte-
brates were normalised to (a) the number of vertebrate viral reads per million total
[lumina reads for that sample, and (b) to the number of vertebrate viral reads per
million viral reads for that sample (i.e., including viral reads that mapped with E-
values <0.01 to any virus regardless of probable host). Sampling of birds of different
ages varied slightly throughout the year, with on average fewer hatch-year birds be-
ing sampled in the May and June when they were still hatching or were extremely
young, due to my unwillingness to disturb nesting birds. Wilcoxon rank sum tests
were used to test whether birds aged 2 or under were more likely than older birds
to have significantly higher or lower normalised numbers of viral reads mapping to
vertebrates. Birds born in 2015 or 2016 (in their first and second years) were chosen
in order to compare the youngest reasonable sized group of birds for which samples
from that group were available from all sample occasions. Specifically, birds < 1 year
were not sampled in May or June 2016 (due to having not yet hatched, or being
extremely young), so the next oldest age group was included to form a single group of
“young” birds. This grouping also follows biologically justifiable definitions of juvenile
vs adult mute swans, as mute swans typically begin to breed in their third year [60].
Furthermore, age-structured mortality rates are higher in the first two-years of life in
this population than during most of the adult life [284], which may in part reflect an
effect of a maturing immune system and differences in susceptibility to death because
of infectious diseases. All birds were used in this analysis, as samples from all birds
included reads mapping to vertebrate viruses.

To control for effects arising from the month of sampling, Wilcoxon rank sum
tests were conducted for the above analysis on 100 subsampled datasets. Specifically,
for each dataset, the number of older age-group birds sampled in each month was
downsampled to match the number of younger age-group birds sampled in that month.

The R package metagenomeSeq was used to explore differences in viral read abun-
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dance and the presence or absence of different taxa by age [331]. Although total read
count normalisation to reads per million per taxa is commonly used in metagenomics,
resulting normalised data can be heavily biased by a small number of high-count
taxa [51, 102, 331]. To avoid this bias, metagenomeSeq implements normalisation of
different OTUs by cumulative-sum-scaling, in which raw counts are divided by the
cumulative sum of counts up to a certain percentile, chosen based on the data [331].

metagenomeSeq was used to explore the effect of bird age on virus detection at a
number of different taxonomic levels (viral species, genus and family). Zero-inflated
Gaussian mixture models were used to detect differences in viral read abundance
between birds of different age, using month of sampling as a covariate (note that
samples were collected on five separate trips, each lasting three days in different
months (Section 4.2.1)).

The zero-inflated Gaussian mixture models are designed [331] to reduce error by
distinguishing between an absence of reads matching to a particular microbe in a
sample because of genuine absence of that microbe, and a false-negative absence of
reads because of low coverage sequencing of that sample that is unable to detect the
genuine presence of a microbe. Note that, becuase this approach models read count
data for each tested viral taxonomic group as normally distributed log-abundances
in each comparison group (e.g., “younger” or “older” birds), the models are only
appropriate for testing differences in abundance where the tested viral taxonomic
group occurs relatively commonly throughout the dataset, and rare taxonomic groups
are removed as appropriate in the following analyses. Here, “rare” is considered to
be anything that occurs less than 6 times in the dataset, a definition that is relatively
liberal.

Presence-absence testing was completed using Fisher’s exact tests in metagenome-

Seq, but note that these tests do not explicitly control for sample occasion.
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4.3 Results: Virus Discovery

In total, 108 million reads were produced from 119 samples, of which 7.5 million reads
(7%) had BLAST E-values < 1 to known viruses (including phages and satellites
3). Approximately 100,000 reads had closest BLAST hits to viral species that are
believed to infect vertebrates at an E-value of less than 0.01 (approximately 0.1% of
all reads). Counts per sample of sequencing reads obtained, reads that were similar
to known viruses based on BLAST matching, and reads matching to viruses that
exclusively occur in vertebrates are presented in Figure C.1. Whole genomes of 9
putative new species of virus that likely infect swans were generated during assembly.
The assembled new species include four new picornaviruses that each appear most
closely related to one of the three species Duck picornavirus GL/12, Avian sapelovirus,
Goose megrivirus and to the genus Kobuvirus. 1 also assemble a novel parvovirus
that is most closely related to viruses from the avian parvovirus species Chicken
parvovirus and Pigeon parvovirus A, and a novel viral species that appears to be
most closely related to the species Turkey stool-associated circular virus. First, 1
decribe in detail several viruses for which I can perform phylogenetic analysis using
multiple samples in the population, including a novel gammacoronavirus and two
new species of astrovirus. Secondly, I describe in limited detail all other putative new

species for which I only have a single reference genome (Section 4.3.2).

4.3.1 Discovery of novel viral species
4.3.1.1 Waterbird coronavirus 1

A 28,875 bp genome (likely missing the terminal ends of both UTRs) was assembled
that appeared to encode all the proteins of a gammacoronavirus. Coverage across
the genome was extremely high (95% of the genome was covered by > 1011 reads,

with a median depth of 2214 reads). The lengths of open-reading-frames in the assem-

3Satellites are subviral agents that do not encode their own polymerase and therefore require
replication by a different virus that co-infects the host cell.
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bled genome were conserved compared to the nearest available reference genome (duck
coronavirus KM454473) (Figure 4.5), so only the 3’ part of the genome, which contains
accessory proteins, was re-sequenced to confirm the assembly. This novel coronavirus,
which I call waterbird coronavirus 1 (WatCV1), clusters within the diversity of the
genus Gammacoronavirus in the ORF1b region of the replicase (Figure 4.4). Coro-
naviruses that share more than 90% amino acid identity in seven conserved regions
of the replicase are considered to belong to the same species (ADRP in nsp3, nsp5,
nspl2, nspl3, nspl4, nspld and nspl6) [217]. The novel coronavirus shared <90%
identity in all but one domain to existing species in the genus Gammacoronavirus
and to the coronavirus with the lowest BLAST E-value (NC_0010646, NC_001451,
NC_010800, KM454473 (from the putative species Duck coronavirus). Specifically,
highest identity between WatCV1 and each of these four reference genomes across
each definitive domain was; ADRP; 44%, nsp5; 58%, nsp12; 84%, nsp13; 90%, nspl4;
78%, nsplb; 59%, nspl6; 77%. The primary structural difference between WatCV1
and duck coronavirus is in the accessory protein region, in which two accessory pro-
teins that appear similar at the amino acid level to ORFX are observed in the new
coronavirus rather than just one in viruses from the species Duck coronavirus (Figure
4.5). This section of the genome was resequenced to confirm the assembly, as detailed
in Section 4.2.5.

PCR and direct Sanger sequencing was used to amplify a short amplicon of the
polymerase gene of WatCV1 across eight samples (primers in Table C.4). The poly-
merase gene was chosen because this region has been the target of previous studies
exploring gammacoronavirus diversity, and hence the diversity of this region is better
understood than the diversity of many other genomic regions. Phylogenetic analysis
suggests that the partial polymerase of WatCV1 forms a clade with other gamma-
coronaviruses found in geese (Figure 4.6). The WatCV1 sequences from birds at
Abbotsbury do not form a monophyletic clade, despite being sampled on 3 consecu-
tive days in October 2016.

The existing gammacoronavirus sequences that form a major clade with the virus
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Beluga_Whale_coronavirus_SW1/NC_010646/Delphinapterus_leucas/liver

Waterbird_coronavirus_1/Abbotsbury/UTMF1388/2016/10_Oct_2016

— Duck_coronavirus/KM454473/Duck/Feces/swabs/2014/China

— Turkey_coronavirus/NC_010800/turkey///Canada

100 100

L Infectious_bronchitis_virus/NP_066134/NC_001451

L1100
- Infectious_bronchitis_virus/KX219796/Gallus_gallus/2011/China

4100
Infectious_bronchitis_virus/KX302870/Gallus_gallus/2013/China

74

L Infectious_bronchitis_virus/KX185058/Gallus_gallus/2014/China

0.06 amino acid substitutions per site

Figure 4.4: Midpoint rooted maximum likelihood phylogenetic tree estimated from an
amino acid alignment of the ORF1b replicase region of several gammacoronaviruses.
The tree was constructed using substitution model LG+G. Labels at nodes represent
bootstrap scores >50. The sequence from Abbotsbury is in red.
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Figure 4.5: Comparison of waterbird coronavirus 1 (WatCV1) to a virus from the
closely related putative species Duck coronavirus. Lighter green blocks in the duck
coronavirus genome represent open reading frames (ORFs) and darker green blocks
represent cleaved peptides. Lighter green blocks in the WatCV1 genome represent
ORFs with BLASTX or BLASTN homology to existing gammacoronavirus ORFs
and purple blocks represent other possible ORFs >100aa that do not show significant
similarity to existing gammacoronavirus genes, yet are possible candidates for genes
3a and 3b based on their position in the genome. Darker green blocks in WatCV
represent possible cleaved peptides based on alignment to the duck coronavirus. An
asterix indicates the location of a single cleavage site that was annotated in the duck
coronavirus, but that is not well conserved in WatCV1 and so the exact location of
this cleavage site (if any) is unclear.
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996bp nucleotide region of the gammacoronavirus polymerase, estimated with substi-

tution model TIM2+4I+G. Labels at nodes represent bootstrap scores >50. Sequences

from swans at Abbotsbury are in blue. Strains A and B are marked, as referred to

the text. A yellow star marks the major clade for which WATCV1 forms the first

whole-genome identified in that clade.
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identified here are all only partial genomes (starred clade on Figure 4.6). I therefore
believe that the virus identified here is the first whole genome to be sequenced from
this clade, and suggest that it be considered the type specimen of a new species of
virus infecting waterbirds. I propose that this new species of coronavirus be named
Waterbird coronavirus 1.

Targeted assembly of the second strain detected in the phylogenetic analyses
(marked in Figure 4.6 as strain B) resulted in a partial assembly of a second genome
at lower coverage. Amino acid level identity with WatCV1 is high in species-definitive
regions, with >96% amino acid level identity in nsp12-16, 93% in the ADRP region
and 86% in nspb. I therefore suggest that this partial genome represents a related
strain to the new species characterised here, rather than representing a second new
species. The fact that strain B swan coronaviruses are more closely related to goose
coronaviruses that they are to strain A swan coronaviruses could be explained by the
occurence of at least one cross-species transfer in the history of these strains (Figure
4.6) . Whether cross-species transfer of this viral species occurs commonly amongst
geese and swans (or, indeed, other untested waterbirds), should be investigated with

further testing for this coronavirus species at Abbotsbury and in other populations.

4.3.1.2 Mute swan astroviruses

Several astroviruses were assembled that were highly similar to each other in the
ORF1la and ORF1b region but had divergent capsid genes. One of these viruses was
chosen for re-sequencing to confirm the assembly (mute swan astrovirus 1). This
virus was originally assembled with a median sequencing depth of 533 reads, and
95% of the genome covered by at least 258 reads. Phylogenetically, the ORF1b
of this virus groups with other bird viruses in the genus Avastrovirus (Figure 4.7).
Currently, astrovirus species are defined based on the hosts that they infect, and as
such, the finding of an astrovirus in a swan is sufficient for its inclusion as a new
species. A new classification system proposed by ICTV in 2010 recommended that a

new species should only be defined based on >75% amino acid identity in the capsid
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region (ORF2) [104, 217]. The novel astrovirus has an amino acid identity of 46% to
the most similar astrovirus based on pairwise genetic distance in the capsid region
(chicken avastrovirus), and hence represents a new species of astrovirus; Mute swan
astrovirus 1).

A second whole astrovirus genome was assembled at lower depth (median 139
bases per read, 95% of the genome with a coverage of 41 bases or more). The second
astrovirus genome has 96% amino acid identity to mute swan astrovirus 1 in ORF1a
and 98% identity in ORF1b, but is distinct in the ORF2 region with an amino acid
identity of 46%. If the new proposed species definitions are accepted [104, 217], this
astrovirus would therefore represent a second species infecting swans, Mute swan
astrovirus 2.

Multiple PCR primers were designed against assembled sequences, and Sanger
sequencing was used to generate an amplicon of approximately 1096 bp bridging the
junction between ORF1b and ORF2. Sanger sequencing confirmed the presence of at
least 3 distinct capsid proteins (including those matching the two new species, above),
that were all associated with a more conserved ORF1b. Based on a phylogenetic tree
estimated from amino acid level alignments of the last 411 nucleotides of ORF1b, all
three distinct types of swan astrovirus formed a well supported single clade (bootstrap
score of 81%) that groups with a monophyletic clade of astroviruses found in ducks,
albeit with a low bootstrap support (52%) (Figure 4.8). A tree estimated from an
alignment of the first 150 amino acids of ORF2 shows that, at least in this short
region, the 3 distinct types of astrovirus found here do not form a monophyletic
clade to the exclusion of all other astroviruses (Figure 4.9). Maximum amino acid
identities to other astroviruses in this short region for the three distinct genotypes
are 73% (Sample UTMF1420 (mute swan astrovirus 2) with JN582323), 58% (Sample
UTMF1260 (mute swan astrovirus 1) with KY038163) and 82% (UTMF1123 with
JQ307838). I suspect that the third distinct genotype, represented by UTMF1123,
may be a third new species of astrovirus, but I cannot confirm this until the entire

ORF2 region is assembled or sequenced in full.
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Duck_astrovirus_C_NGB/YP_002728002/NC_012437/Duck/liver/2008/China

Duck_astrovirus_1/ADB79803/FJ919225/Duck/liver/China

85

100

68

Turkey_astrovirus_2/NP_987087/NC_005790/turkey/thymus

Turkey_astrovirus/NP_853540/NC_002470/turkey/gastrointestinal/USA

Chicken_astrovirus/NP_620617/NC_003790/Human

Astrovirus_VA3/YP_006905859/NC_019026/Human/Feces/2005/India

0.3 amino acid substitutions per site
Figure 4.7: Midpoint rooted maximum likelihood phylogenetic tree estimated from

an amino-acid alignment of the conserved region of the astrovirus ORF1b gene, using
substitution mode LG+G. Labels at nodes represent bootstrap scores >50.
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Figure 4.8

an alignment of 411 nucleotides at the 3" end of the astrovirus ORF1b gene, estimated

with substitution model TrN+I4G. Labels at nodes represent bootstrap scores >50.

Samples from swans at Abbotsbury are in blue, except for one co-infected individual

that is in red.
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Astroviruses are present in the population on all five tested sample occasions.
There is substantial diversity of astroviruses in a single time point, as all astrovirus
types sequenced here are present during October 2016 (Figure 4.9). Although I did not
systematically test for co-infections, two of the three different types were confirmed
by amplicon sequencing as occurring within a single faecal sample from an individual

that hatched in 2016 (highlighted in red on Figures 4.8 and 4.9).

4.3.2 Additional novel viruses

The following section presents other assembled genomes that appear to represent
novel viral species. This section is descriptive and somewhat repetitive, detailing
the basic properties of the viral genome assembly, nearest relatives as defined by
phylogenetic analyses, and establising that each of these viruses fulfil the criteria for
inclusion as a new species. No significant work has yet been undertaken to explore

the within-population dynamics of these viruses.

4.3.2.1 Mute swan picornavirus

A near-complete genome (likely missing terminal ends of both UTRs) of a novel
picornavirus was assembled, with a median depth of 31 bases (95% of the partial
genome has a depth of by 13 or more bases). The polyprotein is 7248 bases long and
is 42.9% GC, and is therefore within the typical range for a picornavirus (7-8.8kb and
35-60% GC, [217]). BLAST searching showed that is has highest identity to the virus
duck picornavirus GL/12 (accession number NC_023985). An amino acid phylogenetic
tree built from an alignment of conserved regions of the polyprotein groups the novel
picornavirus in the same clade as duck picornavirus GL/12 with a strong bootstrap
support of 100 (Figure 4.10). Species demarcation criteria are poorly defined for many
recently discovered picornavirus genera, yet where criteria are defined members of a
species are typically expected to have greater than 70% amino acid identity across

the whole polyprotein [217]. In the more conserved (3’) region of the polyprotein,
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the novel picornavirus shares 67% amino-acid level identity with duck picornavirus
GL/12. T hence tentatively suggest that this novel picornavirus be considered a new
species in the same genus as the species Duck picornavirus GL/12 [468], and propose

the name Mute swan picornavirus.

Chicken_picornavirus_3/YP_009054900/NC_024767/Polyprotein/Gallus_gallus/Trachael/10-Oct-2008/Hong_Kong

100
Avisivirus_Pf-CHK1/AsV/YP_009215118/NC_028970/Polyprotein/Gallus_gallus/Cloacal/2013/Hungary
100
Chicken_picornavirus_2/YP_009054899/NC_024766/Polyprotein/Gallus_gallus/Trachael/10-Oct-2008/Hong_Kong
81
Mute_swan_picornavirus/Abbotsbury/UTMF0980/2015/04_May_2016
10

Duck_picornavirus_GL/12/YP_009026377/NC_023985/Polyprotein/pekin_duck/gastrointestinal/2012/China

Duck_hepatitis_A_virus_1/YP_007947990/NC_008250/Polyprotein////

Sebokele_virus_1/YP_008083730/NC_021482/Polyprotein/Hylomyscus/Brain/1972/Central_African_Republic

0.3 amino acid substitutions per site

Figure 4.10: Maximum likelihood tree of mute swan picornavirus and related viruses.
The tree was estimated from an amino acid level alignment of the conserved region
of the polyprotein using substitution model LG+G. Bootstrap scores >50 are shown,
and the putative new species is in blue.

4.3.2.2 Mute swan sapelovirus

A novel 7996bp sapelovirus was assembled. The polyprotein is 7284bp long, and
has a GC content of 42.6%. The assembly had a median depth of 152 bases, and
95% of the genome has a depth of 67 bases or more. An amino acid phylogenetic
tree built from an alignment of conserved regions of the polyprotein clusters this

new sapelovirus closely with other avian picornaviruses (NC_016403 and NC_006553)
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(100% bootstrap support, Figure 4.11). Whilst the assembled sapelovirus appears
closely related to the existing species, Avian sapelovirus, 1 suggest that under ICTV
definitions it should be considered a new species of the genus Sapelovirus, because of
the relatively high divergence across the polyprotein as a whole. Amino acid identity
with avian sapelovirus is high in the 2C and 3CD region of the polyprotein (74% and
72%, respectively), but much lower in the VP1 region (41%) and across the whole
polyprotein (57% across the easily alignable 2-3 region, but lower across the leader

peptide and viral proteins). I suggest the species name Mute swan sapelovirus.

Mute_swan_sapelovirus/Abbotsbury/UTMF1348/2016/13_July_2016

100
Avian_sapelovirus/NC_006553/Duck/gastrointestinal/Taiwan
100]
Quail_picornavirus_QPV1/HUN/NC_016403/Quail/Feces/2010/Hungary
Bat_sapelovirus/NC_033820/Eidolon_helvum/Feces/2013/Cameroon
98
Simian_sapelovirus_1/NC_004451
100

Bat_picornavirus_2/NC_015941/Miniopterus_magnater/alimentary

0.2 amino acid substitutions per site

Figure 4.11: Maximum likelihood tree of mute swan sapelovirus and related viruses.
The tree was constructed from an amino acid level alignment of the conserved region
of the polyprotein using substitution model LG+G. Bootstrap scores >50 are shown,
and the putative new species is highlighted in blue.
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4.3.2.3 Mute swan parvovirus

A novel parvovirus was assembled that forms a strongly supported monophyletic clade
with other viruses detected in avian faecal samples in amino acid trees of alignable
regions of both the non-structural and capsid proteins (Figure 4.12). The depth of
coverage was extremely high, with median depth >7810 (maximum depth limited to
8000 during reference mapping with BWA) and 95% of bases covered by 1817 reads or
more. Amino acid identity in the non-structural protein with other avian parvoviruses

is <50%. I propose the name Mute swan parvovirus for this new species.

4.3.2.4 Mute swan megrivirus

A whole genome of a megrivirus was assembled (median depth; 1737, 95% of bases cov-
ered by a depth of 416 bases or more). The polyprotein is 72% identical at the amino
acid level to both the goose and duck megriviruses (NC_033793 and NC_024120).
Based on the predicted cleavage sites reported in reference [33], the megrivirus shares
a maximum of 44% amino acid identity in the VP1 region with other putative species
of the genus, but is much more similar to existing species, with maximum 98% and
97% amino acid identity in the non-structural proteins 2C and 3CD, respectively.

Reads with significant BLAST hits to megrivirus were present in most samples

(Figure 4.23).

4.3.2.5 Mute swan stool-assoctated circular virus

A partial genome was assembled that comprised two opposing direction open-reading
frames. Based on amino acid identities of both open-reading frames, the most closely
related species is Turkey-stool associated circular virus (TuSCV) (accession number
KF880727) that forms part of a clade of currently unclassified, single-stranded circular
DNA viruses. Phylogenetic analysis of the replicase region suggests that there is weak
bootstrap support for the mute swan stool-associated virus being most closely related

to TuSCV (Figure 4.13. The median depth of coverage 31, and 95% of the genome
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had an assembly depth of 13 or more reads. Perhaps a result of this low depth,
the long intergenic genomic region could not be circularized by iterative assembly.
Similarly to the TuSCV, the longer ORF (1011bp) encodes a capsid protein, and the
shorter ORF (724bp) encodes a replicase. The intergenic region between the genic 3’
ends is 228bp. Limited effort was put into circularising the sequence using specific
PCRs. These PCRs generated amplicons that would be consistent with an intergenic
region of 450-500bp between genic 5 ends, but amplicon sequencing quality was poor

and should be repeated.

4.3.2.6 Mute swan stool-associated virus

A 9209 bp contig was assembled that appeared to encode a single 8883 bp ORF
with highest similarity to a posavirus. Most of the genome could not be aligned
confidently with other posaviruses because of high divergence. Even in the most
conserved regions of the encoded polyprotein amino acid identity to the next closest
sequence (YP_009270628) was never more than 77% (77% in reverse-transcriptase-
like region, 63-64% in two RHV-like domains, 54% in the RNA helicase region, based
on alignment with previously curated posaviruses [386]). Detailed previous study on
posaviruses in pigs has suggested that posaviruses represent infections of nematodes
present in the pig’s gastrointestinal tract, and not genuine infection of the pig [386].
I suggest that this novel species Mute swan-stool associated virus represents a new
picornavirus in the same (currently unclassified) genus as the posaviruses, but I cau-
tion that current published evidence on other related species points towards it being

a nematode-infecting virus.

4.3.2.7 Avian kobuvirus

A 7929 bp contig was assembled that encoded a 7482 bp ORF that was most similar
to picornaviruses from the Kobuvirus genus. The species forms an outgroup to the
current kobuvirus genera (Figure 4.14). New species in the genus Kobuvirus should

share <70% amino acid identity in the polyprotein, including <70% identity in P1
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and <80% identity in 2C and 2D. Based on cleavage sites predicted by alignment
with representatives of Kobuvirus, maximum amino acid level identity to any other
known Kobuvirus in the VP1, 2C and 3C regions is extremely low, at 32%, 45% and
29%, respectively. Amino acid identity is highest in the VP3 region (56% identity to
mouse kobuvirus M-5, NC_015936) and 3D region (53% identity to bovine kobuvirus
and to caprine kobuvirus). The kobuvirus-like swan virus is the first example of a
kobu-like virus to be found in birds. Whilst the new virus appears to be related to the
kobuviruses, I tentatively suggest that it is sufficiently divergent to merit inclusion in

a new genus under the current classification scheme for genera in the Picornaviridae.

4.3.3 Genomic assembly of existing virus species

Several of the viruses that I was able to assemble have been previously characterised
in waterfowl, including viruses from the species Aquatic bird bornavirus 1 (ABBV1),
Goose calicivirus, Influenza A virus, Infectious bursal disease virus (IBDV), Avian
orthoreovirus, Goose parvovirus, Swan circovirus, and several short contigs of an
adenovirus. Nucleotide alignments were constructed and maximum likelihood phylo-
genetic trees built for each virus to confirm that the nucleotide sequences assembled

fell within the existing species diversity.

4.3.3.1 Existing species of Caliciviridae

A calicivirus of length 9599 bp was assembled that appeared to encode two open
reading frames of 7905 bp and 852 bp, respectively. The genome was covered at a
median depth of 42x, with 95% of the genome covered by 14 or more bases, and <
80% of the genome covered by 27 or more bases. The calicivirus forms a clade with
a recently described goose calicivirus (H146) that has been proposed by the authors
to be the founding member of a new genus within the Caliciviridae [465]. Species
demarcation criteria within the Caliciviridae are poorly defined, relying on phylo-

genetic divergence, differences in structure and host-range [217]. Based on cleavage
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site predictions, the new calicivirus shares amino acid identities with goose calicivirus
H146 of 56% in VP1 and 85% in VP2 (ORF2). In non-structural regions, the cali-
civiruses share > 81% amino acid identity in the NTPase, VpG, P29 and Pro-Pol
regions (respectively 92%, 81%, 86% and 85%). The majority of the Nterm protein
is conserved between the two viruses (318 bp at the 5" end share 88% amino acid
identity), yet the calicivirus assembled in this study appears to be significantly longer
in this region (641 aa) than H146 (422 aa). On the basis of similar host and close
identity in non-conserved regions, I conservatively suggest that this calicivirus should
currently be grouped into a species together with the existing calicivirus found in

geese, goose calicivirus H146.

4.3.3.2 Divergent strain of the Avibirnavirus IBDV

One virus, an avibirnavirus with high homology to IBDV, appears to represent a
divergent strain of IBDV, sharing at most 84% nucleotide level identity (93% amino
acid identity) with other IBDVs in the polyprotein region, and at most 88% (97%) in
the VP1 region. In phylogenetic trees estimated from nucleotide alignments of a wide
variety of other IBDV viral sequences, the Abbotsbury avibirnavirus falls outside of
well-supported clades that encompass the majority of IBDV sequences (Figure 4.15).
In phylogenetic trees estimated from amino acid alignments of coding regions of both
gene segments, the Abbotsbury avibirnavirus falls with two other IBDV viruses within
a well-supported, monophyletic clade. Both segments of the avibirnavirus with were
assembled to low coverage *, but the sequences of both open reading frames were
confirmed by Sanger sequencing of overlapping PCR amplicons. Interestingly, the
Abbotsbury avibirnavirus sequence was sampled from a cygnet that was only a few

months old at the time of sampling. All other viruses included in Figures 4.15 and 4.16

4The ORF encoding the polyprotein had a median depth of 63 (95% of the genome coverage by
23 or more bases). Although the placement of the Abbotsbury avibirnavirus in these trees suggests
that the virus probably is relatively unlike many other sampled IBDV viruses, the phylogenetic
placement and support values shown in Flgure 4.15 should be cautiously interpreted, as sequences
with long terminal branches have a tendency to group together regardless of their true genealogical
relationships, often with high support (“long-branch attraction” [154, 130]). The VP1 segment was
initially assembled to a median depth of 41 (95% of bases covered by 16 reads or more).
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do not have host annotations on GenBank, or were sampled exlusively in chickens
or turkeys. The diversity of IBDV in wild birds has not been well-explored, but
in chickens the disease affects mostly young birds, < 6 weeks old [401]. It is easily
possible that IBDV diversity in wild species might have been missed if the disease was
similarly limited to extremely young birds in the wild, due to preferential sampling
of birds that are not still on the nest.

Other genomes or partial genomes that I assembled appeared to fall more clearly
within existing diversity. A swan circovirus sequence was assembled that appears
closely related to other swan and goose circoviruses based on the conserved NS1 gene
(Figure 4.17). For ABBV1, goose parvovirus and the sigma NS segment of avian
orthoreovirus, phylogenetic trees demonstrate phylogenetic clustering of Abbotsbury
sequences with other European isolates (Figures 4.18, 4.19, 4.20 and 4.21). Although
all segments could not be assembled in their entirety due to low coverage, I believe
that this represents the first identification of an orthoreovirus in a swan.

Several contigs mapping to the genera Aviadenovirus and Siadenovirus were as-
sembled with extremely low coverage (only 936 reads with closest BLAST matches
to adenoviruses were identified among all the raw reads). A 2,159 bp region of the
polymerase mapped to goose adenovirus 4 (genus Aviadenovirus) with 96% nucleotide
identity. The sample with the highest number of aviadenovirus reads does not also
contain a correspondingly high number of siadenovirus reads, and vice versa. It is
therefore possible that at least two distinct adenoviruses may be present in the pop-

ulation, although this should be explored further.
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—— NP_044927/Adeno_associated_virus_4

YP_009154713/Bearded_dragon_parvovirus/Pogona_vitticeps_bearded_dragon/Hungary/2009
90

YP_068094/Snake_adeno_associated_virus//Germany

YP_009046828/Turkey_parvovirus_1078//USA
100

YP_009046820/Chicken_parvovirus_ABU_P1/Hungary

100

—— Mute_swan_parvovirus/Abbotsbury/UTMF1260/2016/13_0Oct_2016

93

L AGWO95845/Pigeon_parvovirus_A/pigeon/Hong_Kong/feces/2011

0.2 amino acid substitions per site

AGW95844/Pigeon_parvovirus_A/pigeon/Hong_Kong/feces/2011

100

YP_009046818/Chicken_parvovirus_ABU_P1/Hungary

L Mute_swan_parvovirus/Abbotsbury/UTMF1260/2016/13_0Oct_2016

YP_002916060/Human_bocavirus_4_NI/Homo_sapiens/Nigeria/stool/2007

100

YP_002586773/Human_bocavirus_2c_PK/Homo_sapiens/Pakistan/stool

100

—— YP_009315891/Rhinolophus_sinicus_bat_bocaparvovirus/Hong_Kong/2011

89

YP_009229908/Bat_bocavirus/Aselliscus_stoliczkanus/China/2011

0.2 amino acid substitutions per site

Figure 4.12: Maximum likelihood tree of mute swan parvovirus and related viruses.
Bootstrap scores >50 are shown, and the putative new species are highlighted in
blue. Upper: Capsid region. Lower: NS1 region. The trees were constructed from an
amino acid level alignment of conserved regions using substitution models RtREV+G

(capsid) and LG+G (NS1).
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YP_009118272/Black_howler_monkey_smacovirus/Alouatta_caraya/USA/feces/2009

YP_009022025/TuSCV/Meleagris_gallopavo/Hungary/feces/2012

49

Abbotsbury/UTMF0973/Mute_swan_stool_associated_circular_virus/2012/04_May_2016

YP_009118274/Chimpanzee_smacovirus/Pan_troglodytes/USA/feces/2009

32 ———  YP_009054985/Porcine_stool_associated_circular_virus_1/pig/USA/feces/2011

99
YP_009252322/Porcine_stool_associated_circular_virus/Lepus_europaeus/New_Zealand/feces/2011

YP_009030025/PoSCV_Kor_J481/porcine/South_Korea/stool/21_May_2013

0.04 amino acid substitutions per site

Figure 4.13: Maximum likelihood tree of replicase region of stool-associated circular
viruses. The tree was constructed from an amino acid level alignment of the conserved
region of the polyprotein using substitution model VT+G. Bootstrap scores >50 are
shown, and the putative new species is highlighted in blue.
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Mute_swan_kobuvirus/Abbotsbury/UTMF1123/2015/03_June_2016

Mouse_kobuvirus_M-5/USA/NC_015936/Polyprotein/Peromyscus_crinitus/Feces/2010/USA

10
Aichi_virus_1/NC_001918/Polyprotein/Human
Bovine_kobuvirus/NC_004421/Polyprotein/bovine/foetal
100 — Caprine_kobuvirus/NC_023422/Polyprotein/black_goat/Feces/2012/South_Korea
100
Porcine_kobuvirus_SH-W-CHN/NC_016769/Polyprotein/pig/Feces/2010/China
10

Porcine_kobuvirus/NC_027054/Polyprotein/pig/Feces/2014/China

0.2 amino acid substitutions per site

Figure 4.14: Maximum likelihood tree of Kobuvirus genera and putative novel related
genus. The tree was constructed from an amino acid level alignment of the conserved
region of the polyprotein using substitution model LG+G. Bootstrap scores >50 are
shown, and the putative new genus is highlighted in blue.
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100y Abbotsbury/UTMF1260/2016/13_Aug_2016
1 KP642112/IBDV/turkey/USA/2015
‘i ,7 KT336459/IBDV/chicken/Uruguay/bursa_of_Fabricius/2014

100

0.03 nucleotide substitutions per site

LiaE

ﬂ| Abbotsbury/UTMF1260/2016/13_Aug_2016

: s

67|_|_

0.03 nucleotide substitutions per site

Figure 4.15: Midpoint rooted phylogenetic trees constructed from nucleotide-level
alignments of the IBDV polyprotein segment (upper) and VP1 segment (lower). Both
trees were constructed using the substitution model GTR+I+G. Bootstrap scores are
only shown for major clades.
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YP_009177609/Tasmanian_aquabirnavirus/Pseudophycis_sp./Australia/1998
100

NP_690835/Yellowtail_ascites_virus/Japan/

80
YP_009255399/Victorian_trout_aquabirnavirus/Oncorhynchus_mykiss/Australia/2010

NP_047197/Infectious_pancreatic_necrosis_virus

0.2 amino acid substitions per site

Figure 4.16: Midpoint rooted phylogenetic trees estimated from amino-acid-level
alignments of the IBDV polyprotein segment (upper) and VP1 segment (lower). Both

trees were estimated using the substitution model LG+G. Bootstrap scores > 50 are
shown.
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Figure 4.17: Midpoint rooted phylogenetic trees estimated from an alignment of
avian circovirus NS1 sequences, including all sequenced isolates from the species Swan
circovirus and a selection of duck and goose circoviruses. The tree was estimated
using substitution model TrNef+G. Bootstrap scores > 50 are shown. A sequence
from Abbotsbury is in blue.
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Figure 4.18: Midpoint r

ooted phylogenetic trees estimated from an alignment of

avian orthoreovirus sigma NS segment, including the clade of sequences within which
the Abbotsbury sequence falls. The tree was estimated using substitution model
TrNef+G. Bootstrap scores > 50 are shown. A sequence from Abbotsbury is in blue.
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A sequence from Abbotsbury is in blue.
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Figure 4.20: Midpoint rooted phylogenetic trees estimated from alignments of two dif-
ferent partial regions of goose parvovirus VP1, trimmed to regions that are commonly
represented among partial sequences in GenBank. The trees were constructed using
the K80+4G substitution models (upper) and TPM1+4-G (lower). Bootstrap scores >
50 are shown. A sequence from Abbotsbury is in blue.
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Figure 4.21: Midpoint rooted phylogenetic trees estimated from nucleotide alignments
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tree was estimated using the HKY substitution model. Bootstrap scores > 50 are
shown. A sequence from Abbotsbury is in blue.
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4.4 Results: Impact of Host Factors on Viral Car-

riage and Abundance

4.4.1 Effect of age on viral carriage and abundance

The distribution of viruses in a population might be expected to correlate strongly
with age due to the acquisition of immune responses to viruses encountered through-
out the lifespan with increasing age. Furthermore, the introduction of immunologi-
cally naive individuals to a population is expected to be strongly seasonal for many
populations of birds due to the introduction of susceptible individuals into a trans-
mission network through migration and breeding, which is highly seasonal in birds. In
these results, I use metaviromic data to explore how age is associated with differences
in viral prevalence and abundance, and explore the seasonal profiles of infection of
two viral groups, gammacoronaviruses and astroviruses, which showed distinct intra-

population diversity in the previous results section.

4.4.1.1 Comparison of Illumina read data and PCR data

In order to use metaviromic data to infer differences in viral carriage between samples
from different birds, it was first necessary to demonstrate that viral reads detected
within this metaviromic dataset are at least a relatively accurate reflection of the
presence, absence or quanitity of a virus in a sample. To check this, Illumina read
counts matching to particular viruses were compared to detection of that virus using
gPCR and standard PCR followed by gel electrophoresis. Comparisons were made
for two different viruses found in this study, astrovirus and megrivirus.

The qPCR cycle threshold (Ct) correlates log-linearly with Illumina read count
per million reads for both viruses tested (Figure 4.22). Cycle threshold is therefore a
significant predictor of the log of Illumina read numbers for both assays. Coefficients
and p-values generated through application of linear models for samples with Ct less

than or equal to 36 or more than 1 read per million are -0.50 (p<0.005) and -0.62
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(p<0.05) for megrivirus (see 4.2.8 for details of samples that were tested). Too few
samples had astrovirus reads >1 read per million for robust statistical analysis, but
the correlation between Ct and log of read numbers is reasonable, with coefficients of
-0.56 (p<0.005). This suggests that read counts obtained through sequencing are an
adequate reflection of quantity of virus for each assay, such that higher read counts
mapping to a particular virus should broadly reflect higher abundance of that virus in
the sample, and that epidemiological analysis based on measures of read abundance

is valid for this dataset.

4.4.1.2 Total viral read count

Assuming that increased age in birds is associated with increased probability of hav-
ing previously encountered an infection, and hence increased probaility of having
acquired an immune response to that infection, it was hypothesised that samples
from younger birds generate a higher proportion of reads that match to viruses that
infect vertebrates than older birds. Samples from the youngest birds (hatch-year and
year after hatch) were found to contain a higher proportion of reads that mapped
to vertebrate viruses than samples from older birds (Figure 4.24). This is true when
normalisation of reads is conducted against total reads (Wilcoxon rank sum test, p
< 5 x 10°, median proportion is 7.9 times higher in younger birds) and against to-
tal viral reads (p< 5 x10*, median proportion is 4.0 times higher in younger birds).
This correlation remains significant even when hatch-year birds are excluded from the
dataset, thus suggesting that it is not driven by differences between hatch-year birds
and older birds, such as diet or geographic range.

Several datasets were explored to check that this result was robust. The above
analysis of viral read abundance in birds of different age focuses on the relative abun-
dance of reads that match to viruses that are believed to exclusively infect verte-
brates, and excludes reads matching to viruses that might infect multiple hosts, such
as vector-borne viruses. Furthermore, the above analysis did not make any attempt

to remove specific reads that might represent false positives from the dataset prior
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to analysis, including reads matching to herpesvirus (herpesviruses co-opt a number
host genes, so host nucleic acid can sometimes show a significant BLAST match to
parts of the herpesvirus genome) and to retroviruses (that might represent the pres-
ence of endogenous retroviruses in the host genome). A significant effect of bird age
on vertebrate read abundance remains even when, (a), herpesviruses and retroviruses
are removed, (b), vector-borne viruses (defined as viruses with both a vertebrate and
invertebrate host) are included with vertebrate viral reads, and, (c), when vertebrate
viruses are defined as viruses that are believed to infect vertebrates but may also infect
any other host taxonomic group. The effect of sequencing batch was also considered.
As evident in Figure C.1, samples sequenced in the first of two Illumina sequencing
runs that contributed to this dataset (broadly those samples from May 2016) had
lower total read counts than those samples sequenced in later batched. However,
excluding samples from May 2016 again makes no difference to the significance of
association of increased vertebrate viral abundance in samples from younger birds.
To control for different numbers of samples taken from birds of each age-group
in each month, Wilcoxon rank sum tests were conducted for the above analysis on
100 randomly downsampled datasets. In each dataset, the number of older age-group
birds sampled in each month was downsampled to match the number of younger age-
group birds sampled in that month. Younger birds had proportionally more viral reads
mapping to vertebrate viruses in all datasets suggesting that the previous conclusion
was robust, with the median proportion in younger birds ranging between 5.2 to 16.7

times more than in older birds for all datasets.

4.4.1.3 Age-specific variation in viral abundance and prevalence of dif-

ferent viral taxonomic groups

The overall observation of a slight increase in diversity of genera with age may be
primarily driven by age-specific differences in infection with a small number of differ-
ent taxa. Following primary viral infections that trigger the aquisition of an immune

memory for that virus in the host, secondary infections with related viral strains that
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share a portion of the previously observed antigenic diversity might be more rapidly
prevented by the host immune system. Related sets of viruses that exhibit limited
antigenic diversity, or single strains of viruses that are unable to evolve novel anti-
genic diversity, might be expercted to be primarily constrained to circulation within
younger birds that have had little or no previous exposure to relevant viral antigens.
On the other hand, viruses that can rapidly evolve novel antigenic diversity within a
single host (such as HIV) might be expected to show little structuring with age, un-
less age is independently associated with behaviours that are key to the transmission
route of that virus (such as breeding behaviour and sexual transmission).

To explore differences in viral read abundance and presence/absence by age, the
R package metagenomeSeq [331] was used to assess the effect of avian age on virus
detection at a number of different taxonomic levels, with sampling occasion as a
covariate. Several families were detected in which bird age had a significant effect
on abundance of that virus (all results in Table C.7). Reads from the viral families
Astroviridae, Picornaviridae and Adenoviridae were 3.7 to 7.1 times more abundant
in younger birds (hatch year and year-after-hatch) than in older birds (two or more
years after hatching) (log2-fold changes; 1.89, 2.83 and 2.79 respectively, adjusted p-
values < 5x10? for all genera) (Figure 4.25). Viral reads from the family Bornaviridae
were 18.8 times more abundant in older birds (log2-fold change of younger compared
to older; -4.23, adjusted p-value < 5x10'°). Considering only presence or absence
of the viral family rather than read abundance, adenoviruses are significantly more
likely to be present in younger birds (odds ratio 2.1, p< 0.05) and bornaviruses are
absent from the younger birds (Figure 4.25).

Analyses of this kind are probably less robust at lower taxonomic levels (for ex-
ample, genus) than at higher taxonomic levels (for example, family). This is because
a single virus, particularly a novel virus, might have highest BLAST matches to a
single viral family in all different regions of the genome, but might have highest
BLAST matches to two (or more) different viral species (or genera) in different re-

gions of the genome. However, in my analysis of the associations of bird age with
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read abundance for different taxonomic groups, I analyse only those viral taxonomic
groups that exclusively infect vertebrates, and therefore an entire viral family can be
removed from testing because a single species or genus in that family is catalogued as
infecting a non-vertebrate host. Testing different genera is therefore important here
to detect associations that might not have been detected at the family level, although
the aforementioned caveat should be kept in mind.

Patterns that were detected at the family level are supported by different reoc-
curence of those patterns across different genera of adenoviruses, picornaviruses and
bornavirus. At the genus level, reads mapping to two parvovirus genera appear to be
4 times more abundant in younger birds. Analyses of presence or absence of the viral
genera support the idea that bornaviruses and adenoviruses have different prevalences
in birds of different age, and suggest that avian orthoreovirus, several picornaviruses
and a parvovirus might also show differences in age-related prevalence. Full results
are given in Tables C.8 and C.9.

Again, for the same reason detailed above, my results presented at the species
level should be interpreted cautiously. Interestingly, several species for which sev-
eral genomes were assembled in full or in part show differences in prevalence and/or
abundance with age. At the species-level, avian orthoreovirus and the mute swan
picornavirus reported here are notable for occurring more frequently in younger than
older birds (respectively; odds ratios 3.45 and 5.19, adjusted p-values < 0.05 and
5x10°) (Figure 4.26), and the aquatic bird bornavirus 1 is again notable for being

more prevalent and abundant in older birds.

4.4.1.4 Seasonality of viral infection for Coronaviridae and Astroviridae

Seasonality of infection in wild birds might derive from seasonal peaks associated
with the hatching of the swans studied here, or seasonal effects of viral amplification
in populations of wild birds that congregate at the site for overwintering and leave
again to breeding grounds in spring.

There is substantial seasonal variation in the detected prevalence of coronaviruses
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in my study population (Figures 4.27 and 4.29). As explored in Section 4.4.1.3, this
variation is not explained simply by higher prevalences in the youngest birds (hatch-
year 2016), which were sampled more frequently in later time points. (Table C.8).
There also appears to be a seasonal trend in prevalence of infection with an astro-
virus in my study population (Figures 4.28 and 4.29). It is possible that this seasonal

trend is driven by an increased viral prevalence in younger birds at later time points.

4.4.1.5 Stability of the viral repertoire in birds

Two different samples were sequenced for five birds in the population, with time
between samples varying from one hour to six months. From these 5 resampled
birds, there was no evidence of significant stability in infection status with different
viral genera. Whilst this is not surprising for samples separated in time, because
acute viral infections wouldn’t be detected upon serial sampling, this is true even for
samples collected within one hour of each other (2014 female bird on Figure 4.30),
suggesting that the metaviromic data here is best interpreted at a population-level
scale rather than at an individual level. Because two aliquots of the same sample
were not independently processed, it is impossible to tell from this data whether the
lack of consistency between samples from the same bird is due to genuine differences
between different fecal samples from the same bird, or whether it reflects differences

in the efficiency of processing different samples in the laboratory.
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Figure 4.23: Heatmap of read abundance by viral species for viruses believed to
exclusively infect vertebrates. Darker blues indicate greater read counts. Read counts
are log(10) transformed and CSS normalized. The horizontal axis represents samples
from 119 different birds, and is not sorted by age or sex. Note that viruses that
appears < 6 times in the population, such as avian influenza virus, are not included
in this heatmap, as these rarer viruses are removed from the analysis during CSS
normalisation (see Section 4.2.10).

127



Log(10) proportion of vertebrate viral reads to all viral reads

Younger Older
Age band

Figure 4.24: TLog(10) proportion of viral reads to total reads for birds aged 2 or
younger, and birds aged 3 or more.
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Figure 4.25: CSS normalised counts of viral families with differential read abundance
in birds of different ages
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Figure 4.26: CSS normalised counts of viral species with differential read abundance
in birds of different ages
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Figure 4.27: Proportion of samples with some evidence of coronavirus infection, based
on positive normalised read counts with best BLASTP E-value <0.01 to any mem-
ber of the family Coronaviridae. 95% confidence intervals were produced using the
adjusted Wald method.

131



0.754

0.50 -

Proportion of samples with reads (normalised)

0.251

May Jun Jul Aug Sep Oct Nov
Date of sample occasion (2016)

Figure 4.28: Proportion of samples with some evidence of astrovirus infection, based
on positive normalised read counts with best BLASTP E-value <0.01 to any member
of the family Astroviridae. 95% confidence intervals were produced using the adjusted

Wald method.
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Figure 4.29: Heatmap showing normalised and log-transformed read counts with best
BLASTP E-value <0.01 to any viral family believed to exclusively infect vertebrate
hosts. Darker blues indicate higher read counts. Note that many of the reads mapping
to retroviruses likely represent the presence of endogenous retroviruses in the (as yet-
unsequenced) mute swan genome rather than free-virus. Similarly, all or almost
all of the reads mapping to herpesviruses probably represent false positives due to
similarities between many genes of herpes viruses and their hosts.
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Figure 4.30: Heatmap showing normalised and log-transformed read counts with best
BLASTP E-value <0.01 to any viral genus believed to exclusively infect vertebrate
hosts. Darker blues indicate higher read counts. Sampling month, age and sex are
given for each sample. Samples from the same bird are delineated by black lines.
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4.5 Discussion

Here, I sequence the metavirome of 119 wild, mute swans (Cygnus olor), the largest
metaviromic study of a wild avian population to date. To date, only nine viruses
have been identified in swans, of which only six are believed to occur commonly
[43, 97, 333, 159, 493, 157, 250, 293, 387, 185]. I report the whole genomes of a
further nine new species of virus that likely infect swans. All species characterised
here appear to be closely related to other viruses found in birds, with the exceptions of
mute swan stool-associated virus (which probably infects a gut nematode based on the
previously suggested host for its closest related viruses, porcine stool-associated virus
[386]) and avian kobuvirus. Whilst I believe that most viral genomes described here
are therefore likely to truly infect swans, I cannot rule out that these viruses are of
dietary or environmental origin. For RNA viruses, base composition and dinucleotide
frequencies have been used to estimate the likely host group (mammal, insect or
plant) [386]. Similar approaches could be used to extend or corroborate the findings
here, with the caveat that I could not entirely rule out environmental contamination
from viruses shed by other vertebrates into lagoon water consumed during feeding.
Metaviromic studies have almost never been used to explore viral epidemiologi-
cal dynamics in the wild. Immunological and epidemiological theory predicts that
younger birds might be generally more susceptible to viruses that can exhibit con-
strained patterns of antigenic diversity, due to them lacking protective immunity that
is subsequently acquired throughout the lifespan following single or repeated expo-
sure. I demonstrate that younger birds tend to have statistically significantly higher
numbers of viral reads that map to vertebrate viruses than older birds, and that this
correlation may be driven by viruses from the families Astroviridae, Picornaviridae
and Adenoviridae, all of which show greater abundance in young birds compared to
older birds. I believe that this is the first time that a strong effect of age on the abun-
dance of different viruses has been shown for any wildlife species using metaviromic

techniques. This correlation remains true even when birds <1 year are removed from
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the analysis, so is unlikely to be driven by dietary or behavioural differences between
very young cygnets and older birds (including the inability of young cygnets to drink
salty water, unlike adult swans).

The specific viral families implicated in contributing to this association have also
been reported in similar studies of farmed pigs [375], including a higher abundance
of picornavirus in 12 day old piglets compared to older piglets or sows and some ev-
idence for a higher abundance of mamastrovirus (family: Astroviridae) sequences in
piglets than in sows. Viral species from all three families have also been previously
shown by specific PCR to be more prevalent in younger birds than older birds, which
supports that the associations shown here are genuine. Specifically, age-related differ-
ences in prevalence have been demonstrated for astroviruses in turkeys, chickens and
pigeons, [11, 103, 227, 503, 508]. Age difference in the prevalence of pigeon-adenovirus
2 have been noted for pigeons [438], and Group I adenoviruses are excreted in higher
titres and for longer in juvenile birds than adults [285]. Four new species of Picor-
naviridae were assembled here, of which only one species (Mute swan picornavirus)
showed significantly greater prevalence in younger birds than older birds. Although
several of the most closely related viruses to the species Mute swan picornavirus are
not well-characterized epidemiologically [33, 468], viruses from the related species
Duck hepatitis A virus typically affect younger birds more than older birds [313]. No
association with age was found for the novel sapelovirus, kobuvirus or megrivirus.

Viral prevalence was found to be different between younger and older birds for
two taxonomic groups; the species Avian orthoreovirus and the familiy Bornaviridae.
In concordance with previous findings in other avian species, Avian orthoreovirus was
found to be more prevalent in younger birds [319, 496]. My data suggests that reads
mapping to bornaviruses are significantly more abundant in older than younger birds.
Few studies have investigated the effect of age on bornavirus infection, with only
one study reporting no known effect of age on infection probability [97]. Assuming
that bornavirus is primarily transmitted via the faecal-oral route [221] and therefore

assuming that all birds would be equally exposed due to sharing of the same water
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sources, it is difficult to understand why this virus might be more prevalent in older
than younger birds and further studies of the diversity of the virus and prevalence of
existing immune responses to the virus might be required to explore this finding in
greater detail.

The finding that viral abundance is generally lower in young birds is consistent
with previous suggestions that the youngest age group of birds is more susceptible
to death as a result of highly pathogenic AIV infection [352], and that mortality
within the population generally decreases with age up to to age of 3 years [283]. In
combination, these findings hint that birds in the population accrue long-term immune
responses following exposure to viruses that are protective against the (presumably)
non-pathogenic viruses explored here in clinically healthy birds, and other pathogenic
viruses such as AIV [352]. This conjecture is explored further in Chapters 5 and 6.

Phylogenetic analyses of the novel viruses observed here suggest that the viruses in
swans tend to group with other bird viruses. To an extent, this probably represents
bias during assembly, in which I directed greater effort at assembly of viral reads
that appeared to be related to viruses with avian hosts than reads that appeared
to be related to viruses from other hosts. However, the preferential grouping of
these novel viruses with viruses that have been previously identified in waterfowl to
the exlusion of viruses in galliform birds is interesting. For all the viruses detected
here, sampling of birds from different orders and more intensive sampling of other
species of bird at Abbotsbury would be useful to detect whether the patterns of
preferential phylogenetic grouping of viruses from related hosts reflects genuine co-
divergence of viruses with their hosts over long evolutionary time, or, alternatively,
whether cross-species transmission events are not evident here simply because many
new viral species have not yet been sought in most avian host species. A whole
genome gammacoronavirus was sequenced here that appears to form a clade with
other partial sequences of coronaviruses infecting geese and partial sequences of a
further swan coronavirus found here. Whilst the phylogenetic intermixing of swan

and geese coronaviruses reported here might be evidence for cross-species transmission
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within waterfowl, the clustering of the swan gammacoronavirus found here with other
coronaviruses infecting Anserinae birds, and not with viruses infecting Anatidae, lends
support to suggestions that many avian coronaviruses have broadly co-evolved with
their hosts [65].

Both coronaviruses and astroviruses in this dataset show clear evidence of season-
ality, with a larger proportion of samples showing presence of both viral groups in
autumn compared to early summer. Whilst prevalence varies by species, the propor-
tion of samples tested here that show some evidence of coronavirus infection is at the
higher end of what is typically reported for wild waterfowl [65, 103, 298, 485, 486].
An increase in prevalence in the autumn has been shown previously for both coron-
aviruses and astroviruses [485]. This finding, in combination with limited phylogenetic
evidence for cross-species transmission of the novel coronavirus species described here
(WatCV1), hints that the transmission of WatCV1 to swans in the population might
be more likely when large numbers of birds of different species were visiting the Fleet
Lagoon site, although the importance of migration for the local amplification and
spread of WatCV1 should be further explored.

As in any shotgun metagenomic study, the viral diversity identified here is highly
biased by published viral sequences and likely only represents a tiny fraction of the
viruses truly infecting these animals. Bacteria and fungi respectively contain the
universally conserved sequences regions 16S and ITS, so the presence of one of these
conserved motifs in an assembled contig can be used to identify candidates for new
bacterial and fungal species. However, viruses lack a universally conserved region, and
must therefore be identified by genetic similarity to previously known viruses. Even
in metagenomic studies in which viral particles are purified, 40-90% of sequence data
from metagenomic studies are unalignable to any existing reference sequence [229].
Where sequences can be identified as viral, assembly into longer contigs can be made
extremely difficult by the presence of quasispecies or several closely related species
that can result in chimeras [402]. Here, I detected large numbers of viral reads with

high E-value scores to hepatovirus, parvovirus and picobirnavirus that I was unable
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to assemble reliably because of the very high diversity within the sequence data, and
I expect that there are large numbers of viral reads that cannot be identified as viral
because divergence to existing species is too great.

Appropriately normalising metagenomic data to accurately compare viremia
across samples is challenging. Several existing normalisation approaches are com-
monly used, including total read count normalisation to reads per million per taxa.
However, such normalisation can be heavily biased by a small number of high-count
taxa [51, 102, 331]. In an attempt to avoid common normalisation biases, I used
the R package metagenomeSeq to normalise the data presented here. This package
attempts to avoid common normalisation biases through a normalisation approach
in which raw counts are divided by the cumulative sum of counts up to a certain
percentile, chosen based on the data [331]. A normalisation approach that is more
intuitive, simpler to implement and more resistant to unexpected bias could include
spiking each sample with a known quantity of an internal positive viral control
prior to extraction of viral nucleic acids. This internal positive control could include
a low quantity of a set of different viruses that were not expected to be present
in the sample (for example, avian samples could be spiked with well-characterised
strains of human viruses). Normalisation could subsequently be conducted for each
sample against the number of sequencing reads found in that sample that are derived
from the internal positive control. Including a range of different viruses in the
internal positive control set could help to check that certain viral types were not
being artifically removed during library preparation: for example, to confirm that
both enveloped and non-enveloped viruses, or both RNA and DNA viruses, were
maintained throughout the sequencing process at expected input proportions. Such
an approach has been used previously in metagenomic papers and as a validation
for effective viral extraction prior to RT-qPCR assays [150, 68, 378], but should be
adopted more widely in metaviromic studies.

As well as identifying nine new species of virus that likely infect birds, I demon-

strate that factors affecting viral prevalence, such as age, can be successfully explored
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in wildlife populations using metagenomic sequencing data and broadly without spe-
cific PCRs- an approach that is still remarkably underutilised in studies of animal
disease. The 50,000 fold decrease in the cost of sequencing driven by developments
in high-throughput sequencing in the mid-2000s has dramatically expanded the real-
istic applications for sequencing in the field of wildlife disease. Recent developments
in metagenomics using portable sequencing methods [44, 61, 153, 379] offer huge
opportunities for circumventing logistical difficulties of transporting biological field-
samples that may contain pathogens over long distances back to the laboratory, such
that metagenomic studies of any wildlife population in the world is becoming increas-
ingly within reach. Large-scale metagenomic studies that are supported by even the
simplest of demographic data have the potential to revolutionise how we can study
wildlife diseases, allowing joint exploration of population-level dynamics and viral

diversity.
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Chapter 5

Antibody responses to avian
influenza viruses in wild birds

broaden with age

5.1 Introduction

The ability to rapidly respond to viral infection via recognition of previously encoun-
tered antigens is a critical part of the host adaptive immune response. Viruses such
as influenza A virus and HIV-1 effectively evade host immune systems because of
their capacity to evolve novel antigenic variants. Existing immunity within a host
population drives the emergence and spread of new antigenic strains by selecting for
viruses with novel antigenic sites that avoid host immune recognition. Understand-
ing the landscape of immunity within a population is consequently fundamental to
understanding the epidemiological dynamics of antigenically-diverse pathogens.
Influenza A viral dynamics in human and avian hosts are fundamentally different.
In humans, existing viruses are typically replaced by antigenically different strains
belonging to the same virus subtype. Replacement by a strain of a different subtype
(“antigenic shift”) occurs only every 10-50 years [350]. The return of an antigenically

similar strain also occurs comparatively rarely: antigenic similarities noted between
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the HINT strains circulating in 1918 and 2009 were remarkable [501, 473] because
strains separated by more than 2-8 years are usually considered to be antigenically
distinet [400, 345, 226]. In bird populations, many genetically diverse subtypes can
coexist (e.g., [240]). Modelling studies have investigated whether differences in in-
fluenza virus dynamics between species of different lifespans are in part a consequence
of the faster rate at which immunologically naive hosts are replenished in shorter-lived
species compared to long-lived species [367, 484]. Such studies assume that immuno-
logical memory to a specific antigen can last for the lifetime of the host and thus
the breadth of response to different antigenic strains increases as an individual ages.
Whilst this seems probable for influenza A viruses in humans [160, 509, 395, 56],
little is known about the acquisition and retention of immunity to influenza A viruses
in wild birds, which form the primary reservoir of avian influenza A viruses (AIV)
[471, 314]. Understanding the accumulation of adaptive immunity in wild birds is
important for understanding the ecology of AIV viral prevalence and transmission dy-
namics, including predicting in which species novel strains are most likely to emerge.

Much of our knowledge about the acquisition of adaptive immunity to AIV in
birds has been derived from experimental inoculation of immunologically naive, do-
mesticated waterfowl (e.g., [199, 75, 131, 457]). It has been particularly challenging
to quantify changes in acquired immunity with age, because the exact ages of wild-
caught birds are usually unknown or because lifespans of many domestic bird species
that harbour AIV are too short for meaningful patterns to be discerned. An exper-
imental study of wild-caught gulls reared in captivity showed that exposure to AIV
results in increased protection against that strain for at least 1 year [457], suggesting
that continual exposure to AIVs could result in better protection with increased age.
However, whilst experimental studies provide important insights under controlled
conditions they may not adequately describe long-term acquisition of immunity in
wild populations that are exposed to a diverse range of AIV subtypes over prolonged
periods and to other sources of mortality.

Previous studies have indicated that acquired adaptive immunity may shape the
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observed incidence of AIV in wild birds of different ages. For example, juvenile birds
from many Anseriforme species (including ducks, geese and swans) are less likely to
carry antibodies against AIV than adult birds [182, 181, 179, 222, 487, 117, 352,
236]. Juveniles also have higher viral prevalence than adult birds (e.g., [471, 182,
224, 452]), suggesting that immunologically-naive juveniles are more susceptible to
infection or shed virus for longer than older birds. At the population level, seasonal
peaks in viral prevalence have been observed following hatching, and attributed to
the immunological naivety of the unfledged birds [452]. Immunologically naive birds
that are challenged by an AIV have similar shedding patterns and probability of
seroconversion regardless of bird age [457]. It is therefore likely that the age-related
patterns of seroprevalence and viral prevalence observed in the wild result from birds
gaining immunity to AIV with continual exposure throughout the lifespan, rather
than changes in immune function specifically resulting from ageing.

Studies of adaptive immunity in wild bird populations may generate data with
limited resolution, for two reasons. First, with few exceptions [117, 352], information
on the exact age of the wild birds being studied is unavailable and thus age must be
reduced to a binary variable (adult versus juvenile). Second, immune responses to
ATV in wild birds are often characterised using the presence or absence of antibodies
to the AIV nucleoprotein (NP), rather than to a specific haemagglutinin (HA) or
neuraminidase (NA) type. The high sequence conservation of NP among AIV strains
means that a single NP-antibody test can easily identify whether a bird has been in-
fected with ATV, but cannot distinguish among acquired immune responses to specific
subtypes.

It is not known whether studies that use NP-antibody tests are failing to detect
subtype-specific variation in immunity among birds of different ages. Haemagglutinin
(HA) is the most abundant of the two AIV surface proteins, and antibodies raised
against HA are central to the adaptive immune defence [422]. These antibodies
neutralise the virus by binding to the HA protein, preventing virus attachment and

cell entry. Experimental and natural infections of waterfowl have shown that infection
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with a given HA type can induce protective immune responses to that same HA
type (homosubtypic immunity) and may also cause weaker immunity to different HA
types [199, 75, 132, 76, 201, 443, 57| (heterosubtypic immunity). Haemagglutination
inhibition (HI) titre is often correlated with the strength of protection against AIV
when vaccine and challenge antigens are similar [430, 232, 429, 431]. If birds form a
long-term immunological memory of encountered HA antigens, then birds exposed to
many strains may be protected against a wider range of viruses than birds that have
only ever been exposed to a few strains (e.g. younger birds). Whether the breadth
of responses to different AIV HA types increases with age has not been investigated
[367, 483].

The Abbotsbury Swannery in Dorset, UK, harbours a semi-habituated popula-
tion of wild mute swans (Cygnus olor), a long-lived species that has been subject to
long-term study at the site [339, 338]. All swans born into the colony are marked
after hatching, so birth dates are known for most individuals. Birds are vent-sexed
at hatching and by breeding behaviour. Birds that immigrate into the population are
aged by plumage where possible and sexed during regular ringing events. The popula-
tion is thus suitable for testing hypotheses about age-related acquisition of immunity:.
In winter 2007/2008, an outbreak of highly pathogenic avian influenza (HPAI) H5
occurred in the population [93]. During the outbreak, there appeared to be a pre-
dominance of young birds among the H5N1-positive dead birds [352]. Although this
trend was not statistically robust due to small sample sizes, evidence from experimen-
tal challenge studies indicates that birds with prior exposure to AIV survive infection
with pathogenic AIV and shed virus for shorter periods than immunologically naive
birds [76, 201, 24]. Since younger, immunologically naive birds were more affected
in the 2008 H5N1 outbreak, I hypothesise that antibody responses to related LPAI
viruses were lower in younger than older birds prior to that event.

Here, I report the first investigation of the age structure of immunity to different
ATV subtypes in a wild bird population for which bird ages are known. Blood samples

from this study population were obtained in 2007 and 2008, either side of the H5SN1
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HPALI outbreak. To explore the pattern of immunity to AIV, I undertook statistical
analysis on data from HI assays for five HA antigens (belonging to three HA types)
to determine whether antibody responses to specific HA types and/or the breadth
of antibody responses are associated with age in the population. I consider whether
a lack of pre-existing immunity to different LPAI subtypes could have resulted in
the raised mortality among young birds during the H5N1 outbreak in the winter of
2007/2008.

5.2 Materials and Methods

5.2.1 Study population

The Abbotsbury Swannery in Dorset, UK (50.6537°N, 2.6028°W), harbours a semi-
habituated population of wild mute swans (Cygnus olor) that has been subject to
long-term study [339, 338]. Following hatching, a small proportion of breeding pairs
and cygnets are placed for 4 months in pens. All other swans have freedom of move-
ment and mix naturally with other species. Survival rates of first-year and adult birds
are similar to those across the UK [337, 284], but survival rates of birds in their second
and third years are slightly higher at Abbotsbury [339]. Overall longevity is similar to
elsewhere in the UK [284]. The population is unusually large and varies seasonally (in
July 2007 population size was approximately 900-1000). Approximately 150 breeding
pairs nested at Abbotsbury in 2007 and 2008. Supplementary food is provided from

spring to autumn. A fence around the site reduces terrestrial predation.

5.2.2 Population sampling

Blood samples were collected from swans at Abbotsbury during July 2007 and August
2008 (UK Home Office licenses PPL 80/1944 and PPL 30/2572, respectively), as
described previously [352]. Where a bird was sampled in both years (eleven birds

total), a single sample was excluded randomly so that birds were not repeated across
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years in the dataset, leaving 63 samples from 2007 and 95 samples from 2008. Birds
with repeated sampling were considered in a separate analysis. Age and/or sex was
unknown for a small proportion of birds (3.2% of birds had unknown age only, 8.9%
had unknown sex only, and 1.9% had both unknown age and sex) and these birds
were removed from analyses where appropriate. Sampling was intentionally slightly
biased towards older birds, and the age-structure sampled across both years was
similar (Figure D.1). Seropositivity prevalences reported here should therefore not

be interpreted as if the sample was random.

5.2.3 Serological assays

HA antigens from 5 different viruses were chosen for HI assays. Antigen choice was
motivated by an interest in protection against mortality from HPAI H5N1 infection
following previous exposure with LPAI strains. Because protective immunity acts
more effectively within than between HA groups, viruses from HA Clade 1 (the clade
that includes H5 viruses) were chosen. Within this clade, HA types were chosen
that had been experimentally associated with reducing the severity of subsequent
HPAI H5N1 infections (H5 and H9 [76, 57, 210, 329]) or were antigenically close
to H5 viruses (H6). H6 viruses were among the most common viruses in European
waterfowl around the sampling period of 2007/2008, particularly in geese and swans
(224, 296, 21]. LPAI H5 viruses were very common, comprising 4.9 8.4% of LPAI
infections in European wild birds [296, 71]. H9 viruses were rarer than H5 or H6, but
were not uncommon during this period in several species and locations [236, 296, 21]
and were interesting because of their association with protection against H5N1 HPAI
infection.

The Abbotsbury swans had not been screened for AIV prior to 2007/2008, so it
was unknown which AIVs, other than HPAI H5N1, had circulated in the population.
Antigens were therefore selected that were broadly cross-reactive with several modern

strains of the same HA type (identified during years of serological testing at the
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UK Animal and Plant Health Agency). The chosen antigens were H5N1 A/mute
swan/England /26-20/2008 (the HPAI outbreak strain at Abbotsbury), H5N2
A Jostrich/Denmark/72420/1996, H6N8 A /ostrich/South Africa/946/1998, HIN2
A /turkey /USA Wisconsin/1966, and HIN9 A /knot/England /SV497/2002. Many of
these antigens are commonly used in European Influenza Reference Laboratories,
and the assays are correspondingly well-established.

HI assays were conducted to determine the presence of antibodies for specific
HA types according to standard methods [50]. Sera were pre-treated with receptor
destroying enzyme (RDE) (1 volume of serum to 5 volumes of RDE) before heat-
inactivation at 56C for 30 minutes. Inactivated sera were treated with chicken red
blood cells (RBCs). Serial two-fold dilutions of the sera were prepared from a starting
dilution of 1:10. HI assays were performed using a 1% suspension of chicken RBCs
in PBS. Due to low volume of some samples, all 5 assays were performed only on 61
and 88 of the 2007 and 2008 samples, respectively. Four HA units of antigen per 25ul
were added to the serial dilutions. Haemagglutination titres of >20 were considered

seropositive, based on the OIE recommended cut-off of 1/16 [312].

5.2.4 Statistical analyses

Cumulative link models were used to assess the effects of age on breadth of the
antibody response. “Breadth” was calculated as the total number of subtypes a bird
was seropositive for. To ensure that the specific choice of HA antigen included had no
significant effect on the estimated relationship between breadth and age, I calculated
breadth of responses based on the presence or absence of a serological response to
(a) H5N2, H6N8, HIN2 (henceforth referred to as dataset A), (b) to either strain
belonging to the same HA type (dataset B), (c¢) to both strains belonging to the same
HA type (dataset C), (d) H5N1, H6N8 and HIN9 (dataset D), and (e) H5N2, H6N8
and a response to both HON2 and HIN9 (dataset E) (Table 5.1). Age, sex, and sample

year were included as fixed factors in the statistical model. Likelihood ratio tests of
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cumulative link models were used to compare models with and without interaction
terms between all pairs of factors. Interaction terms were included if a model with
the interaction term had a probability of <0.05 of being a better explanatory model
than one without the interaction, based on likelihood ratio tests. Two-sided tests

were used to generate all p-values.

Table 5.1: Datasets used to calculate breadth of response

Dataset name H5N1 H5N2 HONR HIN2 HIN9

Dataset A v v v

Dataset B Either H5 type v Either H9 type
Dataset B Both H5 types v Both H9 types
Dataset D v v v
Dataset E v v v v

Generalised linear models with a gamma distributed response were used to assess
the correlation between breadth of response in a sample and the result of the ATV
NP-ELISA test on that sample (data for the latter obtained from [352]). The effect
of age, sex and sample year on the NP-ELISA result was also tested.

Generalised linear models with a binomial response and logit link were used to
determine whether the probability of being seropositive for each individual subtype
increased with age. Age, sex and sample year were included as fixed factors, and
interaction terms were tested using chi-squared tests of the difference in deviance
between the two models. An interaction term was included if the model with the
interaction term had a probability < 0.05 of being a better explanatory model than
the model without the interaction.

Samples that tested seropositive (>20) for each antigen were separated into two

groups; those with titres <40, and >40. generalised linear models with a binomial
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response and logit link were used to determine whether the magnitude of positive
titres varied with age. Sex and sample year were included as additive predictors.
Binning titres into two categories was considered more appropriate than using raw
titres in ordinal regression models, as there were few titres of >80 for all tested
antigens except HINO.

To analyse whether immune responses were stable across consecutive years, analy-
ses were conducted on eleven birds sampled in both 2007 and 2008. Wilcoxon signed-
rank tests were conducted on titres from each assay, and separately on the overall
breadth of response, to determine whether there was an increase or decrease by year.
McNemar tests were used to determine whether seropositivity in the population for
each HI assay increased or decreased over the year. Ordinal logistic regression was
used to test whether an increasing breadth of response between years was associated

with a decrease in NP-ELISA result.

5.3 Results

5.3.1 Seroprevalence varies by subtype

HI assays were conducted for 5 AIV antigens belonging to 3 HA types. Seroprevalence
in the (non-random) sample of birds varied according to subtype, with H5N2 being
most seroprevalent in both sample years, H5N1 least seroprevalent in 2007 and H6NS&

least seroprevalent in 2008 (Table 5.2, Figure 5.1 panel A).
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Table 5.2: Population seroprevalence (number birds pos-

itive) for each test antigen.

Sampling date H5N1 H5N2 H6N8 HIN2 HI9N9
(birds sampled)

July 2007 (61) 6.56 39.3 8.20 21.3 21.3
(n=4) (n=24) (n=bH) (n=13) (n=13)

Aug 2008 (88) 15.9 35.2 6.82 23.9 29.5
(n=14) (n=31) (n=6) (n=21) (n=26)

5.3.2 Subtype breadth increases with age

As birds age they are increasingly more likely to respond to a wider variety of HA
types (Figure 5.1 panel B). Due to the possibility of correlated responses to multiple
H9 or H5 types, I explored a variety of dataset combinations (see Section 5.2.4 and
(Table 5.1)). Likelihood ratio tests of cumulative link models suggested that inclusion
of interaction terms did not significantly improve the model, so only the main effects
of sex, age and sample year were included. In all of the tested datasets A-E except
dataset C (see Section 5.2.4 and Table 5.1) older birds were significantly more likely to
have a broader response to different ATV HA types than younger birds (Table D.1 for
p-values and coefficients of the cumulative link model). When breadth is calculated
as responses to HIN2, H5N2 and H6NS8 subtypes (dataset A), the probability that
a bird exhibits responses to X or more HA types increases by a factor of 1.1 with
every extra year of age (p< 0.05; see Figure 5.2). Male birds were more likely to
have narrower responses to AIV than female birds in all datasets, but this was only
significant for a model where breadth was calculated from either dataset A or E.
The breadth of response observed in a sample was correlated with the raw result of

the NP-ELISA for that sample, such that a larger breadth of response was associated
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Figure 5.1: Immune responses of birds in the population. A) Proportion of birds of
different ages that respond to each strain. B) Breadth of immune response (measured
as the number of serotypes responded to from dataset A, see Section 5.2.4) for birds
of different ages and Table 5.1 for description of datasets. The darker blue the square,
the more birds of each age respond to each number of subtypes. The mean number
of subtypes responded to at each age group is plotted as a black dot.
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Figure 5.2: Cumulative fitted probabilities of effect of age on number of strains to
which a swan exhibits a response (breadth of response) as determined by cumulative
link models. Sex and sample year were included in the model, but do not significantly
affect the probability of having a response, so for simplicity, data are shown for female
birds in 2007. Breadth of response details the number of subtypes birds respond to
(Dataset A, including HON2, H5N2 and H6NS).
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with lower ELISA values (note- ELISA values < 0.5 are considered to be positive for
serological responses to AIV NP, and values > 0.5 are considered to be negative).
This result was robust to the way in which breadth was calculated (Table D.4). Age
also correlated with NP-ELISA score, which is unsurprising as age is collinear with

breadth of response in the data (Table D.5).

5.3.3 Effect of age, sex and sample year on each individual

subtype

Generalised linear models were used to determine whether age was associated with
responses to each individual subtype. Age, sex and sample year were included as fixed
factors. For H5N1, H6N8 and HIN9 and HIN2, no interaction terms significantly
increased the predictive power of the model. An interaction effect between sample
year and age was included for H5N2 (D.2).

When individual subtypes were considered, age was found to be a significant
predictor of response to HIN2, HIN9 and H5N2 subtypes (p < 0.05, p < 0.0005 and
p < 0.05, respectively; Figure 5.3) (Table D.2). For every extra year of age, the odds
of responding to HIN2 increased by 1.10 times, for HIN9, 1.14 times, and for HHN2,
1.17 times. Males were significantly less likely to be seropositive for HIN2 (odds 0.37,
p<0.05). Whilst males were also slightly less likely to be seropositive for HIN9, H6N8
and HHN2, these effects were not significant.

Notably, antibody responses to H5N1 were significantly higher in 2008 than in
2007 (Table D.2). The sampling year significantly affected the relationship between
age and response to subtype H5N2. In 2007, older birds were more likely to respond
to HHN2 than younger birds, whereas in 2008 there was no significant relationship
with age (Figure 5.4). When an interaction term between sampling year and age
was fitted to the H5N1 data, I still did not observe a significant interaction effect.
Age and sex had no significant relationship on the probability of response to H5N1.

Sample year did not affect the probability of response to HIN2 or HOIN9, and age,
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Figure 5.3: Fitted probability of effect of age and sex (females; pale orange, males;
dark blue) on response to HIN9 (solid line) and HIN2 (dashed line) as determined
by GLM with logit link. Sample year was included in the model, but does not
significantly affect the probability of having a response, so for simplicity, data are
shown for 2007.
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sample year, and sex had no significant effect on the probability of response to H6NS.
For seropositive samples from all tested antigens, there was no effect of age, sex or

sample year on the magnitude of the titre (D.2).

5.3.4 Longitudinal sampling in birds from both years

Data were available from both 2007 and 2008 for eleven birds. Responses to each HA
antigen were not stable between years (Figure D.2), but McNemar tests did not detect
a significant increase or decrease in the number of seropositive birds for each assay
by year (p > 0.05 for all tests). Wilcoxon signed-rank tests indicated that raw titres
for every HA type, and also for breadth of response, showed no significant increase
or decrease by year (p > 0.05 for all tests). The failure to detect a population-level
effect of increasing breadth of response with increasing age between 2007 and 2008
was likely due to (i) the small sample size of 11 birds and (ii) the small estimated
effect of age on breadth of response, which only becomes apparent across multiple
years. A decrease in NP ELISA values between years was associated with an increase

in response breadth, but this was not significant (datasets A-E, Tables D.3 and D.2).
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Figure 5.4: Proportion of birds observed to respond to H5N2 in 5 age groups for
each sample year (dots, with 95% confidence intervals for proportions shaded (2007;
pale red, 2008; dark grey). Lines represent the mean proportion of birds in each age
category expected to respond to H5N2, based on the fitted probability of effect of
age and sample year (2007; red, wide-dash, 2008; black, narrow-dash) on response to
H5N2 as determined by GLM with logit link (D.2). As the inclusion of sex in the
model does not significantly affect the probability of having a response, for simplicity,
expected number of birds is based on the fitted probability estimated for a model
without a sex term.

156



5.4 Discussion

Studies of AIV seroprevalence have shown that “adult” birds (typically individuals 1
or 2 years after hatch-year, depending on species) are more likely than “juvenile” birds
(sampled during, or one year after, hatch-year) to harbour antibodies targeted at ATV
NP [182, 181, 179, 222, 487, 117, 352, 236]. Here I show that not all birds defined
as seropositive for AIV by NP antibody presence have equivalent levels of protection
against AIV. Instead, older birds are increasingly more likely to produce antibodies
directed at a wider range of HA types. This data suggest that mute swans have a long-
term immune memory, possibly similar to that exhibited by humans in which memory
B-cells produced during a primary infection are reactivated following further infections
of a related HA type [160, 509, 395, 56]. The ability of wild waterfowl to form life-
long immune memory in response to naturally encountered infections supports key
assumptions made in modelling studies of AIV infection dynamics [367, 483].

The pattern observed here could be generated by at least two non-exclusive mech-
anisms. In the first scenario, a high proportion of birds is exposed to AIV each year,
but younger birds are less likely to form long-term immune memory to the strains than
older birds. However, whilst increases in the ability to form immune memory with
age have not been investigated, such gains in immune function seem improbable given
that birds appear to undergo immune-senescence as they age [308, 292, 318, 242|. In
the second scenario, a low proportion of birds is exposed to different AIV HA types
every year, but all age groups are equally likely to form a long-term immune response.
The prevalence of ATV in healthy, wild mute swan populations is low (typically <3%
(314, 236, 296, 21, 399]), with most infections observed in juveniles ( 6% prevalence)
[236]. Experimental evidence in mallards (Anas platyrhynchos) suggests that birds
are infected with approximately half of all HA types (6/11) circulating in the popula-
tion within the first two years of life [443]. On average, the AIV prevalence in swans is
thought to be considerably lower than the prevalence found in wild mallards [314], so

it is plausible that the number of infections with different HA types per swan per year

157



is also lower than in mallards. If so, swans would encounter a relatively low number
of HA types each year and would form a long-term HA immune response to at least
a proportion of these viruses. This scenario is compatible with the observations in
my study population of high seropositivity for AIV NP [352] and the accumulation
of HA type specific responses throughout life.

Several previous studies of AIV seroprevalence have found that male birds are less
likely than females to be serologically positive for AIV [182, 487, 236, 452]. However,
other studies have shown the opposite trend [117]. This data suggest that male birds
consistently had lower levels of NP antibodies and a slightly narrower response than
female birds, but the significance of this result varied depending on which strains were
used to calculate breadth. It has been suggested that sex-specific seroprevalence might
result from different breeding behaviours of each sex [117] or inherent differences in
immune response or antibody persistence [487, 308, 292]. I find no evidence to support
the hypothesis that age affects the relationship between sex and seroprevalence, which
might be expected if there were an effect of breeding status D.2.

Amongst those birds that did exhibit an antibody response, I found no evidence
for an effect of age on the magnitude of HA antibody titre, suggesting that the
responses of younger birds to the tested antigens are as strong as those of older
birds. Hence any age-related differences in immunity derive only from the presence
of absence of specific responses. It is unclear whether increasing seropositivity with
age corresponds to increasing protection against the effects of AIV infection. As
well as humoral immunity, cellular immunity may contribute to faster recovery and
reduced viral shedding following infection, via the recognition of AIV-infected cells
by cytotoxic T-lymphocytes (CTLs). Although little work has characterised CTL
responses in birds, it has been shown ex vivo that chicken CTLs can target AIV NP
and HA [393, 158]. Recognition of the conserved nucleoprotein could result in cross-
protection among AIV viruses, including those with antigenically distinct HA types
(383, 204]. In my study, I defined seropositive birds as those with titres >20. This is

substantially lower than the threshold recommended by the OIE for vaccine-induced
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protection against mortality (>32) or reduced viral shedding (>128) [312]. However,
several studies suggest that protection may be afforded by lower titres than those
specified by OIE, including a threshold of <20 for a good probability of protection
against mortality from HPAI infection, and of >40 for prevention of viral shedding
in most infected birds [232, 429, 431]. Secondary infections with LPAI viruses show
significantly reduced shedding even when the original antibody HI response is weak
(<20) [199]. If protection at low titres is caused by humoral immunity, I would expect
that increasing seropositivity with age would result in increasing protection against
the effects of AIV infection. Conversely, if protection at low HI titres results from
immune cross-protection against conserved proteins, there may be little protective
benefit of an increasing number of weak responses against a larger number of HA
types.

Interestingly, this data suggest that older birds testing seropositive for previous
infection by NP-ELISA typically have stronger responses in that NP-ELISA assay
than seropositive younger birds. Anti-NP antibodies are non-neutralising but have
been shown to contribute to protective cross-subtype immunity in mice [237, 54].
If NP antibodies are found to contribute to protective immunity in birds, the age-
correlated differences in NP antibody levels observed here may result in differences
in immune protection against AIV with age. Research into the relative importance
of humoral and cellular responses against AIV when HA antibody responses are low
is needed to understand how age, immune protection and serological breadth are
related.

The natural outbreak of HPAT H5N1 in the Abbotsbury population in winter of
2007/2008 enables us to consider whether age specific immunity may have had an
effect on, or been affected by, the dynamics of that outbreak. The only previously
identified case affecting wild birds in the UK involved a single whooper swan ( Cygnus
cygnus) in Scotland in 2006 [4]. It is therefore very unlikely birds at Abbotsbury
had encountered AIV from the HPAI H5NT1 lineage prior to the start of the outbreak

in late 2007. Consequently, the low levels of reactivity to HPAI H5N1 that was
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observed in sera sampled in summer 2007 (6% of birds) may indicate a low level of
protective immunity in the population as a result of previously encountered LPAI
viruses. Interestingly, I observed a significant population-level increase in HPAT H5
antibody prevalence after the outbreak. This is consistent with a scenario in which
a proportion of birds developed antibody responses against the HPAI H5N1 virus
following undetected infections during the outbreak. Experimental work suggests
that waterfowl previously exposed to an LPAI virus are more protected against the
effects of subsequent exposure with H5N1 [132, 76, 24, 329]. This data suggests that
older birds were more likely to have such pre-existing antibodies than younger birds.
I speculate that this could have caused the higher mortality observed in younger birds
(<3 years old in January 2008) during the 2008 HPAI H5N1 outbreak [352].

There are several caveats to my study. First, the samples used here were collected
exclusively during July and August, and hence I cannot determine if seasonality affects
any of the relationships that I report here. Active infection rates appear to fluctuate
seasonally in wild waterfowl and some evidence suggests that serological responses
may also vary seasonally [182]. Secondly, whilst my results are robust to a choice
of H5 and H9 antigens, the choice of strains and HA types may have affected the
results. Despite focusing on only 5 strains I found a significant increase in breadth
of humoral response with age using just 3 HA types. Consequently I suspect my
results are conservative and that the age-dependent effect would be stronger if more
antigens had been tested. However, I cannot rule out that testing using a larger panel
of viruses isolated over a long time in the test population might affect the results.
Thirdly, the extent to which these results can be generalised to other long-lived, wild
waterfowl is unknown. Swans at Abbotsbury may experience higher levels of ATV
exposure than other mute swans due to the unusually large population size, and
different environmental and nutritional stresses (see Section 5.2.1). Despite this, I
think that it is unlikely that the capacity to form long-term immune memory would
be qualitatively different in other mute swan populations or related species.

In summary, I find that older wild mute swans are more likely to have broader
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antibody responses against AIV, and hence may be protected against a wider range
of viruses. My data suggest that immune memory in this population, and perhaps
also in other waterfowl populations or species, is long-lasting. The profile of existing
immunity within a population almost certainly affects the demographic impact of new
viral infections such as HPAI H5N1. Further, accumulation of antibody responses
throughout life likely generates differences in the epidemiology of AIV among host
species with different lifespans. A more complete understanding of influenza dynamics
will require long term screening of active infection and serological immunity in other

well-studied animal populations in nature.
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Chapter 6

Epidemiology of highly pathogenic
H5N8 avian influenza virus in a

population of long-lived birds

6.1 Introduction

Since their emergence in 2010 [479, 515], highly pathogenic avian influenza (HPAI)
clade 2.3.4.4 H5 viruses have spread rapidly across the globe, causing billions of dol-
lars of associated damage [407]. The extensive geographic spread and high rate of
reassortment of this clade has been unprecedented. Outbreaks have been detected
widely across North America, Africa, Europe and Asia and reassortant strains involv-
ing at least 6 different neuraminidase (NA) types have been detected (N1, N2, N3,
N5, N6, N8) [10, 245, 489, 515], and are sometimes also associated with novel internal
gene segments.

Highly pathogenic avian influenza virus H5N8 has been introduced to Europe
multiple times, with the first wave resulting in only twelve detected outbreaks in four
countries during November to December 2014 (Germany, Italy, The Netherlands, the
UK) [2]. The early wave of the outbreak and background on the virus is given in

more detail in Section 3.1. In October 2016, H5N8 was reported for a second time
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in Europe [120]. In contrast to the previous first wave, the second introduction was
associated with high mortalities in wild birds [120]. The second wave resulted in
a widespread European outbreak of long duration, with cases still being reported
sporadically across Europe, as of September 2017. Birds from >50 different wild bird
species have been found infected in EU countries [10]. Similar to earlier HPAI viruses
such as H5N1 [46], observational [213] and experimental studies [23, 203] suggest that
infections in some species cause high mortality, whilst in other species infection is
often asymptomatic [26, 191, 193, 322, 458]. In total between October 2016 and June
2017 (i.e., during the second epidemic wave in Europe), 44% of all detection events
in wild birds in EU countries were made in swans, of which almost half (22% of total
detection events) were confirmed as mute swans (Cygnus olor) [10]. The extent to
which this high detection rate in swans reflects increased suspectibility to the disease
or simply reflects a detection bias towards larger, more visible and recognisable birds
is unknown.

On 23rd December 2016, a mute swan (Cygnus olor) was found dead at Abbots-
bury Swannery, Dorset, UK, which subsequently tested positive for HSN8. Mortality
in the swan population escalated over the following weeks, generating to my knowl-
edge the largest single outbreak of a highly pathogenic AIV ever recorded in wild
birds in the UK. 182 mute swans died in total, with hatch-year birds being most
affected. The outbreak at Abbotsbury is a unique event and scientifically valuable
for several reasons. Firstly, the affected swans at Abbotsbury form a resident colony
of approximately 800 birds that has been subject to intense ornithological study for
over 60 years. Almost all birds that are hatched into the population are ringed upon
hatching, and detailed demographic information such as sex, age and parentage is
known for most birds. Secondly, this population of swans has been naturally infected
by both HPAI H5NT1 (in 2007/2008) [352] and, now, also HPAI H5NS (in 2016,/2017).
To the best of my knowledge, the Abbotsbury mute swan population represents the
only wild population in the world for which natural infections of H5N1 and H5N8 can

be directly compared. I also believe that this is the only wild population affected by
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H5N8 for which exact age of most birds that died in the outbreak is available. The
population is therefore unusually suitable for exploring the effect of exact bird age on
the epidemiology of H5NS.

For low pathogenic avian influenza (LPAI) viruses in wild birds, age is closely
correlated with the probability of infection. In field studies of avian influenza, juvenile
birds have a higher prevalence of low-pathogenic viruses than adult birds [181, 224,
452, 302, 138, 471], possibly as a result of acquisition of adaptive immunity during
the lifetime [181, 182, 179, 222, 487, 117, 352, 236].

The extent to which age is correlated with protection against HPAI is typically
extremely difficult to study in the wild. One study reported no obvious difference
in detection rates of natural infection by HPAI H5N1 between adult and juvenile
birds [392], based on haemagglutination assay detection of cultured viruses followed
by RT-qPCR detection of H5 and N1 in samples. However, the numbers of juve-
nile birds tested was too small to draw significant conclusions. Laboratory studies
suggest that both increased age and previous exposure to LPAI (which typically as-
sociates with increasing age) can contribute to protection against HPAI. For multiple
different HPAI H5 viruses, experimental challenge of Pekin ducks (Anas platyrhyn-
chos domestica) and Ruddy ducks (Ozyura jamaicensis) has shown that immunolog-
ically naive younger ducks (less than or equal to 8 weeks of age) are more suscep-
tible to severe effects of HPAI H5 infection than immunologically naive older ducks
[3, 270, 323, 324, 407]. Several models to explain this have been proposed, including
the idea that as birds mature they can mount more effective immune responses to
viral challenges, and that viral replication might be more effective in more mature
host cells [323]. Previous exposure with an LPAI virus has also been associated with
reduced morbidity upon subsequent challenge [24, 76, 200, 329]. Laboratory studies
therefore suggest that increased bird age should be associated with decreased suscep-
tibility to HPAI infection, both as a result of a maturing immune system (exclusively
in juveniles) and also because of previous exposure to AIV (adults and juveniles). In

practice this effect is difficult to measure in the wild, in part because detection of
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HPALI infections is comparatively uncommon and data on ages are often unknown.

It is believed that wild bird movements drive the geographical spread of ATV H5N8.
Genomic sequencing efforts and phylogenetic analysis have repeatedly demonstrated
that H5NS can be introduced to the same country multiple times in a short period of
time [143, 169, 439] including a wide diversity of strains and reassortants. The Fleet
Lagoon is an important wild bird reservoir on the south coast of England, with most
overwintering avian visitors from a wide variety of species including teal, wigeon,
shoveler and pochard ducks arriving from continental Europe [352].

Here, I explore the factors affecting avian mortality during the 2016/2017 H5N8
HPAT outbreak, including quantifying the effect of younger age, sex and last known
weight on chance of death. To better understand the origins of the outbreak at
Abbotsbury, and its relationship to other viruses in the UK and Europe, I under-
took genomic sequencing of H5NS8 positive samples from the outbreak. I estimate
molecular-clock trees to date the origins of the outbreak at Abbotsbury, explore the
time and route of introduction of this virus to the population and to place the virus

within the known diversity of other outbreaks in Europe.

6.2 Materials and Methods

6.2.1 Site and sample collection

Abbotsbury Swannery harbours a large population of resident mute swans (Cygnus
olor) for which detailed demographic data are known (for details of the site, see
Chapter 4). Any dead swans found at the Swannery site are reported by staff to the
Animal and Plant Health Agency (UK) and may be subjected to post-mortem and
testing for notifiable diseases, particularly if multiple birds are observed to die within
a short period. On 23rd December 2016, a dead swan was found at the site that
subsequently tested positive for avian influenza H5N8. Four other birds that were

tested prior to this during December 2016 all tested negative. From 23rd December
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until the 1st January, a further 12 dead swans were found at the site, all of which were
tested by cloacal and oropharangeal swabs for AIV. From 13th January 2017 until 31st
January, all dead birds found at the site were tested for AIV. Two swabs were collected
per bird, including one cloacal and one oropharangeal swab where possible. Swabs
were stored at -80°C on site until shipping. Swannery staff patrolled the Swannery
site at least once per day between late December 2016 and the beginning of February
2017, and patrolled the Fleet Lagoon at least once per day on weekdays and often
also at weekends, so it is likely that most swans that died during the outbreak would
have been collected. Date of finding and ring numbers (if any) were collected for all
dead birds found during this period.

Throughout sampling of birds in this population and shipping of samples, personal
protective equipment and biosecurity procedures were determined by partners at the
Animal and Plant Health Agency. Although the risk of zoonotic transmission was
thought to be extremely low, Public Health England staff checked daily with all
workers at the Swannery site that they showed no signs of illness and Tamiflu was
taken by all workers.

The number of birds of all sighted species on the Fleet Lagoon in November 2016,
December 2016 and January 2017 were extracted from Wetland Bird Survey Data
(Appendix E.1). Although a portion of the data is missing for the December 2016
survey, the survey presents a minimal likely count of the numbers of other birds

present on the site during these months (Appendix E.1).

6.2.2 Estimation of LPAI AIV prevalence

To gauge the extent to which birds in this population are commonly exposed to LPAI
viruses and whether this might be associated with patterns of HSN8 mortality in the
population, I screened 866 faecal or cloacal swabs for AIV. These samples had been
collected approximately once per month during April 2015 to March 2016 as part

of preliminary work for Chapter 4, so whilst they do not immediately precede the
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outbreak period they are useful for exploring typical AIV prevalence in the popula-
tion. For faecal samples, birds were observed until they defecated, at which point
a sterile swab was rolled over the faeces before being placed in a tube containing
Iml of Universal Transport Media (Copan). Note that the faecal swabs tested here
therefore differ from the whole faecal samples described in Section 4.2.1. Samples
were transported on dry ice and stored at -80°C until testing. Cloacal swabs were
collected from birds that were over 1 year old, as identified by the plumage, specifi-
cally the clear colour change of the plumage from grey to white that occurs towards
the end of the first year. Following consultation with the local Home Office inspector,
University veterinarians and local ethical review board, this procedure of collecting
cloacal swabs from adult swans as defined by the aforementioned change in plumage
was deemed by the local Home Office inspector to be unlikely to cause significant
distress, and was therefore not regulated under A(SP)A 1986. Training in collecting
swabs was provided by a University veterinarian and a wildlife veterinarian from the
Royal Society for the Prevention of Cruelty to Animals (RSPCA). Ethical permission
for collecting cloacal swabs was granted by the University of Oxford Department of

Zoology Animal Welfare Ethical Review Board committee.

6.2.3 Estimation of HPAI prevalence in healthy birds

To detect the presence of HPAI H5N8 in healthy birds in the population, I took
cloacal swabs from live birds in the colony on 19th and 20th January 2017. Birds
were caught with the help of several of the Swannery staff. 92 birds of known age

over 1 year old were sampled.

6.2.4 Screening for positive samples

All HPAI diagnostic swabs were sent dry to the UK Animal and Plant Health Agency
(Weybridge) for testing by the Animal and Plant Health Agency. Individual swabs

were eluted into brain heart infusion broth containing antibiotics (1000IU penicillin
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G, 10ug/ml amphotericin B, 1mg/ml gentamycin) and 140ul of swab-suspension was
carried forward into nucleic acid extracton. For LPAI swabs from 2015-2016, 140ul
of the Universal Transport Media used for swab collection was carried forwards into
nucleic acid extraction. Nucleic acids were extracted using a Qiagen BioRobot Uni-
versal and a QiaAmp Viral kit with the inclusion of carrier RNA according to man-
ufacturer’s instructions. Negative and positive extraction controls were included.
Reverse-transcription quantitative PCRs targeting the AIV matrix gene [301], H5
[397] and N8 were performed on extracted viral RNA. The matrix gene and H5 PCR
protocols are published in detail elsewhere, but the N8 protocol followed by the An-
imal and Plant Health Agency was designed in response to the emergence of clade
2.3.4.4 during autumn 2014 and is as yet unpublished, so is described briefly here.
The assay was designed by Prof Timm Harder (Friedrich Loeffler Institute, Germany).
Primers and probes are given in Table E.2. qPCRs were performed using the Qiagen
OneStep RT-PCR kit. 25ul reactions were performed using 2ul of extracted nucleic
acid, 1ul of Qiagen OneStep RT-PCR Enzyme Mix, 3.75ul of Stratagene ROX refer-
ence dye (prediluted 1:500 with DEPC H»0), 1ul of RNAsin and final concentrations
of 1x Qiagen OneStep RT-PCR buffer, 0.8uM of each primer, 0.4uM of probe, 400uM
of each dANTP and 3.75mM of MgCly,. Thermocycling conditions involved reverse
transcription for 30 minutes at 45 °C, followed by enzyme activation at 95 °C for 15
minutes, and then 40 cycles of denaturation at 95 °C for 15 seconds, primer annealing
at 56 °C for 20 seconds, and extension at 72 °C for 30 seconds. Cycling was performed
on a Stratagene Mx thermocycler. Samples <36 were considered positive.

All viruses detected during April 2015 to March 2016 were screened to test that
they were not H5 or H7 subtypes in order to confirm that these viruses were not
possible highly pathogenic viruses. The PCR protocols follow those of [397] and
[398], so are not detailed further here. Several LPAI viruses from 2015 and 2016 were
sequenced as part of metagenomic investigations in Chapter 4, so subtypes could also

be confirmed for these viruses.
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6.2.5 Amplification and sequencing of the H5N8 genome

RNA extracted by the Animal and Plant Health Agency was shipped to Oxford,
and cDNA synthesis was performed on H5N8 positive samples using the Protoscript
IT First Strand ¢cDNA Synthesis Kit (New England Biolabs). A multiplex primer
scheme was designed to amplify the whole viral genome based the assumption that
the strain at Abbotsbury would be similar to previously published sequences of H5N8
in Europe during late 2016 or early 2017 [354] and hence specific primers could be
designed against these strains. The scheme consisted of 92 different primers designed
to amplify overlapping amplicons of 400bp each, with an overlap length of 75bp
between neighbouring amplicons (Appendix E.3). PCRs were conducted according
to previously published methods [354]. 40 cycles of denaturation, annealing and
extension were conducted. The negative controls used in ¢cDNA synthesis and a
PCR water control were included on each plate. PCR products were cleaned using
1x Ampure bead cleanups, and DNA concentration measured using a Qubit High
Sensitivity dsDNA kit on a Qubit 3.0 fluorimeter. PCR products were standardised
by concentration, and 90ng of total DNA per sequencing library was carried forwards
into library preparation.

Amplified DNA and appropriate negative controls were sequenced in barcoded
multiplexes of 6 - 8 samples per run on the MinION (Oxford Nanopore Technologies)
using FLO-MIN106 flow cells. Library preparation was conducted using Ligation Se-
quencing 1D and Native Barcoding kits according to the manufacturer’s instructions,
but with the changes detailed in [354] (kits numbers; SQK-LSK108, EXP-NBD103).
Libraries were loaded onto flow cells (FLO-MIN106) and sequencing was performed
without basecalling for 48 hours using MinKnow 1.7.7.

Consensus sequences for each barcoded sample were generated following previ-
ously published methods [354]. Briefly, raw files were basecalled using Albacore 1.2.5
(Oxford Nanopore Technologies), demultiplexed and trimmed using Porechop, and

then mapped with BWA to a reference genome (A/turkey/England/052131/2016;
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GISAID Isolate ID EPI_ISL_239801). Nanopolish variant calling was applied to the
assembly to detect single nucleotide variants to the reference genome [269]. All sites
where the coverage was <20 and all primer binding sites were masked with Ns during
generation of the consensus sequences.

To check that sequencing using this approach had not introduced errors into the
consensus genomes, further specific PCRs were performed for 5 samples for a short
section of the PB1 region for which the sequence was relvatively divergent compared
to existing published sequences. PCR was conducting using Q5 High Fidelity Hot
Start Polymerase according to the manufacturer’s instructions and with 200uM final
concentration of ANTPS and 0.5uM final concentration of each primer PB1_.400_2L
and PB1.400_3R (Table E.3). Thermocycling conditions were as follows; denatura-
tion at 98°C for 30 seconds, followed by 40 cycles of denaturation (98°C, 7 seconds),
primer annealing (68°C, 15 seconds) and extension (72°C, 25 seconds), followed by
a final extension for 2 minutes at 72°C. Amplification of bands of the correct size
was checking using agarose gel electrophoresis, and PCR products were cleaned fol-
lowing the ExoSAP protocol in Chapter 4 Section 4.2.5. The cleaned PCR products
were directly Sanger sequenced from both ends of each amplicon (Source Bioscience).
Chromatograms were trimmed to high-quality regions and aligned to the MinION

consensus sequences to check for disparities between the two sequencing approaches.

6.2.6 Phylogenetics

All segments from all available Eurasian H5N8 sequences were downloaded from
GiSAID (August 2017). Each segment was aligned with sequenced isolates from the
Abbotsbury site using MUSCLE in Geneious 8.1.7, and the segments were manually
trimmed to the same length as the Abbotsbury H5N8 sequences.

For all segments, simple Jukes-Cantor neighour-joining trees were conducted, and
if several large clades were observed (presumably indicating reassorted internal genes),

the major clade containing the Abbotsbury sequences was extracted (92-224 sequences
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for each of the the 8 different segments). Sequences in this clade were used to etimate
maximum likelihood trees. Appropriate substitution models were chosen using BIC
calculations in jModelTest [349]. Maximum likelihood trees were estimated with
Phyml [156], including 100 bootstrapped trees to evaluate statistical support for each
branch.

In order to estimate the timing of the introduction of the outbreak to the site, a
molecular clock phylogeny was estimated using BEAST [108]. Appropriate temporal
signal was checked for the NA and HA alignments in TempEst [359]. Several phylo-
genetic models using different substitution models were constructed for each segment
and compared using path-sampling/stepping stone sampling approaches implemented
in BEAST [13, 14]. Starting with the simplest model of HKYG substitution model
with strict clock and constant population size, I compared this model to a model of
increasing complexity, and adopted the model with the highest support at each step.
Sequentially, I compared and adopted all changes of; the lognormal relaxed clock in
place of the strict clock model, SRD06 substitution model in place of the HKYG
substiution model, and finally, the Bayesian skyline population model in place of the
constant size model. Two independent runs of 10,000,000 step MCMC chains were
performed for the best model with sampling ever 10,000 steps, and the first 10% dis-
carded as burnin. The time to the most recent common ancestor was estimated using

the 95% highest posterior density support interval for the Abbotsbury clade.

6.2.7 Epidemiological analysis

Epidemiological analysis was conducted to determine the distribution of mortality in
the population by age.

In order to estimate the relative impact of the HSN& outbreak in birds of different
ages, it was necessary to estimate which birds would have likely been in the population
in December 2016. Accurate censuses of the population are available from July 2015

and July 2017, and censuses of breeding birds and hatch-year birds are available
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from October 2016. Information on ringing, ring-sightings and discovery date of any
dead birds are available throughout 2016 and 2017. Further to the birds found dead
during the H5N8 outbreak, the rings of >100 other birds seen on the site during the
outbreak were also recorded. The December 2016 population was hence estimated
in two ways. In the first dataset (A), the population was estimated by including
all birds observed during July 2015 census, adding any birds sighted or ringed until
January 2017, adding cygnets that survived to October 2016, and removing any birds
known to have died prior to the first detection of H5N8. In the second dataset, (B),
it was estimated from the censused population in July 2017, but adding any birds
known to have died between 23rd December 2016 and July 2017 and adding any
pre-2017 hatch-year birds sighted or ringed between December 2016 and July 2017.
The datasets both estimate similar proportions of hatch-year birds in the population
during the outbreak; 21% of the population (250 hatch year birds) in dataset A and
23% of the population (199 hatch year birds) in dataset B. Most results presented
here are calculated only for dataset A.

Birds that died between 2nd January and 12th January 2017 were not tested for
AIV 1. However, if I could demonstrate a significant excess of mortality compared
to the same period in previous years, it would seem reasonable to assume that the
majority of these untested birds died of H5N8. To test this excess of mortality,
recorded deaths during the outbreak period were compared to the same period in
previous years (all alternate years from 1999-2015)%. Estimates of the December
population size in previous years were calculated using dataset A, and the number

of dead birds discovered in the 23rd December to 24th January period for each year

1Lack of sampling during this period was not a deliberate scientific decision. Sampling of a noti-
fiable influenza outbreak for scientific purposes is unusual. Standard procedures to enable sampling
by anyone from a non-governmental organisation were therefore, understandably, not in place prior
to this outbreak. The period of missing sampling reflects the amount of time that it took to con-
firm the presence of AIV at the site following the Animal and Plant Health Agency’s initial testing
in early January, and the time taken to agree upon appropriate procedures and arrange logistics
that would enable me to safely and legally conduct futher sampling in the population. Birds that
died at the site between 2nd and 12th January were securely destroyed off-site before logistics and
permission could be reasonably arranged.

2Specifically, in years in which a population census was conducted.
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were also calculated. The crude mortality rates and the age-adjusted mortality rates
for each year were calculated using 2016 as the reference population.

The proportion of birds of each age that died during the H5N8 outbreak was
calculated, and a strong skew towards increased mortality in the youngest birds was
noted. To test the significance of this skew, one-tailed Fisher’s exact tests were
performed to compare the number of dead birds to the number of live birds for birds
of age <1 year and older birds. Generalised linear models with a binomial response
(survived or died during the outbreak) were used to assess the impact of age and
sex on likelihood of death. Analysis was performed first with ages group as <1 year
(hatched in 2016) or 1 year or older (hatched before 2016), then repeated with ages
grouped into <1 year, 1-2 years, 3-4 years and 5 or older.

To test whether the age skew was specific to HoN8-mortality or whether the skew
is part of a normal winter mortality profile, the proportion of birds of each age group
(separated by year for 0-7 years, and 8 or more) that died was calculated for the
outbreak and for previous years (alternate years 1999-2015).

The reproduction number for the HAN8 outbreak was estimated using the R pack-
age RO [310], which implements standard formulas linking the reproduction number
to the exponential growth rate of an outbreak and a generation time distribution
(reviewed in [463]), and also implements a maximum likelihood method to estimate
the reproduction number. The implemented maximum likelihood method follows the
method of [477]. In brief, the method does not require information on a pre-existing
generation time distribution, but instead assumes that each index case causes a num-
ber of secondary cases that is Poisson distributed with a certain expected value, and
attempts to maximise the log-likelihood of that expected value. Data on counts of
carcasses at the Swannery were used as a proxy for HON8 case counts, under the
assumption that sampling effort did not change over long periods of time during the
outbreak and that all bird deaths could be attributed to infection with H5N8 avian
influenza. Fewer carcasses were collected on public holidays (such as Christmas) and

on weekends (Figure 6.1). Spikes of sampling after these days suggest that carcasses
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of birds that died on those days were still collected and recorded and hence on av-
erage the smoothed mortality profile of the outbreak would probably be reasonably
correct. A distribution for the generation time was fit using the R package RO [310]
based on published experimental data on the time between experimental inocula-
tion of geese or ducks with H5N8 isolated and subsequent infection of contact birds
[321, 246, 424, 233, 203].

The majority of deaths occured in cygnets < 1 year old. To explore why some
cygnets died when others survived, I tested whether the weight or exact age of a
cygnet affected the probability of it dying during the outbreak. Exact hatch dates
are known for all birds born into the population in 2016, and all cygnets are weighed
upon ringing with adult leg rings in September or October. For all ringed cygnets,
age (in days) was calculated for the day in which they were weighed, and a generalised
linear model fitted to expected weight for a bird of that age and sex. The difference
between the weight of the bird at ringing and its expected weight was calculated to
measure how overweight or underweight a bird was compared to the average for its
age and sex. Wilcoxon rank-sum tests were performed to test the association between
the difference between expected weight and true weight at ringing and whether a bird
died in the outbreak. Wilcoxon rank-sum tests were performed to test the association
between age in days on 23rd December and whether a bird died in the outbreak.

Age-related differences in LPAI infections in birds were tested using Fisher’s exact
tests by grouping the swans into two age groups; up to 2 years old, or 3 years and
older. Analyses were conducted on two different datasets, one considering positive
samples to be those with RT-qPCR matrix protein assays of less than Ct 36, and one
considering positive samples to be those with RT-qPCR matrix protein assays of up

to Ct 38. All statistical analyses conducted here were performed in R.
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6.3 Results

6.3.1 HS5NS8 outbreak

All swans found dead at the site from 6th December 2016 until the 1st January 2017,
and from 13th January until 14th February 2017 were tested for H5NS8 if the cloaca
and/or oropharynx was present on the carcass. Three birds from other species that
were found dead were also tested (one black-headed gull of unknown age (Chroic-
ocephalus ridibundus), one adult coot (Fulica atra), and one adult Canada goose
(Branta canadensis)). The first and last carcasses that tested positive were found on
the site on 23rd December and 24th January 2017, respectively. In total, 182 dead
swans were found during this time (henceforth referred to as the outbreak period),
with most deaths occurring between 3rd-13th January 2017 (Figure 6.1). Of the dead
birds, 23 were unringed or were of unknown ring-status due to missing legs as a result
of predation, and 159 were ringed. Exact hatch years were known for 150 birds. Sex
was known for 142 of these known-age birds.

The basic reproductive number (R0) of the outbreak was estimated from counts
of recovered carcasses at the site and an estimated generation time distribution was
calculated based on published experimental data (see Section 6.2.7 for details of meth-
ods and references). The best-fit distribution for the generation time distribution was
a Weibull distribution with a mean of 2.9 days and a standard deviation of 1. The
estimated RO from the outbreak was calculated to be 2.02 (95% confidence intervals
1.75- 2.36) using the exponential growth method, and 1.59 (95% confidence intervals
1.22-2.04) using the maximum likelihood methods implemented in the R package RO
[310]. These methods are described in brief in Section 6.2.7.

Of the 92 live birds > 1 year old that were tested in the population, only one
bird (a male hatched in 2008) was positive for HSN8 AIV, with a Ct of 35.5 for the
matrix protein assay, Ct 36.01 for H5 and Ct 34.1 for N8. This apparently healthy,
H5N8 positive bird was observed again in the population in June 2017, so clearly

survived the infection. I note that all samples from live birds were collected on 19th

175



20+

qPCR result
I Negative
I Not tested
1 I H5N8 positive
of 1 1 I i n

26/12/16 02/01/17 09/01/17 16/01/17 23/01/17
Date that each carcass was found

-
(@)}

Number of dead swans recovered per day
o

(&)

Figure 6.1: Number of carcasses found at Abbotsbury Swannery over time. Carcasses
that were subsequently tested for AIV are coloured in blue (H5N8 positive) or red
(H5N8 negative), and untested samples are coloured green. A star marks the date of
testing of live birds in the population for AIV. Grey boxes towards the base of the
figure indicate weekends, and black boxes indicate public holidays in England, both
of which might have affected carcass collection effort.

176



and 20th January 2017, and therefore after almost all of the mortalities had passed
(Figure 6.1). Whilst this finding confirms that there was little circulating H5N8 in
the population by late January 2017, I suspect that the number of asymptomatic
cases would have been much higher during the peak of the outbreak in early January.

The population in December 2016 was estimated to include between 1167 (dataset
A, see Section 6.2.7 for population estimation details) and 841 ringed birds (dataset
B). Based on observed counts of swans on the Fleet between November 2016 and
January 2017, these numbers are both likely to be overestimates. Specifically, 985
swans were estimated to be on the Fleet in November 2016, but this count includes
both ringed and unringed birds. Swans often move onto to Fleet Lagoon from other
local areas during the summer moulting season, so estimating the population size from
summer census populations might slightly overestimate the number of birds present
in the winter. However, I have no reason to believe that the estimate of which birds
were present in the population during winter 2016 would be significantly biased by age
or sex. Even adopting the highest estimate of 1167 ringed swans in the population,
at least 15% of birds at the site died during the outbreak period of 23rd December
to 24th January. Several other avian species were present in high numbers at the site
from November 2016 to January 2017 (Appendix E.1). No unusual mortality was
noted in any of these species, although small numbers of dead birds in species with
small body size or muted coloration may plausibly have been missed.

To my knowledge, the Abbotsbury population represents the only wild population
in which both HPAI H5N1 and HPAI H5NS8 have been detected. The number of
carcasses found at the site was much higher during the H5N8 outbreak than during
the H5N1 outbreak, despite very similar efforts to detect HPAI virus during both
outbreak. Both outbreaks began in the same epidemiological weeks of 2007 and 2016
(Figure 6.2).
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Figure 6.2: Comparison of mortalities during 2016-2017 (coloured blue, encompassing
the HPAI H5N8 outbreak period) and 2007-2008 (coloured red, encompassing the
HPAI H5N1 outbreak period). Arrow A marks the epidemiological week in which the
first positive birds for HSN8 and H5N1 were found in the respective years. Arrow
B marks the date of the last detected H5N1-positive bird. Arrow C marks the date
of the last detected H5N8-positive bird. The count of carcasses is notably higher for
H5N8 than H5N1, but the seasonal timing of infection is strikingly similar.
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6.3.1.1 H5N8 HPAI caused high mortality in the population

Considering birds of known age only, approximately 16.8% - 22.0% of the estimated
population died during the outbreak period. Birds that were found dead at the site
between 2nd and 12th January 2017 inclusive were not tested for AIV (n=151), so it is
unknown exactly how many of these deaths are attributable to AIV. To estimate how
many birds that died during the outbreak period likely died of AIV, mortality rates
were compared between 2016/2017 and the same period in previous years under the
assumption that any elevated mortality rate could be most parsimoniously attributed
to deaths from H5NS infection. Both crude mortality rates and age-adjusted mortality
rates (using 2016 as the reference year for the age structure) were calculated (Table
6.2). Age-adjusted mortality rates for the outbreak period in 2016/2017 were 168.2
deaths per 1000 birds (range, 157.8-178.5). Age-adjusted mortality rates for the same
period in the previous 7 years ranged from 1.1 to 26.3 deaths per 1000 birds, with a
median of 7.4 (Table 6.2). Hence, age-adjusted mortality in the H5N8 outbreak was
on average 22.8 times the expected death rate of previous years and 6.4 times the
highest mortality rate ever observed during the same period at this site (2015/2016).
Based on the assumption that any increases in mortality during the outbreak period
were a result of HONS, it is expected that the majority of birds that died but were
not tested would have died of AIV and not other natural causes. Based on the lowest,
median and highest mortality rates observed at the site during the same period in
previous years, | estimate that between 84% and 99% of birds that died during the
H5N8 outbreak period would have died as a result of AIV infection, with a median
estimate of 96% of birds (174 out of 182 birds).
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Table 6.1: Estimated age-adjusted and crude-mortalities

during outbreak period per year

Year! Crude Adjusted  Upper esti- Lower esti-
mortality mortality mate mate

2009 7.32 6.54 11.93 1.16

2010 1.25 1.08 1.71 0.46

2011 14.11 7.37 13.87 0.87

2012 10.84 8.94 10.56 7.32

2013 5.98 4.28 9.66 -1.10

2014 10.75 11.82 18.18 5.46

2015 31.38 26.31 36.64 15.99

2016 168.16 NA 2 178.49 157.83

6.3.1.2 Mortality was skewed towards younger birds

The majority of birds that died during the H5N8 outbreak were hatch-year birds
(Figure 6.3). Fifty-five percent of dead birds were <1 year old, representing 40.4% of
the estimated hatch-year birds in the population at that time (Table 6.3). Increased
mortality in hatch-year birds compared to the estimated population was confirmed
statistically using two-sided Fisher’s exact tests. Assuming that all birds were equally
exposed to the virus, hatch-year birds died 8.2 times more frequently than birds of
other ages (95% confidence interval of odds ratio; 5.5 - 12.3, p-value < 0.001). A
generalised linear model was also performed to test the effect of age group and sex

on probability of death. Hatch year birds were significantly more likely to die than

Year is given as the start of the “outbreak period” (23rd December to 24th January) in each
year. For example, the outbreak in December 2016 - January 2017 is referred to as “2016”.

2Note that this value is not given, because the 2016 population is used as the reference population
for the age structure for all years, and hence the adjusted mortality for this year is identical to the
crude mortality estimate.
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older birds, and sex did not have a significant effect. The significance of these results

is retained when the dataset B population estimate is used (see Section 6.2.7). Using

the alternative dataset B estimate of population size at the time of the outbreak

(Section 6.2.7), I estimate that 50.8% of the hatch year age-group would have died,

giving an odds ratio of 9.1.

Table 6.2: Estimated age-adjusted and crude-mortalities

during outbreak period per year

Year! Crude Adjusted  Upper esti- Lower esti-
mortality mortality mate mate

2009 7.32 6.54 11.93 1.16

2010 1.25 1.08 1.71 0.46

2011 14.11 7.37 13.87 0.87

2012 10.84 8.94 10.56 7.32

2013 5.98 4.28 9.66 -1.10

2014 10.75 11.82 18.18 5.46

2015 31.38 26.31 36.64 15.99

2016 168.16 NA 2 178.49 157.83

Year is given as the start of the “outbreak period” (23rd December to 24th January) in each
year. For example, the outbreak in December 2016 - January 2017 is referred to as “2016”.

2Note that this value is not given, because the 2016 population is used as the reference population
for the age structure for all years, and hence the adjusted mortality for this year is identical to the

crude mortality estimate.
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Table 6.3: Estimated proportion of birds that died by

age

Age Estimated number of Number of birds Proportion  of

(years) birds in the popula- that died the population
tion that died

<1 250 101 40.4

1 178 12 6.7

2 138 11 8.0

3 99 7 7.1

4 60 5 8.3

5 37 5 13.5

6 39 4 10.3

7 21 1 4.8

8 or older 70 4 5.7

Unringed Unknown 32 Unknown

birds

(age  not

recorded)

Although hatch year birds were more likely to be AIV positive than non-hatch
year birds, the age-distribution of the AIV-positive tested swabs was not significantly
different from the AIV-negative tested swabs (odds ratio for two-sided Fisher’s exact
test; 4.1, p-value 0.11). It is noted that swabs were only taken from a small number
of birds (n=23), and only in the extreme temporal ends of the outbreak when few
deaths were occuring. Consequently, this finding is not at odds with the above result
based on total mortalities.

To rule out that the skew in mortality towards younger birds is not simply a
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Figure 6.3: Estimated numbers of swans of each age in the population in December
2016 and number of each age that died. Birds that were estimated to be in the
population but for which carcasses were not found are coloured blue, and those that

are known to have died are coloured red.
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standard feature of winter mortality in the population, age-specific mortality rates
were compared between the 23rd December to 24th January in winter 2016/2017 to
mortalities by age in the same period in previous years. Mortalities from previous
years were combined to generate an average proportion of birds dying from each age-
group, as individual death counts were extremely low per year (56 deaths in total
recorded for this period between 2009/2010-2015/2016). The skew in the age-profile
during this winter period appears distinct to the year of the HANS8 outbreak, and is

not a factor of general mortality in the population during the winter (Figure 6.4).

6.3.1.3 There is no effect of weight on avian deaths amongst cygnets

On ringing days in September and October, hatch year cygnets weighed between 4.4kg
and 12.2kg. At the start of the outbreak, cygnets were between 186 and 226 days
old. Wilcoxon rank sum tests were conducted to determine whether birds that died
in the outbreak had on average different ages or weights than birds that survived.
There was no difference in average age of cygnets that died compared to cygnets that
survived (Figure 6.5). This was true for analyses of raw weight at ringing (which
do not take into account weight-differences caused by ringing birds up to a month
apart or differences in weight caused by sex) (Figure 6.5), and for analyses based on
difference in weight compared to the average expected weight for a bird of that age
and sex. These results are robust using both estimation methods of which birds were

believed to have been in the population in December 2016 (Section 6.2.7).

6.3.2 LPAI prevalence in the population

Samples from April 2015 to March 2016 were tested to investigate the typical preva-
lence of LPAI viral infection in the population. On average across the year 2015-2016,
1.3% of PCR tested samples were positive for AIV (11 out of 866) (PCR detection
methods are included in Section 6.2.4). However, most PCR, positive samples were

collected on the same sample occasion (July 2015), such that the prevalence on this
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Figure 6.4: Proportion of birds of each age that died during 23rd December to 23rd
January in 2016-2017 (red) and averaged deaths in the same period for previous
years (blue). Wald-ajusted 95% confidence intervals are given in paler corresponding
colours. Note the extreme increase in proportion of birds aged <1 that died during
the period of known HPAI H5NS circulation in 2016-2017.
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Figure 6.5: Boxplots showing no effect of exact age in days (upper) or last-known
weight (lower) on cygnet survival of the outbreak in the population.
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occasion was 9.9% (9 out of 91), and the prevalence in the rest of the year excluding
this single occasion was therefore only 0.3%. Considering birds of known ages on this
sampling occasion only, birds of 1 or 2 years of age are significantly more likely then
older birds to have detectable AIV (Fisher’s Exact test, p<5x10%), with the mean
proportion of ATV positive birds in each group being 20% (n=25) and 1.6% (n=61)
respectively. No hatch year birds were sampled in July 2015, so I cannot quantify
how the youngest age-group was affected by AIV on this occasion.

The effect of age on LPAI carriage is not significant when LPAI prevalence across
the whole year in considered, although, as noted above, only very small numbers of
birds were positive in total. Inclusion or exlusion of weak PCR positive samples (Cts
36-38) did not strongly affect either of these results, although proportions of positive
birds increase substantially when weak positives were incuded, with 36% of birds
aged 1 or 2 and 3.2% of birds aged over 2 being positive or weak-positives on the July
sample occasion (Figure 6.7).

Although the numbers of infected birds are small, it was noticed that there was a
peak in both LPAI carriage and HPAI mortality in birds that were 5 years old at the
time of infection. Swans typically breed for the first time between 3 and 6 years old
[60], and it was considered plausible that the high energetic requirement of breeding
could have an effect on the likelihood of later AIV carriage. The effect of breeding
status on HPAI mortality was explored, showing that there was no significant effect
of breeding status on whether birds >2 years old died in the outbreak (Figure 6.6).

No specific effort was made to confirm the subtypes of the AIV positive samples
obtained during April 2015 to March 2016. One sample from July 2015 that was
sequenced along with samples included in Chapter 4 could be confirmed as H3N8
(see Section 4.2 for details of this sequencing method). I also detected the pres-
ence of HON3 in one sample (a female hatched in 2004) in August 2016; however,
metagenomics is not as sensitive as specific qPCR and therefore I cannot estimate
AIV prevalence from the metagenomic data included in Chapter 4. Specific gPCR

tests for different subtypes and the presence and absence of AIV should be conducted
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Figure 6.6: Proportion of birds that died of HPAI AIV and their parental status-
classed as bird that had never been parents, first-time parents in 2016, and had been
a parent before 2016. 95% confidence intervals were calculated using the adjusted
Wald method. Only birds > 2 years old were considered, as few birds are capable of
breeding before their third year.
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Figure 6.7: Proportion of birds of different ages sampled on 21st July 2015 that tested
PCR positive for LPAI influenza. Wald-adjusted 95% confidence intervals are given in
grey. Here, PCR positives include all birds with qPCR Ct values < 38. 91 birds were
tested, of which none were hatch-year birds. Note that this trend is only apparent
on this sample occasion, when a high proportion of birds were AIV positive, and is
not apparent if all data from all other sampling points across the year are included,
when very few birds were AIV positive (Section 6.3.2)
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on the samples featured in Chapter 4 to quantify LPAI prevalence and subtypes in
late 2016.

6.3.3 Molecular genetics and phylogenetics of HPAT H5N8

Cts of samples that were PCR positive for HPAI H5N8 were compared by swab
type (oropharangeal or cloacal) for birds from which both swabs were PCR positive.
Oropharangeal swabs have significantly lower Cts than cloacal swabs, with mean Cts
of 27.4 and 30.5, respectively (p =0.039). Dead hatch-year birds are not statistically
more likely to have a significantly higher or lower Ct than dead older birds for either
swab type.

Sequencing was conducted on samples from twelve AIV positive birds, with the
lowest Ct sample chosen for each bird, regardless of sample-type. These samples
cover both ends of the outbreak period, including six birds that were found positive
at Abbotsbury up to and including 1st January 2017, and six birds that were found
positive from 12th to 24th January 2017. Near-whole or partial sequences were gen-
erated for the coding regions of all segments for all samples (sequenced proportion of
each coding region for each sample are provided in Table E.4).

Regression of root-to-tip genetic distance against sampling date in TempEst [359]
suggested that there was sufficient temporal signal in a dataset of HA and NA se-
quences from 2010-2017 to estimate trees using molecular clock models (Figure 6.8).
R? values for both segments were 0.91.

Molecular clock analyses of HA and NA evolution were conducted using BEAST
in order to estimate the introduction date of the virus into the population (Figures
6.9, 6.10). Posterior density support distributions for the most recent common an-
cestor of the Abbotsbury outbreak clade were very similar for estimates produced
from both the HA and NA segments (Figure E.1). Considering support from both
segments together, the mean and median estimated dates of the most recent com-

mon ancestor of the outbreak sequences was November 19th 2017 and November 21st
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2017, with 95% HPD interval between October 18th 2017 and December 16th 2017.
Virus genomes from Abbotsbury did not cluster with other samples from the UK in
trees estimated from either the HA or NA segment. Viruses sampled in Russia and
India were immediated basal to the Abbotsbury outbreak clade. Posterior support
for the specific placement of the Abbotsbury sequence clade amongst neighbouring
sequencing was poor, with posterior support values < 0.7.

Maximum likelihood phylogenetic trees estimated for each internal segment
showed that all samples from Abbotsbury formed a single, well-supported mono-
phyletic clade, as would be consistent with a single introduction to the site. In
concordance with the molecular clock trees estimated from the HA and NA segments,
virus genomes from Abbotsbury did not cluster with other samples from the UK,
and instead more commonly formed clades with viruses sampled in Russia, Eastern
Europe (for example, Hungary) and northwest China. (Figures 6.11, 6.12, 6.13, 6.14,
6.15, 6.16)
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Figure 6.9: Maximum clade credibility tree estimated for HA segment. Posterior
support is given at nodes where >0.7. Bars represent highest posterior density in-
tervals for node times. Sequences from the outbreak at Abbotsbury are in red, and
sequences from elsewhere in the UK are in blue. Infections sampled prior to January
2016 were included during phylogenetic estimation to provide temporal signal, but
are not shown here for clarity of the figure. Several major clades are collapsed for
clarity of the figure.
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Figure 6.10: Maximum clade credibility tree estimated for NA segment. Posterior
support is given at nodes where >0.7. Bars represent highest posterior density in-
tervals for node times. Sequences from the outbreak at Abbotsbury are in red, and
sequences from elsewhere in the UK are in blue. Infections sampled prior to January
2016 were included during phylogenetic estimation to provide temporal signal, but
are not shown here for clarity of the figure. Several major clades are collapsed for
clarity of the figure.
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Figure 6.11: Maximum likelihood tree of NS segment of the H5N8 clade contain-
ing Abbotsbury sequences. The tree was constructed using substitution model
TPM1uf+I. Every alternate tip-label has been removed for clarity of illustration,
except in the Abbotsbury clade which has been expanded to accommodate all tip
labels. The tree is outgroup rooted based on the relationship of this clade to other
major clades (not shown here, and presumed to represent reassortant internal genes)
observed during estimation of neighour-joining trees. Node labels show bootstrap
score > 50. Sequences from Abbotsbury are coloured red.
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Figure 6.12: Maximum likelihood tree of NP segment of the H5N8 clade containing
Abbotsbury sequences. The tree was constructed using substitution model HKY+I.
The tree is outgroup rooted based on the relationship of this clade to other major
clades (not shown here, and presumed to represent reassortant internal genes) ob-
served during estimation of neighour-joining trees. Node labels show bootstrap score
> 50. Sequences from Abbotsbury are coloured red.
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Figure 6.13: Maximum likelihood tree of MP segment of the H5NS8 clade containing
Abbotsbury sequences. The tree was constructed using substitution model K80+4G.
The tree is outgroup rooted based on the relationship of this clade to other major
clades (not shown here, and presumed to represent reassortant internal genes) ob-
served during estimation of neighour-joining trees. The lower tree is an expansion
of the well-supported clade highlighted in blue in the upper tree. Node labels show
bootstrap score > 50. Sequences from Abbotsbury are coloured red.
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Figure 6.14: Maximum likelihood tree of PA segment of the HSN8 clade containing
Abbotsbury sequences. The tree was constructed using substitution model TVM+G.
The tree is outgroup rooted based on the relationship of this clade to other major
clades (not shown here, and presumed to represent reassortant internal genes) ob-
served during estimation of neighour-joining trees. The main tree is an expansion
of the well-supported clade highlighted in blue in the smaller tree. Every alternate
tip-label has been removed for clarity of illustration, except in the Abbotsbury clade
which has been expanded to accommodate all tip labels. Node labels show bootstrap
score > 50. Sequences from Abbotsbury are coloured red.
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A/chicken/Czech_Republic/206_17_2/2017_H5N8__|_2017_01_06_|_EPI_ISL_242817
Library1|BC09and10|AS00868|2016|F|15/01/17
Library1|BC0O5and6|WVTK|2016|M[24/01/17
100|Library1|BCO7and8|UnringedBirdA|2016|Unknown|13th_16th
- Library1|BC0O1and2|UnringedBirdB|Adult|Unknown|13th_16th
Library2|BC04|YBOV|2015|Unknown|01/01/17
- Library2|BCO2|WVJX|2016|M|31/12/16
Library1|BC03and4|AS00890|2016|F|13/01/17
Library2|BCO1|WVUK|2016|F|31/12/16
Library2|BC0O3|AS00918|2016|M|31/12/16
Library2|BCO6|WULH|2009|F|30/12/16

L Library2|BCO5|WVZP|2016|F|31/12/16
Library2|BC07|AS00778[2016|F|13/01/17

100

0.02

Figure 6.15: Maximum likelihood tree of PB1 segment of the H5N8 clade containing
Abbotsbury sequences. The tree was constructed using substitution model GTR+G.
The lower tree is an expansion of the well-supported clade highlighted in blue in the
upper tree. The tree is outgroup rooted based on the relationship of this clade to other
major clades (not shown here, and presumed to represent reassortant internal genes)
observed during estimation of neighour-joining trees. Node labels show bootstrap
score > 50. Sequences from Abbotsbury are coloured red.
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6.4 Discussion

Although only a small proportion of carcasses was tested for AIV, the mortality at
the site during the confirmed period of HSNS circulation was extremely high in com-
parison to previous years and had no other obvious etiology. It is therefore extremely
likely that most deaths observed on the site during this period were the result of
infection with avian influenza H5NS8. During the period when no testing took place,
many birds on the site showed symptoms that have been previously associated with
highly pathogenic avian influenza, including general signs of illness (severe lack of co-
ordination and lethargy) and more specific symptoms such as compulsive swimming
in circles [209]; a behaviour not seen in this swan colony since the H5N1 outbreak in
2007/2008 (personal communication with Abbotsbury Swannery swanherds).

There are certain striking similarities between this HPAI H5N8 outbreak in
2016/2017 and HPAI H5N1 in 2007/2008 [352]. The estimated epidemiological
weeks of introduction of both viruses are almost identical based on either the first
detection of positive birds (same epidemiological week), or based on phylogenetic
reconstruction of the most recent common ancestor (for HSN8 and H5N1, the most
recent common ancestors of all outbreaks strains were both estimated to occur in
3rd week of November of the respective years, with credible interval between mid
October to late or mid December [352]). During the 2007/2008 H5N1 outbreak
several population-level trends were observed but were not significant due to low
numbers of H5N1-attributable deaths, including higher detection of HPAI in swans
than in any other species and higher mortalities in younger birds [352]. The
mortality observed in the Abbotsbury swan population during the H5N8 outbreak
was substantially higher than that seen during the 2007/2008 outbreak of H5NT1,
providing greater statistical power to confirm these findings.

Despite thousands of birds of many different species being present at the site
in December and January, the only birds on the Fleet in which AIV was detected

were mute swans. An adult coot, black-headed gull and adult Canada goose found
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dead on the site were tested for AIV, and all three had no detectable AIV. Several
staff members performed rigorous patrols of the site every day during the outbreak
and a fence surrounding the land-boundary of the main Abbotsbury Swannery site
prevented carcasses being removed or entirely destroyed by terrestrial scavengers.
Predation outside of the fenced Swannery site around the Fleet Lagoon probably
occured more frequently. Whilst carcasses from other species might be more difficult
to detect as a result of smaller size, greater predation of carcasses or more muted
coloration, it is unlikely that significant mortality of the same degree in any other
of the other common species at the site would have been missed. Across Europe,
detection events of H5N8 in swans represented almost half of detection events for
which the specific species was recorded [10]. A high proportion (6-7%) of all swans
tested for HPAI AIV were positive during the HPAI H5N1 outbreaks of 2006, and
swans were considered to be highly susceptible to this outbreak [47, 167, 201, 437].
Differences in infectivity of recent clade 2.3.4.4 H5 viruses have been noted between
several different species [321, 322, 94, 23]. Although I cannot rule out some bias in
detection, the evidence from Abbotsbury suggests that the swans there (including
adult swans) were more susceptible to HPAI ATV H5N8 than other birds and were
also susceptible to the HPAI H5N1 outbreaks of 2007/2008, and that swans might
therefore make a good sentinel species for HPAI AIV.

Younger birds were observed to die more than older birds in this outbreak. Whilst
this result is based on estimation of the birds that were probably present in the
population at the time of the outbreak, the result is robust to two different methods of
estimating population size. It has been previously suggested that this trend could be
because the youngest swans lack immune protection, as a result of little or no previous
exposure to other low-pathogenic strains of avian influenza [352, 169]. Here, the
population-level prevalence of LPAI virus infection in this population was calculated
to be on average 1.2% (30 days of sampling conducted between April 2015 and March
2016). This is within the range of prevalences that are generally reported for healthy,
wild mute swans (typically <3%, [21, 236, 296, 314, 394, 399, 425]). Assuming that
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such a low prevalence is typical, it is possible that many of the youngest age group
birds might have experienced few or no infections with avian influenza virus prior to
the HPAT H5NS8 outbreak in 2016/2017, resulting in a lack of immune protection as
a result of previous exposure. However, I cannot rule out that age-related differences
in mortality in this population were not caused or compounded by immunological
immaturity. The main lymphoid organs in birds are the bursa of Fabricius and the
thymus. In chickens and pigeons, structural changes in these organs can occur up
6 months of age [66]. The youngest cohort of swans studied here were 6-8 months
old when HPAI H5NS8 was first detected at the site. Whilst immune-maturation
in swans is not well-studied, swans have a relatively long lifespan and a slower life-
history compared to chickens and pigeons, so it might be expected that immunological
maturation would proceed differently (for example, first breeding typically occurs at
age 3-5 [59], compared to approximately age 1 for pigeons [168]). It is hence plausible
that the youngest cohort of swans here was still immunologically immature compared
to the older birds.

There is significant evidence from active surveillance and experimental studies
that many species of birds that are infected with clade 2.3.4.4 HPAI viruses can
be clinically mildly symptomatic or asymptomatic, including Pekin ducks, wigeons,
Canada geese and mallards [191, 321]. I cannot estimate the number of asymptomatic,
viral-shedding birds that might have been present at the site during the main period
of the outbreak. Whilst at least one swan in the population appears to have survived
a low-viremia HPAI H5NS8 infection, live swans were tested only at the very end of
the outbreak and I hence suspect that the number of asymptomatically infected birds
would have been higher during the main peak of the outbreak.

Based on the short temporal span of the outbreak and phylogenetic clustering
of all the sequences from Abbotsbury and phylogenetic distance to other samples
from the UK, this outbreak represents one of at least two different introductions
to the UK in late 2016. Interestingly, the genomic sequences from sampled viruses

at Abbotsbury typically do not cluster with viruses sampled in Western Europe,
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including other viruses sampled in the UK, and instead appear most closely related to
viruses sampled in Russia, eastern Europe and northeastern China. The Fleet Lagoon
(on which Abbotsbury Swannery is located) is an important winter migratory site for
thousands of wild birds (Table E.1), including Brent geese (Branta bernicla) and
Wigeon (Anas penelope) that migrate to the south coast of the UK for overwintering
from Russia and northern Europe [420]. Migration of birds to the Fleet Lagoon from
eastern Europe and Russia appears a plausible explanation for the clustering of these
viruses with viruses from those locations. The estimated time of the most recent
common ancestor of the Abbotsbury clade is mid November 2016, and the credible
interval span until December 16th 2016; one week prior to the first detection of a dead
birds with HPAT H5N8 at Abbotsbury on 23rd December 2016. The most plausible
explanation for this appararent short period of cryptic circulation prior to detection
at the site is that the virus was circulating in other species of bird at Abbotsbury
prior to its incursion in the Abbotsbury flock, as has been previously suggested [352].
These findings should be further explored with more detailed phylogeographic study,
as has been done for the HA segment of earlier clade 2.3.4.4 H5Nx samples [439].
The placement of the Abbotsbury sequences outside of the main clade of European
sequences is unexpected, but is supported by separate phylogenetic estimations from
all segments (including both maximum likelihood estimation (internal gene segments)
and Bayesian estimation (antigenic protein segments)). The sequencing methods used
here are relatively new. An avian influenza virus has been previously sequenced us-
ing MinION technology, and comparisons with data from Illumina suggested in that
study that AIV consensuses produced through MinION sequencing should be accu-
rate [467]. T chose to use a multiplex PCR method for amplification because, unlike
standard methods of amplification of AIV using conserved segment ends (e.g., [171]),
this method does not require full length RNA template and therefore should be more
sensitive, and furthermore the mehtods produces dsDNA fragments of near-identical
lengths that, in theory, should result in more even coverage across the eight seg-

ments during MinION sequencing than would be typical following a univeral priming
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method. Here, I sequenced a short amplicon of the PB1 segment using Sanger se-
quencing that appeared to confirm that MinlION sequencing was not inducing errors
in my data. Although the multiplex method used here has been applied successfully to
viruses including Zika virus [126], Yellow fever virus, and other flaviviruses, it has not
yet been validated for AIV or other segmented viruses. Whilst I do not believe that
the sequences included here are wrong, work validating the application of MinION
sequencing and this multiplex method to segmented, rapidly evolving viruses such as
AlIV is a clear priority, especially because of the important possible applications of
sequencing outbreaks in real-time at infected sites.

Here, 1 have demonstrated that younger swans appear to be significantly more
susceptible to death following HPAI H5N8 infection than older swans, a pattern that
was hinted at but not confirmed during the H5N1 outbreak of 2007/2008. Within the
youngest age-group, there is no obvious effect of sex, last-known weight or exact age
in days on the probability of death. I note that the swans appeared to be more heavily
affected than other commonly occurring species at this site; a pattern that follows
general reporting of H5N8-associated mortalities across Europe [10]. Mute swans
are typically non-migratory, strongly territorial and not gregarious; behaviour that
would presumably result in swans being poor conveyors of the virus. The apparent
differences in species’ susceptibility raises the interesting question of whether H5N8
might be specifically adapted to cause mild infection in other species that might
represent its primary reservoir, and therefore the high virulence observed in swans is
simply a blind consequence of specific viral adaptation to a different, primary host
species. 1 again highlight the importance of detailed reporting of avian age and
species during HPAI outbreaks. The fundamental biological processes behind the
patterns that I observe here must be explored in greater detail by studies combining
ornithological, virological and immunological expertise, if we are to fully understand

the ecology of highly pathogenic avian influenza in the wild.
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Chapter 7

Discussion and Conclusions

In this discussion, I highlight the key results of each chapter of this thesis and discuss
links between the chapters. I also consider limitations or implications of my research
that have not been discussed in previous sections, and, where appropriate, suggest
some specific avenues for future research that would help to extend the findings pre-
sented here. I conclude with a more general discussion of possible future directions

for the field as a whole.

7.1 Key Results, Implications and Future Direc-

tion of each Chapter

7.1.1 Chapter 2: discovery of a novel polyomavirus

Chapter 2 describes the detection and genomic characterisation of a new polyomavirus
from the species Meles meles polyomavirus 1, in a European badger (Meles meles).
I performed phylogenetic analysis of all polyomavirus genomes that were available
at the time of publication and explored the evolution of the Polyomaviridae. Whilst
there is significant association between host and viral phylogenies, which strongly
suggests that host-viral co-divergence has played a role in the evolution of the Poly-

omaviridae, I demonstrated that this host-viral co-divergence has been interrupted
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by other evolutionary processes that may include recombination and/or rate hetero-
geneity among different species.

Since publication of Chapter 2, Meles meles polyomavirus 1 has been incorpo-
rated into the curated list of the accepted species by the International Committee
on Taxonomy of Viruses [346]. Discovery of divergent new polyomavirus species in a
guitarfish and a seabass, and detection of polyomavirus fragments in arthropods and
reptiles suggest that the family is probably significantly more diverse and has a far
longer evolutionary history than is currently known [50, 101, 335]. Particularly for
non-human viruses, there remain significant gaps in our knowledge of the fundamen-
tal biology and ecology of these viruses, including transmission routes, their potential

for cross-species transmission and their ability to cause disease.

7.1.2 Chapter 3: early spread of HPAI H5N8 in Asia

Chapter 3 considered the spread of the ATV HPAI H5N8 (H5 clade 2.3.4.4), later
described in Chapter 6 at a local scale. In Chapter 3 I investigated the transmission
and persistence of HPAI H5N8 during its early circulation in the Republic of Korea,
the second country to report the strain. I suggested that the virus was most likely
introduced and then reintroduced to the country by the migration of wild water-
fowl. I suggested that long-term persistence of the virus in the country was primarily
mediated by cryptic transmission within domestic ducks.

A major conclusion of the work of Chapter 3 is that current methods of phy-
logeographic estimation can be misleading if interpreted naively. During discrete
geographic trait estimation, geographic locations along branches are constrained to
be one of the discrete geographic locations attributed to each sequence. It is therefore
challenging to accurately reconstruct the exit of a virus to an unsampled area and
subsequent re-entry of that virus using discrete geographic phylogeography. Con-
tinuous phylogeographic models, in which viral movement is modelled according to

co-ordinates such as longitude/latitude using random walk processes, may be better

207



able to reconstruct movement in unsampled areas under certain conditions. However,
even continous phylogeographic models can struggle to reconstruct viral movement
that takes take place outside of the geographic area that is bounded by the sampled
locations. Because of this, any viral movement associated with host migration be-
tween sampled and unsampled areas may be missed, as was demonstrated in Chapter
3. Nalve interpretation of phylogeographic reconstruction without an appreciation
for the limits of the utilised phylogeographic modelling approach, and hypotheses
regarding important ecological niches of the viral host (including patterns of host
migration or seasonal changes in naive host abundance), should be avoided.

Sparse sampling in certain geographic areas has the potential to cause innaccurate
estimation of the geographic movement of viruses, including when BSSVS is used to
infer the most important routes of viral migration. In circumstances where some
geographic locations are associated with only a few sequences, phylogeographic re-
construction using BSSVS can overinflate the importance of links between sparsely
sampled locations and other locations. Geographic migration corridors between these
locations may appear to be highly supported by Bayes factors during BSSVS because
they are statistically necessary to link sampled locations, whilst at the same time
being relatively unimportant in the overall pattern of viral transmission, or miss-
ing other important transmission routes to sparesly sampled locations that have not
been detected due to low levels of sampling. The phylogeographic reconstruction
conducted in Chapter 3 appears to be relatively robust to sampling, in that the site
of entrance to the Republic of Korea, and importance of viral migration along the
western coast is confirmed using several different geographic grouping of locations
and whilst suppressing sparsely sampled locations (Figure B.2). However, in general,
BSSVS should be used cautiously or avoided where sampling is sparse at certain lo-
cations. As such, the Markov jump scores that are presented in Figure 3.4 should be
given more credence than the Bayes factors that are also presented.

Since publishing Chapter 3, the HPAI clade 2.3.4.4 H5 viral clade has spread

rapidly to an unprecedented geographic extent. Clearly, there is significant scope
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for a more extensive phylogeographic study that analyses viral spread at both the
global and continental levels that surpasses previously published work [439]. This is
important for exploring transmission routes of HPAI viruses as a whole, as well as for

resolving the origins of this particular H5N8 outbreak at Abbotsbury.

7.1.3 Chapter 4: exploring the faecal viral diversity of mute

swals

As exemplified in Chapter 2, metaviromic data is appropriate for discovery and iden-
tification of new viral species, and hence assists exploration of long-term evolutionary
patterns. The potential of metaviromics for exploring viral epidemiological dynamics
in natural populations is almost entirely untapped. The acknowledgement of this
potential led to the study in Chapter 4. In Chapter 4, I conducted a study of faecal
viral diversity in a population of wild mute swans (Cygnus olor). To my knowledge,
this represents the largest metaviromic study in a wild bird population to date. I
showed that epidemiological variation of viral abundance according to age and sea-
son can be detected using metaviromic data alone. I demonstrated a novel effect:
known vertebrate viruses make up a larger proportion of all sequencing reads (and a
larger proportion of all known viral reads) in young swans <2 years old, than in older
swans. [ suggested that this higher proportion of viral reads might be particularly
driven by astroviruses, picornaviruses and adenoviruses. I described nine complete
or near-complete new viral genomes, doubling the number of viruses known to infect
mute swans. I also demonstrated the existence of other new and previously described
viruses in the population.

Part of Chapter 4 involved classifying viral reads identified in the viral sequencing
dataset to specific host groups, by annotating each read with the host of the clos-
est related viral species, as identified by BLAST matching. Although broadly useful
for identifying the most likely host group, the strict host-viral co-divergence that is

assumed by this classification approach (i.e., assuming that any viruses infecting a
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vertebrate would tend to be more similar to another vertebrate virus than to an in-
vertebrate virus) is obviously not always reliable. For example, the first identified
polyomavirus viral reads recently found in arthropods [50] would have been desig-
nated as more likely to be vertebrate viral reads under this classification scheme,
based on the fact that all previous polyomaviruses have been found in vertebrates.
Furthermore, it relies on the correct host-classification of previously identified viruses,
which is notoriously difficult for viruses identified in faeces. Achieving any degree of
sensitivity with sequence-composition based methods for host-assignment methods
would probably require de-novo assembly of longer contigs prior to processing, but
it would be interesting to explore whether my dataset of putative viral reads could
be ascribed to particular host groups using analyses of sequence-composition, as has
been done for other datasets [205].

The viral enrichment laboratory protocol used in Chapter 4 was chosen to be
as unbiased as possible with respect to particular types of virus. However, a con-
sequence of deliberately not enriching virions by size or nucleic acid type is that
non-viral material makes up an extremely large proportion of the dataset, and hence
large amounts of redundant sequence data must be generated to achieve sufficient
numbers of viral reads. The viral sequence data presented here represent only a small
fraction of the sequencing data. Only 7% of the reads in my dataset have BLAST
matches to viruses in the nr database, and of these only about 1.5% are viruses that
can be identified through BLAST matching to be most closely related to a species
that exclusively infects vertebrates. The remaining 93% are presumably comprised of
divergent viruses and host material, commensal gut bacteria and contaminating envi-
ronmental or dietary material that I do not consider here. In future studies, it should
be explored whether immediately removing supernatant from centrifuged samples in
the field prior to freezing could help reduce cellular nucleic acid further by reducing
cell lysis and consequent release of cellular nucleic acids that can occur because of
freezing-thawing. Whilst the protocol implemented here attempts to remove bacterial

cells through centrifugation, which may have had some impact on the range of bacte-
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ria represented in the data [72], it may still be possible to use my dataset to explore
the development of the mute swan gut bacterial microbiome with age, the stability of
the microbiome through age or season, and contribute to genetic investigations of the
role of wild birds in the spread of specific bacteria to humans, such as Campylobacter
jejuni [70].

Further sampling in this population or other populations would substantially ex-
tend the results of Chapter 4. For viruses such as the waterbird coronavirus 1 and
the novel astroviruses sequenced here, sparse sampling in other species and a poor
understanding of their evolutionary rates mean that it is difficult to assess whether
phylogenetic clustering of swan viruses is a result of circulation of strains primarily
within swans, or whether it is simply the result of missing information about the
circulation of these strains in other host species.

A previous study of rhesus macaques followed similar reports in humans [175, 295]
in suggesting that the faecal viromes of individuals in a single location are more similar
to each other than individuals in other locations [9]. The sharing of viruses such as
avian influenza A virus between Anseriformes that share the same water-body is
actually surprisingly poorly evidenced, but occurs easily in experimental conditions
[1] and presumably must occur regularly in the wild to generate phylogenetic patterns
that do not show distinct clustering by host (for example, [257]). An interesting
follow-up study would therefore involve focusing on sampling from two Anseriforme
species across two different locations, in order to consider whether observed viral
diversity was site-specific or species-specific, with the expectation that there may be
a significant site-specific effect for sharing of pathogens transmitted via the faecal-oral
route in waterfowl.

The study in Chapter 4 did not investigate vertical transmission of viruses in
the population from adults to newly hatched birds, in part because collecting faecal
samples from extremely young birds is difficult without distressing the parent bird,
and also because the volume and consistency of faeces from new-hatched cygnets are

so small and so liquid as to make sterile collection of the sample impractical. This
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population would, however, be ideal to explore vertical transmission of blood-borne
viruses, and their persistence throughout the lifetime, by sampling birds throughout
their lives at the well-established series of catches that is currently undertaken in the
population (first within 24 hours of hatching, then 6 months of age, and then every
two years), and long-term records that link cygnet rings with those of parent birds.
Many birds living in the colony are related by descent, with genealogies often reaching
3 or 4 generations amongst living birds.

The historical development of technologies for viral detection through the last
100 years has demonstrated that changing technologies reveal unexplored biases in
earlier methods and introduce their own problems. Filtration accidentally removed
giant viruses that were larger than it was believed a virus could be, cell-culture could
not detect viruses that could not be easily grown in the laboratory and, currently,
computational approaches cannot detect viruses with genomes that are significantly
divergent to other known viruses. The swan virome dataset contains high numbers of
picornavirus and parvovirus reads that I was unable to assemble confidently because I
was wary of creating false chimaeras of closely related viruses. This poses an obvious
question: to what extent are known viruses generated in the metagenomic era bi-
ased towards “easy-to-assemble” viruses? Difficult-to-assemble viruses might include
viruses that occur at low viral load, segmented or multipartite viruses, viruses that
co-exist with other closely related viral strains, or those that have significant intra-
host structural diversity. If known viruses are biased against these types of virus,
presumably that has the possibility to significantly skew our understanding of the
most common types of life-history strategy that viruses follow. Comparing the num-
ber and proportion of viral genomes identified through de novo assembly of short-read
data to those identified through mapping short-reads to (significantly less accurate)
long-read data generated using the Nanopore MinlON platform might help explore
whether limitations of de movo assembly are significantly biasing our knowledge of

viral diversity.
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7.1.4 Chapters 5 and 6: pre-existing immune responses to
ATV in birds and mortality following HPAI viral infec-
tion

Chapter 5 analysed the accumulation of humoral immune responses to different sub-
types of avian influenza virus (AIV) that results from continued exposure to differ-
ent subtypes throughout the lifespan of mute swans. Extensive previous literature
has demonstrated that juvenile birds are more likely to harbour antibodies directed
against AIV nucleoprotein than younger birds, but the acquisition of responses to
different haemagglutinin (HA) subtypes is poorly characterised, despite HA being
the primary antigen for AIV. Furthermore, most existing studies have been unable
to accurately determine the age of tested adult birds, so it has been unclear whether
birds continue to gain immunity to different subtypes throughout the adult lifespan.
I showed that as birds age, they continue to gain antibody responses to a broader
range of HA subtypes, presumably a result of continuous exposure to different sub-
types throughout their lives.

Chapter 6 presented data from an outbreak of HA clade 2.3.4.4 ATV H5NS8 that
circulated in the Abbotsbury mute swan population in winter 2016/2017 and caused
significant mortality. Estimated mortality rates in birds of different ages during the
outbreak provides significant evidence that the youngest age-group birds (hatch-year
2016, and therefore <1 year old at the time of the outbreak) were significantly more
likely to die of HPAT H5NS than older birds. Limited data on AIV prevalence during
2015-2016 suggests that AIV infection is actually relatively rare in this population,
and is in line with estimates produced by other studies that study swans in the
wild. Patterns of viral introduction to the population suggest that the virus was not
circulating for long periods prior to the outbreak in swans, and that its introduction
was one of several viral introductions to the UK.

Chapters 5 and 6 are very complementary, both focusing on avian influenza virus

in my mute swan study population. The limitations and insights that can be gleaned
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from these two chapters are best considered together. In Chapter 5 I questioned the
extent to which data from the Abbotsbury mute swan population could be generalised
to other swans, or, indeed other wild birds. The population density at Abbotsbury
is unusually high for a wild mute swan population, probably in part encouraged by a
long-history of supplementary feeding at the site. Host community size and popula-
tion density is known to be an extremely important driver of the dynamics of infec-
tious diseases, including influenza virus [272, 279, 325]. If increased host population
densities significantly affect the dynamics of low pathogenic avian influenza (LPAT)
occurrence in the Abbotsbury population, then the profile of humoral immunity in
the population would be expected to be different to that seen in most mute swans.
In Chapter 6, I present evidence that the birds at Abbotsbury are rarely infected
with LPATI viruses, a finding that is consistent with reporting of prevalence in swans
at other sites where population density is significantly lower [21, 236, 296, 314, 399].
Consequently, the patterns of immunity observed at Abbotsbury in Chapter 5 may
be generalisable to birds beyond this unique population.

Chapter 6 throws into question the significance of the patterns presented in Chap-
ter 5 for actually impacting on bird health. I present evidence that suggests that swans
at Abbotsbury are only rarely infected with LPAT ATV throughout the year, that birds
continue to gain humoral responses to different encountered subtypes throughout their
lives, and that during HPAI H5N8 exposure, one-year old birds have mortality rates
that are more similar to those of older birds than they are to those of hatch-year
birds. I currently cannot rule out the hypothesis that the youngest birds have higher
mortality rates because they are physiologically less able to mount an effective im-
mune response or because their generally smaller body mass left them less able to
survive the immobilising course of the infection without starving to death. However,
if we assume temporarily that mortality risk is driven primarily by acquisition of
humoral immune responses to previously encountered LPAI infection, then at least
two possible explanations emerge that can reconcile the patterns in Chapters 5 (the

gradual, long-term acquisition of humoral immunity throughout life) and 6 (a step-
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change in expected mortality upon exposure to HPAI H5NS). Firstly, let us suppose
that protective immunity to HPAI H5N8 is only affected by exposure to a small
number of very specific LPAI subtypes or strains. In this case, protective immunity
would require the circulation of at least one of these specific LPAI strains in late 2015
or very early 2016, i.e., after the hatching of all birds in the population except the
youngest cohort at the time of the HPAI H5N8 outbreak in December 2016. Given
the apparent low annual rate of LPAI circulation in the population, this would seem
unlikely. Alternatively, let us suppose that protective immunity can be generated by
exposure to a wide range of LPAI subtypes or strains, or a combination of a small
number of these. In this case, it is possible that only a very small number of previ-
ously encountered LPAI infections would be required to induce protective immunity
to HPAI H5N8 AIV, and that having additional responses probably does not have
a strong effect on protection against HPAI H5N8 AIV associated mortality. Under
this scenario, the critical threshold for previous LPAI infections for protection against
mortality appears to be related to either the number or diversity of AIV infections
that swans in this population encounter in their first 6-18 months of life. Distinguish-
ing between these two explanations is of critical importance for understanding the
evolution of influenza viruses generally, and specifically for providing empirical evi-
dence to support theoretical suggestions that antigenic evolution of influenza might
primarily be driven by immunity against epitopes that can have limited structural
variability [362].

It may be possible to explore these scenarios, in part, by using the faecal samples
collected from the Abbotsbury population during 2016. There are approximately 600
samples, collected between 4th May 2016 and 25th November 2016, that have not yet
been tested for AIV. Many of the birds that died during the HPAT H5NS8 outbreak,
or are known to have survived, were sampled during this period. Testing of these
samples for AIV, along with approximately 400 samples that have been collected
after the end of the outbreak may give a more robust picture of the prevalence and

diversity of LPAI virus in the population, and might perhaps reveal an association
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between specific previous infections and survival patterns during the HAN8 outbreak
of 2016/2017.

HPAI H5NS8 AIV is still being sporadically detected in Europe as of October 2017,
so understanding the landscape of immunity to the virus in wild birds is important
for attempts to predict the infection dynamics of this virus in the near future, in-
cluding quantifying the level of risk to wildlife and to the poultry industry. There
is currently no clear picture of patterns of immunity to HPAI H5NS in wild birds,
including the duration for which humoral immune responses might be sustained, or
what proportion of wild birds might have already survived asymptomatic infection
with HPAT H5NS8. Additionally, the theory of “original antigenic sin” suggests that
a strong humoral immune memory is generated to the first encountered strain, and
that weaker immune responses are generated to subsequent infections with similar
strains, because the host primarily relies on the original antibody repertoire, even
if the binding between the existing antibodies and novel antigens is comparatively
poor [141, 455]. This theory suggests that the age at which HPAI H5N8 is first en-
countered (and, correspondingly, the approximate number of previously encountered
LPAI infections) might be associated with the specificity of any antibody responses
upon re-challenge with HPAT H5NS in species where AIV infection is relatively rare.
It would be interesting to study existing immunological responses to HPAT H5NS,
and to other previously detected LPAI viruses in the population in order to explore
how long immunity lasts to specific viruses following known infections.

Phylogenetic analysis of viral genomes obtained from birds that died during the
H5N8 outbreak at Abbotsbury showed that the viruses were not sufficiently diverse
to attempt to resolve intra-population transmission routes. The low diversity in the
population was likely caused by rapid viral spread through the population. Within
a single host, the diversity of influenza virus populations is high. Reconstructing
the intra-population transmission route from patterns of minority variants that are
present within individual hosts presents a complementary approach to studying trans-

mission over short time scales, even when consensus sequences from each host in that
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transmission pathway are identical [409]. This approach has been applied to recon-
structing transmission routes of influenza viruses in horses [184], birds [409], pigs
[299] and dogs [170]. In general it is believed that younger birds tend to shed higher
quantities of virus than older birds [452], which might mean that infected younger
birds are more important donors of virus to new birds than older birds. Determining
the route of transmission of avian influenza amongst the Abbotsbury swans could be
interesting for both HPAI H5NS8 and well-sampled LPAI viruses identified in the pop-
ulation, especially if an age-based directionality of transmission could be observed.
Although the MinION data obtained in Chapter 6 may not currently be appropriate
for such an analysis because the high error rate prevents accurate identification of mi-
nority variants, it would be interesting to re-sequence the samples from the infected
birds using a low error rate technique (such as [llumina sequencing) to investigate the
pattern of minority variants and attempt to reconstructe viral transmission within
the Abbotsbury swan population.

The results of Chapter 5 and Chapter 6 support the findings of experimental vi-
ral challenge studies, which show that HPAI AIVs exhibit species-specific differences
in virulence and infectivity [321, 322, 94, 23]. Wild waterfowl of different species
exhibit a huge spectrum of sociality, population size, migration patterns, previous
exposure to LPAI AIV, and feeding behavior. This raises the interesting question
of whether HPAI AIV viruses might be adapted to infect and transmit among a
primary reservoir comprised of a limited number of bird species that best facilitate
viral transmission because of their particular behavioural or migratory patterns. For
example, viral adaptation to gregarious hosts that mix with other birds at high den-
sity, to waterfowl hosts that consume contaminated water during feeding, and/or to
hosts that regularly move between different areas, might facilitate the transmission
of HPAI AIV. A virus might adapt to cause low virulence in species that represent
the primary host reservoir for a number of different reasons, including if low virulence
allows greater host movement and hence facilitates viral transmission. Transmission

to a host species that does not represent the key reservoir might therefore result in
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infections of higher virulence because the virus has not adapted to transmission in
that host. Under this hypothesis, the high virulence infections observed in swans
might indicate that swans are generally not as important for further transmission
of the virus as birds that exhibit low-virulence infections: perhaps because they are
usually non-migratory and territorial birds, the native host range does not include
parts of Asia where the HPAT H5NS virus appears to have emerged, and the absolute
number of mute swans is low in comparison to certain other species.

Surprisingly, there has been limited investigation to date of the association of wild
bird ecology and the detection of HPAI AIV in wild birds. Currently, studies of cross-
species transmission and species-specific adaptation of HPAI viruses typically group
all species of wild waterfowl together, in opposition to poultry, mammals or other
wild birds such as gulls. However, this may be failing to account for epidemiologically
important ecological differences between waterfowl species. Collating and analyzing
currently available data on species-specific AIV prevalence is an important future

avenue for understanding the epidemiological dynamics that we observe.

7.2 General Implications and Future Directions
for the Study of Viral Epidemiological Dy-
namics

Inter-disciplinary studies that investigate viral epidemiological dynamics in animal
populations that have been subjected to long-term studies of host behaviour and
demography offer enormous potential for improving our understanding of viral trans-
mission in wildlife. I show this potential here with the inclusion of three chapters that
greatly benefit from the existence of continuous, long-term ornithological records of
a population of wild mute swans. Such an approach has already occasionally been
used to explore the movement of specific viruses in wildlife populations (for example,

Fountain-Jones et al., (2017)[139]) but should be adopted more widely, and, as costs
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of sequencing continue to reduce, could include more frequent analysis of metaviromic
data. New technologies that assist the remote tracking of wildlife could also be incor-
porated into studies of how host movement affects viral transmission, or, conversely,
how viral infection affects host movement. This might include more frequent use of
GPS tracking or activity tracking of individuals to detect frequency of movement or
geographic dispersal, depth sensing, video-monitoring [374, 444, 450], or, for highly
visible animals such as mute swans, regular drone-based or satellite photography of
geographic location. Investigation of larger-scale geographic spread might be possible
through consideration of seasonal changes based on existing databases of variables
that affect whether an animal can live in a particular ecosystem, such as tempera-
ture or vegetation [307]. Weather surveillance radar data (for example, NEXRAD
in the USA) often routinely detects the movement of birds, and is currently being
used to achieve a more extensive quantitative picture of the timing and route of
avian migration [180]. Movement of birds between radar stations might help pro-
vide a more quantitative picture of the temporal and geographic patterns in avian
migratory flyways, that could be incorporated into network or phylodynamics mod-
els. Creatively exploring other global datasets that could be used to track animal
movement on a global scale will help us to better understand the widespread move-
ment of viruses. Recently developed computational tools such as SERAPHIM [96]
offer flexible approaches for analysing the importance of environmental variables to
viral transmission modelled within continuous space using phylogenetic estimation
approaches. Such computational tools could be extended to evaluate the importance
of host geographic movement, or contact between hosts, on phylogenetic reconstruc-
tions.

The importance of host ecology to viral transmission logically means that surveil-
lance of pathogens should include detailed metadata, which, at a minimum, includes
host species, date, location (ideally longitude and latitude) and approximate host age.
Whilst existing information is useful, the availability of precise longitude-latitude

data would have allowed a more detailed model of transmission between locations
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within South Korea in Chapter 3. Data on wild bird outbreak reporting on the HPAI
H5N8 outbreak featured here suggests that 9% of all outbreaks had no species asso-
ciated with them, and a total of 38% of all outbreaks were associated with “ducks”,
“geese™ or “swans” [10]. Higher-level classifications are useful to an extent, but hide
the huge variation in migration strategy, life-history or feeding behavior that exist
in all of those groups. Technological advances, including computational image-based
identification of species, could easily be incorporated into existing reporting systems to
allow better ecological annotation of genomic or epidemiological data without putting
significantly greater pressure on key government, scientific or veterinary workers.
Real-time, portable genome sequencing has the potential to revolutionise the way
in which viruses are studied. Previous projects that sequenced human viruses such as
Ebola virus and Zika virus have already demonstrated the utility of taking sequencing
machines to the site of ongoing outbreaks [355], or to clinics that have vitally impor-
tant samples but might lack the infrastructure to conduct rapid and large-scale viral
sequencing and which cannot easily ship samples elsewhere due to legal or logistical
restrictions [126, 128, 125]. There is no reason that the same methodology that is
currently being applied in humans could not also be used to study viruses in animals,
including in geographically remote animal populations. Excitingly, real-time data
production could also be used to modulate research questions in real time. Sample
collection is non-trivial in terms of researcher time and cost. In principle, real-time
sequencing could be used to generate metaviromic information on novel pathogens
in a small set sample of samples in real-time in the field, and the data generated
fast enough to subsequently inform how further sample collection should be targeted
during a single fieldtrip. For example, in Chapter 4, initial identification of an or-
thoreovirus exclusively in the youngest birds in the population might have merited a
change to sample collection that would subsequently focus primarily on very young
birds. This approach of real-time feedback between data-generation and sampling
would be particularly useful for investigating viruses that only circulate rarely or for

short periods in a specific population. The potential consequences of adopting such
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an approach to real-time-data driven sampling could be huge, allowing far greater
amounts of information to be gained from the same numbers of samples.

In this thesis, I contribute to our existing knowledge of viral diversity and dis-
tribution, and explore some of the host ecological drivers that lead to transmission
dynamics in nature. More broadly, my research is motivated by the premise that
viral epidemiological processes and long-term evolution of viral diversity should be
explored by studying viral distribution and transmission in a natural ecological set-
ting, in which heterogeneous contact patterns between hosts, competition between
different viruses, and pre-existing immunological responses are the norm rather than
the exception. This approach does not devalue laboratory and modelling studies, but
rather underlines the notion that research that aims to understand the transmission
of viruses must surpass traditional boundaries between the medical and natural sci-
ences and draw on existing knowledge about the natural ecology of hosts. Creative
approaches to integrating innovations from multiple disciplines will be fundamental

to furthering our knowledge of the epidemiology and diversity of viruses.

221



Appendix A

Appendix to Chapter 2

A.1 Tables
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Table A.4: Primers used in sequencing of French badger poly-

omayvirus isolate

Primer Sequence (5’-3) Product Purpose
name ! size
(bp)

6814-s TGAAGTGTTGTGTAATGAACCCT 260 NBL-7 cell line

6814-as  AGTTTAGCATTTTCATGGTGC

6815-s ACAGGCCCTAGAAAGCTTTGG 308 NBL-7 cell line

6815-as ~ GGTTAATTAGGTCTGGTCCCCA

6816-s ACTGGAGACAAAATATTGATGTGGG 345 NBL-7 cell line

6816-as  ATTTTTGGCTGGGTCTGGGT

6817-s ACTGGAGACAAAATATTGATGTGGG 450 NBL-7 cell line

6817-as  CCATTTTCATCAAGCAAAATGGT

6894-s TGAAAATGGAGTGGGACCAC 264 Diagnostic  VP1
PCR

6894-as  TATACCCTGACCTCCTCCAC

6895-s TGGCCATACATCTGCATGGG 459 Diagnostic NCCR
PCR

6895-as  GGCTGCTGCAAGTTCAAACA

6942-s GTTTCGGTTTGGCTAAGGGC 2017 Partial  genome
amp. 1st round

6942-as CATGGGCTGGCTATCCACAT

6943-s AGCCATCTTCCCGCGTTATG 1974 Partial  genome
amp. 2nd round

6943-as GGCTATCCACATCAGGGGC

6944-s GGGACATATACAGGAGGTGTCC 2190 Partial  genome
amp. lst round

6944-as AGAAACTGTGGAGGGAGGACT

6945-s CACCCCCAGTGCTGCAATT 2120 Partial  genome
amp. 2nd round

6945-as ACCTGTGGTGTCCTGGGTAA

6946-s ACATCCTCTATTTTGTTTTCTAAGGCA 1470 Partial ~ genome
amp. 1st round

6946-as TTCAGGCTCAGGCTTCATGT

6947-s TACCCAGGACACCACAGGTT 1390 Partial  genome
amp. 2nd round

6947-as ATAACGCGGGAAGATGGCTG

6962-s TCTCTTTTCTCCACGTGGGA 751 Validation

6962-as  CAGGCCCTAGAAAGCTTTGGA

6963-s CCCTTCCCCCAAAGATGCAA 800 Validation

6963-as  AGTTTGGCTTCTCAGGCTGT

6964-s CCCAGACAAGGGTGGTGATG 752 Validation

6964-as  GGGCATACTTGTCCTGTACCT

6965-s TCCTGAGTAAAGCCCTAATATCT 757 Validation

6965-as  TCTTCAAATTTAGGTAACAGGCA

6966-s TGGAGGCAATATTTGGTCCCA 801 Validation

6966-as  TGGAAATCATCTTGGCCCCT

6967-s TGATCCCCAAATTCAAACAGATGT 781 Validation

Continued

on next

page
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Primer Sequence (5’-3) Product Purpose
name 1 size

(bp)
6967-as  GCCACCACAGGACACAGAAA
6968-s ATTTGGGGAGGGTCAGGTCT 759 Validation
6968-as TGCTCAGCCTATTGTTGGACT
6969-s ACTGTAGCTGCAGTGGTTCC 611 Validation
6969-as  AAATATGGTGCCCCAGGTGG
6991-s ACAGATGTTTGTAAATGGAAGGA 749 Validation
6991-as  CACAGGACACAGAAAGAAATCT
6992-s CCCCCACTGCAAACATATGA 611 Validation
6992-as CTGGCCAAAGACATGCTCCT

1

s=sense, as=antisense
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Figure B.1: Maximum clade credibility tree of avian influenza sequences for H5 clade
2.3.4.4. NA sequences were used to inform the structure of the starred Eurasian clade,
where available. Tips are labelled with isolate name and accession number (refer to
Supplementary Table 2 for accession number details). Posterior support is given at
nodes where >0.7. Tree is equivalent to Figure 3.3. Note that whilst all branches
are coloured according to the inferred ancestral location based on asymmetric trait
reconstruction using BSSVS, branch locations in some parts of the tree may not
accurately reflect the true dynamics of the virus. Refer to the main text for discussion.
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Figure B.2: Effect of different sampling and grouping of provinces with only one
sequence on phylogeographic inference. Arrows show inferred epidemiological links
where Bayes Factor support for rate indictors >10, as determined using SPREAD.
a) Results as shown in Figure 3. b). Sequences isolated in provinces from which only
one sequence is available have been removed from the alignment (except DG/GB/US,
which have been grouped). ¢) Sequences isolated in provinces from which only one
sequence is available have been grouped with geographically neighbouring provinces
for phylogeographic inference.
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Figure B.3: Maximum clade credibility tree for reconstruction without phylogeo-
graphic model. Yellow box shows “Japan and Korea” clade in which monophyly is
strongly supported (Table 3.1). Note that, although A /wigeon Sakha-1/2014 appears
to be basal to clade C4 is this MCC tree, this position is not well supported by mono-
phyly statistics (monophyly statistic 0.28), which indicates the Russia sequence often
occurs internally the the C4 clade.
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Figure B.4: Maximum clade credibility tree for reconstruction with phylogeographic
model and without BSSVS. Yellow box shows “Japan and Korea” clade in which
monophyly is strongly supported (Table 1). Pink box shows “Japan, Korea and
Europe” clade (Table 3.1). Monophyly of this clade is only very weakly favoured by
this model (monophyly statistic 0.55).
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Figure B.5: Maximum clade credibility tree for reconstruction with phylogeographic
model and with BSSVS. Yellow box shows “Japan and Korea” clade in which mono-
phyly is strongly supported (Table 3.1). Pink box shows “Japan, Korea and Europe”
clade (Table 3.1 ). The monophyly statistic for this clade (0.62) only very weakly
supports consistent monophyly during tree estimation.
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Appendix C

Appendix to Chapter 4

C.1 Figures
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Figure C.1: Log-transformed counts per sample of sequencing reads obtained, reads
that were similar to known viruses based on BLAST matching, and reads matching to
viruses that exclusively occur in vertebrates. Colours represent sampling visits. Note
that the lower number of sample reads obtained for a proportion of the May 2016
samples reflects the fact that these samples were sequenced in a different Illumina
run than the remaining samples, that in general obtained fewer reads.
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C.2 Tables

Table C.1: Number of times that each uniquely identifi-
able bird was sampled at Abbotsbury per sample type

Times sampled Number of birds

Sample type

1

O O 0 T Tk WNHH O TR WN RO O WD

—_

292
90
26
12

>
1

108
68
30
17

9
2
1

153

103
66
44
27
21

[NOR i V]

Whole feces

Whole feces

Whole feces

Whole feces

Whole feces

Whole feces

Swabs of feces
Swabs of feces
Swabs of feces
Swabs of feces
Swabs of feces
Swabs of feces
Swabs of feces
Either sample type
Either sample type
Either sample type
Either sample type
Either sample type
Either sample type
Either sample type
Either sample type
Either sample type
Either sample type
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Table C.2: Number of samples collected from uniquely

identifiable birds per visit

Date

Number of samples

Sample type

2015-04-16
2015-05-14
2015-05-31
2015-06-25
2015-07-24
2015-09-01
2015-10-10
2015-11-24
2015-12-15
2016-01-26
2016-03-08
2016-05-03
2016-06-01
2016-07-10
2016-08-10
2016-10-09
2016-11-21
2017-03-21
2017-06-01

21
23
29
37
47
54
41
42
72
43
S7
85
96
72
85
91
52
92
o6

Swab of feces
Swab of feces
Swab of feces
Swab of feces
Swab of feces
Swab of feces
Swab of feces
Swab of feces
Swab of feces
Swab of feces
Swab of feces
Whole feces
Whole feces
Whole feces
Whole feces
Whole feces
Whole feces
Whole feces
Whole feces
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Figure D.1: Cumulative proportion of birds sampled during each sampling year (red
and blue lines) and in the population (black lines). The population age-structure is
based on birds with known ages caught or known to be alive (breeding birds) during
a biennial catch of all adult birds on July 21st 2007. Because cygnets born during
2007 at Abbotsbury were not caught on this day, the age-structure also includes all
Abbotsbury cygnets that were ringed after July 2007 (typically during late August to
mid October). Cygnet mortality during late summer and prior to ringing may mean
that the number of cygnets alive during July 2007 is slightly underestimated here.
In total, approximately 80% of the birds believed to be in the population on July
21st 2007 had known ages. Birds of unknown ages typically entered the population
as adults and could not be aged.
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Figure D.2: Change in HI titre for each antigen (colours) between 2007 and 2008 for
each of the eleven birds that were sampled in both years. Dots represent 2007 values,
such that lone dots show not change in titre. Arrows show the change from 2007 to
2008. Many titres are not stable between years. Values less than or equal to 10 are
considered seronegative in this study.
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Appendix E

Appendix to Chapter 6

E.1 Figures
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Figure E.1: Kernel density estimated distribution of posterior support for the time to
most recent common ancestor of the Abbotsbury outbreak clade. The NA estimated
distribution is shown in pink, and the HA estimated distribution is shown in blue.
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E.2 Tables

Table E.1: Wild birds observed at site during Wetland
Bird Surveys from November 2016 to January 2017

Bird species November December! January
Brent Goose (Dark-bellied) 2222 2864 1174
Mute Swan 985 900 737
Wigeon 6537 874 1492
Coot 1115 735 780
Teal 1120 530 617
Mallard 415 511 302
Pochard 60 315 360
Tufted Duck 265 290 240
Black-headed Gull 192 148 87
Pintail 207 102 322
Common Gull 60 65 121
Herring Gull 71 61 82
Oystercatcher 15 58 58
Red-breasted Merganser 20 53 133
Canada Goose 829 47 25
Shoveler 91 38 72
Little Grebe 34 29 18
Great Crested Grebe 15 29 16
Mediterranean Gull 84 27 73
Snipe 1 24 8
Moorhen 14 22 30
Cormorant 17 20 16
Great Black-backed Gull 8 20 0
Bar-tailed Godwit 7 20 0
Lapwing 270 18 245
Little Egret 7 17 9
Turnstone 29 14 27
Brent Goose (Pale-bellied) 10 14 0
Redshank 31 12 14
Scaup 0 12 8
Shelduck 12 10 52
Goosander 0 8 0
Mallard (domestic) 3 4 3
Dunlin 41 3 8
Grey Heron 6 3 1
Long-tailed Duck 1 3 0
Goldeneye 0 3 2
Black Swan 2 2 2
Kingfisher 2 2 0

Continued on next page
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Bird species November December! January
Gadwall

Slavonian Grebe

Brent Goose (Black Brant)
Egyptian Goose

Golden Plover

Knot

Ruff

Grey Plover

Barnacle Goose

Curlew

Water Rail

Whimbrel

Black-necked Grebe
Common Scoter

Eider

Razorbill

Shag

Black-throated Diver
Great Northern Diver
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Note that some data is missing for December 2016, as the entirety of the Fleet Lagoon was
not surveyed during this time. As such, the numbers for December 2016 represent minimal bird
numbers only. Specifically, the missing data corresponds to the western part of the Fleet Lagoon
between Rodden and Moonfleet, so represents perhaps a quarter of the possible data although the
effect cannot be exactly quantified.
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Table E.3:
PCRs

Primers used in whole-genome multiplex

Primer name

Sequence (5’-37)

HA_400_1_.LEFT
HA 400_1 RIGHT
HA 400 2_LEFT
HA 4002 _RIGHT
HA_400_3_.LEFT
HA_400_3_RIGHT
HA 4004 LEFT
HA 4004 RIGHT
HA _400_5_LEFT
HA_400_5_RIGHT
HA_400_6_LEFT
HA 4006 RIGHT
MP _400_1_.LEFT
MP_400_1_RIGHT
MP_400_2_LEFT
MP_400_2_RIGHT
MP_400_3_.LEFT
MP _400_3_RIGHT
MP 400 4_.LEFT
MP_400_4 RIGHT
NA_400_1_.LEFT
NA_400_1_RIGHT
NA_ 4002 LEFT
NA_400_2_RIGHT
NA_400_3_.LEFT
NA_400_3_.RIGHT
NA_4004_LEFT
NA_ 4004 RIGHT
NA_ 4005 LEFT
NA_400_5_RIGHT
NP_400_1_LEFT
NP_400_1_RIGHT
NP_400_2_LEFT
NP_400_2_RIGHT
NP_400_3_LEFT
NP_400_3_RIGHT
NP_400_4_LEFT
NP_400_4_RIGHT
NP_400_5_LEFT
NP_400_5_RIGHT
NS_400_1_LEFT
NS_400_1_RIGHT

GCAGGGGTTCACTCTGTCAAAA
ATAGTCATTGAGGCTCCCTGGG
TGCGACGAATTCATCAGAGTGC
TGTCTGCTCTTCTGCATTGTTGG
CAAAAAGAACGATGCATACCCAACAA
GTGTTGCAGTGGCCATATTCCA
TTTCGAGAGTAATGGAAATTTCATTGCT
CACTCCCCTGCTCATTGCTATG
AGAGGGCTGTTTGGGGCTATAG
CGTTACCCAGCTCCTTTGCATT
TTCTCATGGAAAACGAGAGGACTCT
TTCTGCACTGTAACGACCCATTG
AAGCAGGTAGATATTGAAAGATGAGTCT
CACCGGTTGAGTAACTGAGTGC
TTAGGGTTTGTGTTCACGCTCAC
GCCTTAGCTGTAGTACTGGCCA
TACAACAAGATGGGGACGGTGA
GATCCCAATGATACTTGCGGCAA
TGCTAGTCAGGCTAGGCAGATG
TCCAGCTCTATGTTGACAAAATGACC
GCAAAAGCAGGAGTTTAAAATGAATCCA
CAGGTGAACAAGAGACGAAAGGC
AGGGCTTTGCACCTTTTTCCAA
AACAACATCAGTAGGCACCCCT
GTCAGCAACAGCCTGTCATGAT
TAGCACAGGCCTGTTAGTTCCC
AGATGTCAGCTTTAGTGGAGGACA
ACCCACTGTATCCCGACCAATT
ATGGCGTAAAAGGTTTCGGGTTT
GGAAGAATAGCTCCATCGTGCC
GCAGGGTAGATAATCACTCACTGAG
GCAGTTGCGTCTTCTCCATTGT
AGGAGAGATGGGAAATGGGTGAG
TCATTGCTCTTTGTGCTGCTGT
CTTCTGGAGAGGCGAGAATGGA
GCAGAATGACATGCCATCCACA
TTCCGTCTGCTTCAAAACAGCC
CCGCCATAATGGTCGCTCTTTC
TGGACTCCAGCACTCTTGAACT
TCCTCTGCATTGTCTCCGAAGAA
GCAAAAGCAGGGTGACAAAAACAT
AACCTGCCACTTTCTGTTTGGG

Continued on next page
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Primer name

Sequence (5-37)

NS_400_2_LEFT
NS_400_2_RIGHT
NS_400_3_-LEFT
NS_400_3_RIGHT
PA_400_1_ LEFT
PA_400_1_RIGHT
PA_400_2_ LEFT
PA_400_2_RIGHT
PA_400_3_.LEFT
PA _400_.3_RIGHT
PA_ 4004 LEFT
PA_ 4004 RIGHT
PA_400_.5_LEFT
PA_400_5_RIGHT
PA_400_6_LEFT
PA_400_6_RIGHT
PA_400_7_LEFT
PA_400_7_RIGHT
PA_400_8_LEFT
PA 400 .8 RIGHT
PB1.400_1_.LEFT
PB1.400_1_RIGHT
PB1.400_2_LEFT
PB1.400_2_RIGHT
PB1.400_3_.LEFT
PB1.400_3_RIGHT
PB1.400_4_.LEFT
PB1.400_4 RIGHT
PB1.400_5_LEFT
PB1.400_5_RIGHT
PB1.400_6_.LEFT
PB1.400_6_RIGHT
PB1.400_7_LEFT
PB1.400_.7_RIGHT
PB2_400_1_.LEFT
PB2.400_1_RIGHT
PB2_400_2_LEFT
PB2_400_2_RIGHT
PB2_400_3_.LEFT
PB2_400_3_-RIGHT
PB2_400_ 4_.LEFT
PB2.400_4 RIGHT
PB2_400_5_LEFT
PB2_400_5_RIGHT
PB2_400_6_LEFT

TGACTGTTGCTTCAAGTCCGTC
ACTTTGGAGGGAGTGAAGGTCTC
TGGGAGAAATCTCACCGTTACCTT
AGCTGAAACGAGAAAGTTCTTATCTCTT
AGGTACTGATCCAAAATGGAAGACTT
ATGTGAACTTCCCTTCGCGTTAC
ACTACAGGAGTCGAAAAGCCCA
TTTTCAAGGCTGGAGAAGTTCGG
CCGAGAGAGGCGAAGAGACAAT
TTTCACGATGTTGGGCTCTTTCC
AATTGAGCATTGAAGACCCGAGC
TCTGTCAATTCGCAAGCCTTGTT
AGATGTTAGCGATCTAAGACAGTACGA
CGGTGTCATTCCTCAAATGGGA
ACTTCCAACTGATTCCAATGATAAGCA
GACTCGGCTTCAATCATGCTCTC
ATGTGAGAACCAATGGGACTTCC
CAGGCACTCCTCAATTGCTTCA
AAGGACATGACCAAGGAATTCTTTGAAA
GCAAATAGTAGCATTGCCACAACT
GGATGTCAATCCGACTTTACTTTTCTT
CAGTCATAAGTCTGGCGACCTTG
TTTCCTTGAAGAGTCCCACCCAG
CCGCCTCTTCAATTTGCCTCTT
ACAATAGGGAAAAAGAAACAAAGGCTG
GGGGCAATGCTCAAGACATTTCT
CCAAATGGAATGAGAATCAAAATCCTCG
GGAGTCCATCCCACCAGTATGT
CCTGGAATGATGATGGGCATGTT
GTTGCTGGTCCAAGGTCATTGT
CCAGCTTTGGAGTGTCTGGAATC
ACCACAGCATTGTTTACGGACT
CTGCTTGAAGTGGGAGCTGATG
GAGCTCTTCAATGGTGGAACAGA

CGAAAGCAGGTCAAATATATTCAATATGGA

TGAACAGGACCAAAGGTTCCATG
GGTGGAATAGAAATGGGCCAACA
GCAGGTCCCTTGAGTCAAATGC
TGGAGAGAGAACTGGTTCGCAA
ACAGACGACCCACTTGTCCTTT
AACCCAACAGAAGAGCAAGCTG
CGCTGATTCGCTCTGTTGACAA
CGCTGAAGCAATCATAGTGGCA
TCGTCAGTTTCTCTGTTCCCTGT
AGAGAGTGGTCGTGAGCATTGA

Continued on next page
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Primer name

Sequence (5-37)

PB2_400_6_RIGHT
PB2_400_7_LEFT
PB2_400_7_RIGHT
PB2_400_8_LEFT
PB2_400_8_ RIGHT

TGCATCCTACTCTGTTCCGGTG
TTCCAACAGATGCGTGATGTACTG
ACGTCTCCTTGCCCTATCAACA
AGGTTCAGGAATGAGAATACTTGTGAG
CGACACTAATTGATGGCCATCCG
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