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Abstract

Influenza is a common and widespread disease caused by influenza viruses. It causes ap-
proximately half a million deaths globally each year, and poses the constant risk of a novel
pandemic strain emerging with a much higher mortality rate than seasonal influenza viruses.
Reducing the burden of influenza depends on effective vaccines and antiviral drugs, and
the rational design of these depends on a thorough understanding of the basic biology of
influenza viruses. While influenza viruses have been intensely studied, several aspects of
their biology have been neglected. Notably, most laboratory-adapted strains of influenza
virus produce virions with a predominantly spherical morphology, but clinical isolates pro-
duce virions ranging from spheres with diameters of ~100 nm to filaments with lengths that
can exceed 30,000 nm. Passage experiments suggest this pleiomorphy is adaptive, but it
has been the focus of very little research and so its role is unknown. Furthermore, meth-
ods with which to examine filamentous virions are lacking, meaning this area of influenza
biology is both understudied and requires extensive methods development. To solve these
problems, I developed a range of tools with which to analyse filamentous influenza virions.
These included an adaptable, semi-automated analysis pipeline using confocal microscopy
to assess the concentration and lengths of filamentous virions in a sample; a set of validated
procedures that can be used to handle filamentous virions without damaging them; and a
robust method to enrich samples in filamentous or non-filamentous virions. Using these
methods, I examined how the proteome of influenza virions varied with their morphol-
ogy using mass spectrometry and found that all viral proteins except haemagglutinin and
matrix protein were depleted in filamentous virions relative to their size. This suggested
that filamentous virions may be less robustly infectious than non-filamentous virions, and
may have different levels of glycoprotein activity. Using functional assays, I found that
non-filamentous virions were indeed enriched in fully infectious particles compared to fila-
mentous virions, and that the HA activity relative to NA activity of filamentous virions was
much higher than that of non-filamentous virions. However, this difference in glycoprotein
activity did not affect inhibition by mucus. These characterisations of the composition and
function of filamentous influenza virions, and the tools used to perform them, provide a
solid foundation to elucidate the role of, and potential pharmaceutical interventions exploit-
ing, these complex particles in influenza virus infections.
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Chapter 1

Introduction

1.1 Influenza virus

1.1.1 An overview of influenza

Influenza is a common disease caused by influenza viruses. The main animal reservoir of
influenza viruses is wild birds, but influenza is also widespread in humans and domesti-
cated mammals such as pigs, horses, and dogs. Influenza viruses consist of four genera,
named A, B, C, and D (abbreviated to IAV, IBV, ICV, and IDV). Of these, IAV, IBV, and
ICV all infect humans, with IAV and IBV causing most human epidemics (Krammer et al.,
2018).

1.1.2 Influenza symptoms

In humans, influenza viruses typically infect the upper respiratory tract. These infections
can be asymptomatic, but often lead to symptoms including cough, sore throat, fever, runny
nose, headache, muscle pain and fatigue. More severe cases can infect the lower respiratory
tract and lead to severe pneumonia, either caused by influenza virus directly or via a sec-
ondary bacterial infection. In some cases, influenza infections can spread to, or otherwise
stress, other systems, leading to cardiac or neurological complications. Those who are very
young, very old, pregnant, immunocompromised, or suffering from other health conditions
face a much higher risk of severe influenza symptoms. When there are no complications,
influenza infections patients usually resolve within a fortnight (Krammer et al., 2018).
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1.1.3 Influenza prevalence and burden

Influenza viruses circulate year-round, but in temperate climates cases are most common in
winter. Influenza caused by these circulating endemic viruses is therefore usually referred
to as seasonal influenza, though this is somewhat misleading as influenza is not seasonal in
the tropics. Many illnesses cause influenza-like symptoms, and the amount of data gathered
on influenza cases varies by nation, so it is difficult to estimate the global prevalence of
human influenza. Better estimates exist for individual nations. For example, between 3 and
15% of US citizens are estimated to suffer from influenza each year, though these data are
only available for symptomatic infections and ~33% of influenza cases are asymptomatic
(CDC, 2020).

Seasonal influenza virus imposes a substantial economic and healthcare burden on society.
For example, endemic human influenza is estimated to cost the USA $11.2 billion a year,
both through direct medical costs and indirect factors such as the loss of productive work-
ing hours (Putri et al., 2018). Furthermore, the human cost of influenza is severe; approxi-
mately half a million global deaths are associated with influenza every year (Iuliano et al.,
2018). Only ~0.001% cases of influenza are fatal (Wong et al., 2013), so the high number
of annual deaths is correlated with a huge level of morbidity.

While the seasonal burden of influenza is already substantial, the risk of a far greater in-
fluenza burden is always present. Novel zoonotic strains of influenza A virus repeatedly
emerge with the potential to cause pandemics. Five influenza pandemics have occurred
since 1917 (Bean et al., 2013), with the most severe being the 1918 pandemic that killed
as many as 100 million people (Spinney, 2017). A future influenza pandemic is a near cer-
tainty, which could be severe enough to dwarf the death toll of seasonal influenza. Conse-
quently, it is vital to develop interventions to reduce the harm caused by influenza virus.

1.1.4 Reducing the burden of influenza

Reducing the burden of a virus is a multidisciplinary problem, requiring coordinated efforts
combining politics and logistics as well as medicine and basic science. The ongoing SARS-
CoV-2 pandemic is a useful case study of how the interplay of these factors affects control
of a novel disease. For the first several months of the pandemic, non-pharmaceutical con-
trol measures such as travel restrictions, social distancing, hygiene, and face masks were
the only option to prevent widespread infections and deaths. These reduced the spread of
SARS-CoV-2 and even eliminated it in some countries (Health Protection Scotland, 2021).
While not the primary aim of these measures, they also substantially reduced the incidence
of colds and influenza (Iacobucci, 2020). However, these methods carried a significant cost
of their own: the IMF estimates a combined $28 trillion of lost global economic output due
to the pandemic and associated control measures (IMF, 2020). Furthermore, control mea-
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sures led to excess deaths through factors such as people avoiding seeking care for other
illness due to fear or the perception they should stay at home (ONS, 2020) . The severity
of this impact means such measures cannot be maintained indefinitely, and ultimately their
aim is to control the virus for long enough to develop and deploy pharmaceutical counter-
measures. Preventing the ongoing harm from viral epidemics, including influenza, there-
fore ultimately depends on effective pharmaceutical interventions.

1.1.5 Pharmaceutical options for controlling influenza

Influenza therapies can be grouped into two categories: antiviral drugs and vaccines. An-
tivirals target influenza virus proteins to disrupt specific points of the replication cycle (see
below), with key licensed drugs including: favipiravir, targeting PB1 (Furuta et al., 2013);
baloxavir marboxil, targeting PA (Omoto et al., 2018); amantidine, targeting M2 (Jackson
et al., 1963); and inhibitors of NA such as oseltamivir (Okoli et al., 2014). While useful,
there is a constant risk of influenza viruses evolving resistance to these drugs and indeed
this has led to the obsolescence of the adamantane class of drugs such as amantidine. NA
inhibitors, the most widely used class of drugs (CDC, 2020) are also most effective when
administered early in infection, but this requires rapid referral and diagnosis of the patient
which is not always easy to achieve.

Because antivirals are not always effective, preventing infections via vaccination is the pre-
ferred method to control influenza. However, vaccination has its own limitations. The high
mutation rate of influenza virus leads to a constant variation in its antigens (known as anti-
genic drift), resulting in frequent vaccine escape mutants, and necessitating annual updates
to the four strains (H1N1 and H3N2 subtypes of IAV, Victoria and Yamagata lineages of
IBV) recommended for inclusion in vaccines (WHO 2021). This means that even vacci-
nated individuals are unlikely to be fully immune to circulating influenza strains, and fully
preventing the spread of influenza virus would require prohibitively expensive global mass
vaccination campaigns every year. Furthermore, to allow time for vaccine manufacture and
distribution, these annual updates depend on an ability to predict which strains of influenza
virus will be circulating six months in advance. The difficulty of this task makes it even
harder to match influenza vaccines to circulating strains, and similar logistical issues will
delay any response to a novel pandemic virus (Houser & Subbarao, 2015).

The current limitations of drugs and vaccines mean that improved options are essential to
reduce future harm from influenza virus. Rational design of improved pharmaceutical inter-
ventions depends on understanding the basic biology of influenza virus.
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1.2 The biology of influenza virus

1.2.1 Introduction to the influenza virus replication cycle

Figure 1.1: A simplified influenza virus replication cycle.
Adapted from (Pinto, 2019). References to relevant section of the main text in brack-
ets. The minimal replicative unit of influenza virus consists of a set of RNPs (Sec-
tion 1.2.3.1). These synthesise mRNA for protein expression, and cRNA to serve as
a template for genome replication (Section 1.2.3.2). Viral proteins are synthesised
by the host translation machinery (Section 1.2.3.3). Some transit to the nucleus to
form new RNPs which then transit to the plasma membrane and some transit to the
plasma membrane directly (Section 1.2.4.3). Virions assemble at the plasma mem-
brane and bud from it (Section 1.2.4.4) before transmitting to a new cell (Sections
1.2.4.6 and 1.2.4.6). At the new cell, virions bind sialic acids to trigger entry, primar-
ily by clathrin-mediated endocytosis, and RNPs are released into the cytoplasm as the
endosome acidifies (Section 1.2.4.7). The RNPs are imported into the nucleus and the
cycle begins again.

Despite being intensely studied, many aspects of the basic biology of influenza virus repli-
cation are poorly understood. One of these poorly understood areas is how the morphology
of influenza virions impacts the biology of the virus, and this area forms the focus of this
thesis. When considering the available information on virion morphology, it is useful to
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first describe a simplified “canonical” replication cycle of influenza virus (Figure 1.1), be-
fore considering how the different steps of this cycle influence and are influenced by virion
morphology.

1.2.2 The components of influenza virus

Influenza virus components can be grouped into three sets. The first set is those that can
transcribe and replicate the genome, and thus produce all the viral components. This set
can be described as the minimal replicative unit. The second set comprises proteins that
modulate the host cell to facilitate transcription and replication, and the third set comprises
proteins that transport the minimal replicative unit to a new host.

Influenza virus transcription and genome replication takes place in the nucleus of the host
cell, and so a reasonable point to begin the replication cycle is when the full minimal replica-
tive unit is present in the host cell. The cycle can be considered complete when a new mini-
mal replicative unit has been delivered to the nucleus of a new host cell.

1.2.3 Replicating the minimal replicative unit

1.2.3.1 Composition of the minimal replicative unit

Influenza virus has an RNA genome of approximately 13.5 kb, encoding ten canonical pro-
teins and several accessory proteins derived from non-canonical translation. The genomic
RNA is referred to as vRNA, to distinguish it from messenger RNA (mRNA) and com-
plementary RNA (cRNA). The genome comprises eight (IAV, IBV) or seven (ICV, IDV)
segments, and at least one copy of each segment is necessary to produce fully infectious
progeny (Krammer et al., 2018).

The influenza virus genome is negative sense, so viral protein synthesis and genome repli-
cation requires positive sense RNA to be synthesised from the vRNA template. Host cells
lack a suitable RNA-dependent RNA polymerase (RdRP), so this process depends on a vi-
ral RdRP. The influenza virus RdRP is a heterotrimer comprising the proteins polymerase
basic 1 and 2 (PB1 and PB2) and polymerase acidic (PA, in IAV and IBV) or polymerase
3 (P3, ICV and IDV) (Fodor, 2013). Transcription of mRNA occurs in cis and so each
genome segment must be associated with its own RdRP (Hutchinson & Fodor, 2013).

The RdRP of influenza virus works most efficiently when vRNA is held in a suitable con-
formation through binding a basic groove on the viral nucleoprotein (NP). Each NP molecule
associates with approximately 24 bases of the vRNA, and oligomerises into a double helix
structure (though one which lacks cross-strand RNA interactions) which is capped with
the RdRP (Ye et al., 2010). This structure is known as the ribonucleoprotein (RNP) and is
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sufficient to transcribe mRNA from its constituent gene segment (Hutchinson & Fodor,
2013). This means the RNPs both contain the template for new genomes and are capable of
inducing the synthesis of the proteins required for genome replication. A full set of RNPs
therefore comprises the minimal replicative unit for an influenza virus.

1.2.3.2 Synthesis of RNA

Influenza virus replication requires synthesis of viral proteins and replication of the viral
genome. Both processes require the synthesis of positive sense RNA: truncated, capped,
and polyadenylated copies to act as mRNA for protein expression, and full-length copies to
act as a cRNA template for vRNA synthesis.

Protein synthesis requires mRNA to be protected from degradation, exported from the
nucleus, and recognised by host translation machinery. This is achieved in host mRNAs
through the relevant machinery recognising a methylated 5′ guanosine cap (Carmody &
Wente, 2009). The influenza virus RdRP does not encode capping capabilities, instead,
transcription begins by PB2 binding the 5′ cap structure of host mRNA and PA or P3 cleav-
ing the mRNA ~12 bases downstream of the cap. The capped RNA fragment acts as a
primer for transcription, with PB1 providing the polymerase activity. This results in the
synthesis of capped viral mRNA while also inhibiting the translation of host proteins which
would divert resources from virion production or initiate immune responses (te Velthuis &
Fodor, 2016).

Unlike mRNA transcription, cRNA synthesis depends on two RdRPs, which form a dimer
stabilised by the host protein ANP32A/B (Fan et al., 2019; Carrique et al., 2020). This tem-
plate is copied again to produce vRNA, which is co-transcriptionally encapsidated by free
NP (Ye et al., 2012). As this process depends on newly synthesised viral proteins, the early
stages of replication are dominated by mRNA transcription and the later stages by cRNA
transcription.

1.2.3.3 Translation of viral proteins

Viral proteins are synthesised by the host translational machinery in the same manner as
host proteins. Newly synthesised RdRP subunits and NP contain nuclear localisation sig-
nals, which are recognised by host importins to transport them into the nucleus (Hutchinson
& Fodor, 2012). This provides the components necessary for genome replication and RNP
assembly as described above, and so allows synthesis of new copies of the minimal replica-
tive unit.
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1.2.4 Transporting the minimal replicative unit to a new nucleus

1.2.4.1 The virion

While an infected cell can replicate the viral genome many times, eventually its resources
will be depleted, or the cell will be destroyed by the immune response (see Section 1.2.4.8
below). Long term propagation of the viral genome, therefore, requires moving the mini-
mal replicative unit to a new host cell and, eventually, a new host organism. This presents
the virus with several challenges. First, at least one copy of each segment must make it into
each new host cell, which is more efficient if the genome segments are delivered together.
Second, the minimal replicative unit must be protected from environmental damage for
long enough to make it to the new host. Third, the minimal replicative unit needs to cross
barriers such as host cell membranes and the mucus layer coating the respiratory epithe-
lium. These challenges are met by encasing the minimal replicative unit in a secure con-
tainer lined with proteins that enable it to navigate these barriers: the virion. Influenza viri-
ons are highly heterogeneous but share common features, so while an “idealised” virion is
described here, it is important to note that specific features such as the copy number of viral
proteins, the organisation of the capsid structure, and the number of vRNPs packaged vary
widely (Jones et al., 2020).

1.2.4.2 Composition of the influenza virion

Influenza virions are typically depicted as spherical. They are enveloped by a host-derived
membrane studded with glycoproteins, haemagglutinin (HA) and neuraminidase (NA) in
IAV and IBV and haemagglutinin-esterase-fusion protein (HEF) in ICV and IDV, and an
ion channel, membrane protein (M2). These proteins, together with the envelope, are nec-
essary for transmission and entry into new cells (the functional significance of these pro-
teins is discussed below). Beneath the envelope is the viral capsid, comprised of repeating
units of matrix protein (M1). Even though IAV virions are often spherical, the capsid struc-
ture is a loose helix rather than the icosahedron seen in many spherical viruses. The RNPs
are packaged beneath the M1 layer (Krammer et al., 2018). Together, these components
make up the “canonical” structure of the virion. Despite its name, the immune antagonist,
non-structural protein 1 (NS1), is also packaged, although the abundance varies and it is
unclear whether packaged NS1 impacts infectivity (Hutchinson et al., 2014). Virions also
contain a diverse array of host-derived proteins (Hutchinson et al., 2014), but it is unknown
whether these affect transmission.
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1.2.4.3 Accumulating virion components at the budding site

To allow virion assembly, each of these components must be delivered to the budding site
at the apical plasma membrane and organised in a manner that means there is a sufficient
local concentration of components to form a complete virion.

HA and NA are trafficked to the apical plasma membrane after synthesis where they are
concentrated in lipid rafts: regions of the cell that concentrate proteins to create specialised
microdomains (Rossman & Lamb, 2011; Sato et al., 2019). M2 also traffics to the api-
cal membrane but is excluded from lipid rafts, instead accumulating at their boundaries
(Hutchinson & Fodor, 2013).

To reach the plasma membrane, RNPs must first cross the nuclear membrane. This pro-
cess uses M1 as an adaptor protein, which contains a nuclear import signal and, after it has
been imported into the nucleus, binds NP. M1 is in turn bound by nuclear export protein
(NEP), a viral protein which contains nuclear export sequences that are recognised by the
exportin Crm1 (Huang et al., 2013). After export, RNPs are trafficked to the membrane
by Rab11+ membranes, initially believed to be recycling endosomes, but now thought to
be modified endoplasmic reticulum and irregular vesicles that only form during infection
(Martin et al., 2017). At the membrane, M1 associates with the cytoplasmic tails of HA,
NA, and M2 and thus connects all the major structural components of the virion (Hutchin-
son & Fodor, 2013).

Influenza virus transmission between hosts is believed to occur at a low multiplicity of in-
fection, and so is only possibly if some virions package a full complement of RNPs and can
therefore initiate an infection alone (Hutchinson et al., 2010). The proportion of these fully
infectious particles in the total virion population is higher than would be predicted if RNPs
were packaged randomly (Enami et al., 1991; Nakajima & Sugiura, 1977), and cis-acting
sequences have been identified which mediate segment specific packaging (Fujii et al.,
2003, 2005; Ozawa et al., 2007, 2009), suggesting that RNPs are packaged as a regulated
complex in a segment specific manner. Mutating the packaging signals on a given segment
can also affect packaging of the remaining segments (Marsh et al., 2008; Hutchinson et al.,
2008). The relationships between segments identified by mutagenesis are too complex to
support a straightforward “daisy chain” model of assembly (where segments are added se-
quentially to a growing chain). However, the data may be compatible with a “master seg-
ment” model (where segments assemble around a single core segment) but further research
is necessary to confirm this (Hutchinson et al., 2010). While the exact mechanism remains
unknown, it is known that these inter-segment interactions begin during trafficking to the
budding site (Chou et al., 2013).
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1.2.4.4 Virion budding

To leave the cell, the budding virion must deform the plasma membrane into the shape of
the virion and cut it. The mechanisms underpinning this process are poorly understood.
Expression of HA, NA, and M2 alone can drive the budding of virus-like particles (Chen
et al., 2007; Lai et al., 2010; Chlanda et al., 2015), and M1 polymerisation alone can drive
membrane deformation (Saletti et al., 2017), but budding is far more efficient when HA,
NA, M2, and M1 are co-expressed. Membrane scission is mediated by M2 (Rossman et al.,
2010), though viable mutants lacking M2 have been reported (Cheung et al., 2005) so it is
possible that scission can mediated by multiple mechanisms.

1.2.4.5 Virion transmission between host cells

After budding, virions need a mechanism to avoid immediately reinfecting their cell of
origin. Influenza virions enter cells via receptor-mediated mechanisms including clathrin-
mediated endocytosis and macropinocytosis (Rossman et al., 2012), which are triggered by
HA binding sialic acids at the cell membrane. While the mechanisms to prevent re-entry
into the cell of origin are still poorly understood, it seems that NA activity at the cell sur-
face removes sialic acids from infected cell membranes and thus limits reinfection (Huang
et al., 2008).

Having escaped its cell of origin, a virion must travel to a new target cell. Micrographs of
respiratory tracts infected with multiple fluorescent influenza viruses show localised areas
expressing the same fluorophores (Fukuyama et al., 2015), suggesting most infected cells
produce virions which infect their immediate neighbours. The transit to a new cell is poorly
understood. Part of it likely involves virions being carried within the flow of the mucus
layer that coats epithelial cells. Another part involves “surfing” across sialylated surfaces,
where HA-activity binds and releases sialic acids, and NA-activity cleaves them, prevent-
ing the virion from visiting the same region twice. This results in motility via a Brownian
ratchet mechanism (Sakai et al., 2017). This would allow virions to move to new cells and
search membranes for suitably dense clusters of receptors to trigger entry (Sieben et al.,
2020).

These localised infections create many more copies of the minimal replicative unit, but
ultimately the host will either mount an effective immune response or die. Either way, the
virus will be eradicated. For an influenza virus to persist in the long term, therefore, it must
transmit to a new host organism.
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1.2.4.6 Virion transmission between host organisms

Moving to a new host organism presents influenza virions with many more challenges than
moving within one. First, virions must penetrate the dense mucus layer coating epithelial
cells. Mucus contains many sialylated proteins that act as decoy receptors for HA and must
be cleaved by NA to allow traversal (Zanin et al., 2015). This means the balance between
HA and NA activity is vital, as getting the balance wrong could lead to virions being per-
manently trapped by decoy receptors, or unable to bind entry receptors once the barriers
have been crossed. Second, virions must escape their current host. Here, mucus acts as a
help rather than a hindrance: droplets of mucus are shed into the airway and exhaled, and
virions are carried with them (Zanin et al., 2015). Third, virions must enter a new host.
This can occur through direct inhalation of droplets, but more commonly they contaminate
surfaces and are inadvertently transferred to a new host airway via touch (Krammer et al.,
2018). Fourth, the virion must again cross the mucus barrier, again relying on the balance
of HA and NA activity. When considering the entire transmission route, it is noteworthy
that virions must traverse the same barriers in opposite directions depending on whether it
is entering or leaving a host. It is unclear how this is achieved, though possibly it is sim-
ply through producing virions in such abundance that all possible routes and directions are
explored.

1.2.4.7 Entry and unpacking

After surmounting the many challenges to travel to a new cell surface, the RNPs are still
separated from the nuclear interior by four barriers: the virion capsid, the virion envelope,
the cell membrane, and the nuclear membrane. Virions initially cross the cell plasma mem-
brane via HA binding to sialic acids at the cell surface and triggering tyrosine kinase sig-
nalling to induce cargo-uptake mechanisms, predominantly clathrin-mediated endocytosis
(Rossman et al., 2012). This allows the virion to enter the cell, but, because endocytosis
leaves its cargo in a membrane-bound late endosome, the RNPs still face the same number
of topological barriers to reach the nuclear interior. Escape from the endosome occurs due
to endosomal acidification and concurrent influx of potassium ions, which dissociate the
RNPs from M1 and induce a conformational shift in HA, exposing a fusion domain which
inserts into the endosome membrane. This induces fusion between the endosome mem-
brane and the virion envelope and releases the RNPs into the cytoplasm (Skehel & Wiley,
2000). To cross the nuclear membrane, the RNPs first diffuse to it, then their nuclear locali-
sation signals are recognised by importins and so the RNPs enter the nucleus of a new host
cell (Martin & Helenius, 1991). At this stage, the entire minimal replicative unit has been
transferred to a new nucleus, and the viral replication cycle begins again.
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1.2.4.8 Evasion of immunity

An unchecked influenza virus infection would ultimately be fatal, so the host does not re-
main passive during viral replication. Instead, the host mounts an immune response to con-
trol the virus. In a naïve host, this initially takes the form of the innate immune response,
triggered by the detection of pathogen-associated molecular patterns such as double-stranded
or uncapped RNA. These signals are transduced into synthesis of antiviral proteins, most
notably interferons, which can induce apoptosis in the infected cell and create an antiviral
state in the surrounding cells (Randall & Goodbourn, 2008). Influenza virus has no mech-
anism to suppress an ongoing interferon response, so instead delays its onset by expressing
interferon antagonists, primarily NS1. NS1 cannot indefinitely prevent the host organism
from mounting an interferon response (some influenza virions lack the NS segment and
markers of cell damage can be detected by uninfected cells), but NS1 can delay it for long
enough for new influenza virions to assemble and spread to a new host (Hale et al., 2008).

Influenza virus infections are usually resolved by the innate immune system but hosts also
mount an adaptive immune response against infections. A novel antibody response will
typically peak 1-3 weeks after infection (Janeway et al., 2001), which is usually after the
initial influenza virus infection is resolved. However, it results in the production of an-
tibodies and memory lymphocytes that will prevent reinfection from the same strain of
virus. These antibodies are most commonly directed against HA and NA, but these proteins
rapidly acquire mutations over replication cycles that result in weakened antibody binding.
This means a host can be reinfected by a very similar virus strain, so long as the glycopro-
teins have acquired enough mutations to render the existing antibody response ineffective
(Krammer et al., 2018).

1.2.4.9 Conclusion to the influenza virus replication cycle

A simplified replication cycle such as this leaves out many poorly understood areas of in-
fluenza virology. These include such proposed mechanisms of direct cell-cell spread via
tunnelling nanotubules (Kumar et al., 2017), and the different physiological barriers present
in faeco-oral transmission in wild birds compared to respiratory transmission in mammals.
In addition, even within the well-studied areas described, a great deal of complexity and
heterogeneity is present. For example, the virion proteome varies depending on the cell
of origin (Hutchinson et al., 2014), and virions can package incomplete genomes or even
no genome, leading to highly varied consequences for the infected cells (Brooke, 2017).
Heterogeneity is most clearly visible in the strikingly varied morphology of influenza viri-
ons, ranging from the commonly depicted spheres to filaments that can be over 300 times
larger. This pleiomorphy was observed in the first micrographs to accurately identify the
IAV virion (Figure 1.2) (Taylor et al., 1943), and has since been seen across an enormous
range of influenza strains (Figure 1.3), but the significance of pleiomorphy in infection re-
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mains unknown.

Figure 1.2: Influenza virus pleiomorphy was first seen in 1943.
Micrograph of chorio-allantoic fluid from an embyronated chicken egg infected with
influenza/A/Puerto Rico/8/1934 (H1N1). 30,000x magnification, stain unspecified.
Reproduced from Taylor et al. (1943).
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Figure 1.3: Influenza virion pleiomorphy is widespread

Micrographs of filamentous influenza virions from a variety of strains.
(a) Recombinant 2009 H1N1 pandemic influenza grown in embyronated chicken
eggs. Stained with methylamine tungstate and imaged with TEM, scale bar 100 nm
(Lakdawala et al., 2011).
(b) Bronchus of racing greyhound five days after infection with A/canine/Flori-
da/43/2004 virus. Stained with lead citrate and uranyl acetate and imaged with TEM
(Castleman et al., 2010).
(c) Duck embryonic fibroblasts 7 h after infection with influenza A/mallard duck-
/England/7277/06 (H2N3). Stained with 2% phosphotungstic acid and imaged with
TEM (Al-Mubarak et al., 2015).
(d) MDCK cells 14 h after infection with influenza A/equine/Prague/56 (H7N7).
Coated with AuPd and imaged with SEM (Elton et al., 2013).
(e) Influenza B/Lee adsorbed to avian erythrocytes. Stain unspecified, imaged by
TEM (Dawson & Elford, 1949).
(f) Influenza C/Anna Arbor/1/50 adsorbed to bovine mucin. Imaged with surface re-
flection interference contrast microscopy (Sakai et al., 2017).
(g) Saliva sample from patient infected with 1968 pandemic influenza. Stained with
1% PTA (Bienz & Löffler, 1969).
(h) Lung autopsy from patient who died while infected with 2009 pandemic in-
fluenza virus. Stained with 4% uranyl acetate and lead citrate and imaged with TEM
(Kataoka et al., 2019).
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1.3 Influenza virus morphology

1.3.1 Overview of influenza virion morphology

Figure 1.4: Influenza virions can be grouped into three classes.
Adapted from Pinto (2019).

Influenza virions can be broadly categorised into three groups: spheres (diameters of ~120
nm, including glycoproteins), bacilli (diameters ~100 nm, lengths ~200 - 500 nm) and fil-
aments (diameters of ~100 nm, lengths vary but can exceed 30,000 nm) (Vijayakrishnan
et al., 2013) (Figure 1.4). The boundaries between these groups are somewhat arbitrary
and not well defined, and pleiomorphy is visible within each group (Vijayakrishnan et al.,
2013). Furthermore, the differences between the smaller spherical and bacilliform virions
have not yet been studied beyond their initial identification. To aid in making comparisons,
here I group all virions with lengths below 500 nm in the category of “non-filamentous
virions”, with all the longer virions grouped as “filamentous virions”. This grouping loses
some of the nuanced variation within the groups, but is conceptually useful when compar-
ing studies with varying levels of virion characterisation.

Here it is also worth noting that “filament” and “filamentous virions” are sometimes used
interchangeably (e.g. Hirst & Hutchinson (2019)). However, influenza virus-infected cells
can produce filamentous structures that lack ordered matrices and often resemble long el-
lipses rather than rods (Figure 1.5). The term “filaments” encompasses these disordered
structures as well as filamentous virions. To avoid confusion, I use the term “filament” ex-
clusively to refer to the shape, and “filamentous virion” to refer to the virions.
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Figure 1.5: Influenza can produce filamentous structures that are not virions.
A series of mutations in the cytoplasmic tail of M2 of influenza A/WSN/33(H1N1).
Arrows indicate particles with filamentous shapes that lack ordered capsid struc-
tures and have inconsistent diameters. Filamentous virions are visible alongside, with
densely stained capsids and consistent diameters. Scale bar 500nm, stained with 1%
uranyl acetate. Reproduced from Iwatsuki-Horimoto et al. (2006).
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1.3.2 Why it is thought that influenza virions can be filamentous

Despite controversy over whether filamentous structures seen in early electron microscopy
studies were virions or artefacts of sample preparation (Angulo et al., 1950; Angulo, 1951),
filamentous virions have been observed many times (reviewed in Dadonaite et al. (2016)).
Identifying virions with electron microscopy is easiest when observing a highly concen-
trated sample (discussed by Seladi-Schulman et al. (2014)), and so almost all these studies
have analysed virions grown in cell or tissue culture to generate a high yield of virus. This
means that there has been long-standing uncertainty about whether filamentous virions are
actually present in natural human infections. However, electron micrographs of lung au-
topsies from patients who died in the 2009 influenza pandemic clearly show filamentous
virions in the lung (Figure 1.3h) (Nakajima et al., 2010) and internalised within alveolar
macrophages (Kataoka et al., 2019), and filamentous virions were observed in throat wash-
ings from a patient infected during the 1968 pandemic (Bienz & Löffler, 1969) (though the
latter study was published in a German language journal and seems to have been largely
overlooked). Taken together, these studies suggest that filamentous virions do exist in nat-
ural infections of influenza virus, though it has not yet been possible to determine their fre-
quency relative to non-filamentous virions.

1.3.3 Why it is thought that virion pleiomorphy is adaptive

1.3.3.1 Introduction

The mere presence of pleiomorphy is not enough to demonstrate that it is adaptive. Pleiomor-
phy could be a spandrel: a by-product of another adaptive mutation rather than adaptive in
its own right (Gould & Lewontin, 1979). It could be neutral, conferring neither significant
advantages nor disadvantages to virus strains. It could even be maladaptive, and pleiomor-
phic viruses could be trapped on suboptimal fitness peaks, where a series of mutations that
would both reduce pleiomorphy and increase fitness cannot arise as the early steps in the
series would render the virions non-functional (Rodrigues & Shakhnovich, 2019).

If pleiomorphy is indeed adaptive, antiviral therapies could in principle be designed to tar-
get it. If pleiomorphy is not adaptive, time and resources could be wasted on trying to un-
derstand its function, detracting from more fruitful research avenues. It is therefore vital to
determine whether pleiomorphy is adaptive in influenza viruses. In asking this, we should
begin by summing up the available evidence.
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1.3.3.2 Other virions form filamentous virions

Filamentous virion formation is widespread among viruses, which could be interpreted
as meaning this shape confers some advantage. Some viruses, such as ebolavirus (Bharat
et al., 2012), tobacco mosaic virus (Klug, 1999) or bacteriophage M13 (Rakonjac et al.,
2011), are exclusively filamentous. Here, filamentous virion formation is an inevitable con-
sequence of the capsid structure: capsid subunits assemble directly around a central strand
of nucleic acid, so the virion morphology is dictated by the shape of the genome. This also
means pleiomorphy in these viruses is entirely dependent on genome size: polyploid viri-
ons are longer, while virions packaging genomes containing deletions are shorter. It is
impossible to test whether filamentous virion formation is adaptive in these viruses as no
spherical variants can exist. Consequently, conclusions about the role of filamentous virion
structure in exclusively filamentous viruses cannot be generalised to the far more varied
structures seen in influenza viruses.

Better evidence comes from viruses that can produce both filamentous and non-filamentous
virions, particularly respiratory viruses such as respiratory syncytial virus (Bächi & Howe,
1973), human metapneumovirus (El Najjar et al., 2016), parainfluenza virus type 2 (Yao &
Compans, 2000) and mumps virus (Duc-Nguyen & Rosenblum, 1967). These viruses share
a tissue tropism and transmission route with influenza viruses and therefore face similar
barriers to transmission, so it is plausible that their pleiomorphy is an adaptation to over-
come these barriers. However, without experimental data assessing the fitness of different
morphologies, pleiomorphy being a spandrel, neutral, or maladaptive in these viruses is just
as possible as it is in influenza viruses. It is therefore difficult to suggest that pleiomorphy
is being selected for in these viruses.

Taken together, the widespread formation of filamentous virions among many types of
virus is suggestive that pleiomorphy is adaptive in certain scenarios. However, without
experimental evidence, the mere presence of pleiomorphy is not sufficient to rule out the
alternative hypotheses to pleiomorphy being adaptive.

1.3.3.3 Filamentous virions use more resources

It has been suggested that the sheer size of filamentous virions demonstrates their forma-
tion is adaptive, based on the assumption that they require more resources to produce than
non-filamentous virions. Their formation would therefore be selected against if the fitness
benefits did not outweigh those costs (Li et al., 2021). This idea is difficult to test exper-
imentally, but an estimate of the energy budget of influenza virus suggests that protein
synthesis is the most energetically expensive stage of the replication cycle (Mahmoud-
abadi et al., 2017), which supports the idea that it is less efficient to build a large virion if
a smaller virion is equally infectious. However, given that most influenza virions are not
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fully infectious (Brooke et al., 2013), it seems unlikely that resource efficiency is a signifi-
cant factor in viral fitness. It is possible that the rate of virion production could impact viral
fitness, as there is limited time after an infected cell begins producing virions before the
cell dies, but it is possible to produce infectious virions at a similar rate in cell culture re-
gardless of morphology (Seladi-Schulman et al., 2013). Therefore, there is no reason to be-
lieve that the metabolic costs of producing influenza virions strongly impacts viral fitness,
and so the mere presence of filamentous virions, even if they require additional resources to
produce, is not enough to infer that their formation is adaptive.

1.3.3.4 Passage histories suggest filamentous virions have a role in vivo

The strongest current evidence that influenza virus pleiomorphy is adaptive in infection
comes from passage experiments. These initially took the form of natural experiments or
serendipitous observations, noting that laboratory-adapted strains of influenza typically
produced fewer filamentous virions than recent clinical isolates (Chu et al., 1949). This
process is even visible across the chronology of the literature: with some exceptions, in-
fluenza A/Puerto Rico/8 (PR8) is commonly described as spherical in early studies (Tay-
lor et al., 1943; Mosley & Wyckoff, 1946; Murphy et al., 1950) but is considered nearly
exclusively spherical in later years (Chu et al., 1949; Werner & Schlesinger, 1954; Kil-
bourne & Murphy, 1960). These observations were tested formally by Burnet and Lind,
who passaged pleiomorphic isolates in chicken eggs and saw that filamentous virion forma-
tion was reduced unless the experiments were performed at a limiting dilution (Burnet &
Lind, 1957). More recently, Seladi-Schulman et al. demonstrated that serial passage of the
clinical strain A/Georgia/M5081/2012 (H1N1) in chicken eggs caused a loss of pleiomor-
phy, but this was not observed with the contemporaneous strain, A/Netherlands/602/2009
(H1N1) (Seladi-Schulman et al., 2013). They also showed that serial intranasal passage of
PR8 in guinea pigs led to a gain of pleiomorphy. Several point mutations in this pleiomor-
phic virus were sufficient to confer a more pleiomorphic phenotype on PR8. However, all
but one of these mutations were attenuating in both eggs and guinea pigs, and the remain-
ing mutation could not alone confer the capacity for contact transmission among guinea
pigs on PR8 (Seladi-Schulman et al., 2013). Taken together, these findings support some
link between pleiomorphy and adaptation, but it is more complex than pleiomorphy simply
being adaptive in natural infections and maladaptive in the laboratory.

1.3.3.5 Conclusion

Taken together, despite decades of observation, there is little strong evidence that could
help us examine the claim that influenza virus pleiomorphy is adaptive. Arguments for
pleiomorphy being adaptive that stem from the mere existence of filamentous virions can-
not be used to form robust conclusions. Experiments involving serial passage do suggest
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that pleiomorphy is at least associated with fitness in some cases, but the relationship ap-
pears to be complex, and this type of experiment cannot examine whether pleiomorphy is
adaptive or a spandrel. Ultimately, these top-down approaches to understand the role of
pleiomorphy seem unlikely to provide firm conclusions. Instead, I propose that it would
be better to use a bottom-up approach – first understanding how morphological variation
leads to functional variation, and then building hypotheses that can be tested in the context
of viral fitness in natural infections. To review the current understanding of how morphol-
ogy affects function, I now return to the influenza virus replication cycle and discuss the
differences that are known to correlate with viral morphology at each stage.

1.3.4 Morphology and the influenza replication cycle

1.3.4.1 Replication of the minimal infectious unit

Virion morphology is unlikely to directly affect the replication of RNPs, as it occurs after
the capsid of the infecting virion has been disassembled but before the assembly of new
virions. It is possible that differences at this stage could lead to differences in virion assem-
bly and thus morphology, for example by altering the concentration of available RNPs, but
no studies have yet addressed this.

1.3.4.2 Assembly

Variation in virion composition Differences in virion assembly will be reflected in
differences in virion composition. Therefore, it useful to begin by comparing the com-
position of filamentous and non-filamentous virions. As well as the obvious difference
in size and shape, many such compositional differences have been identified. Early sug-
gestions that filamentous virions were multigenomic (Ada & Perry, 1958; Smirnov et al.,
1991) were refuted by recent cryo-EM studies showing that filamentous virions contain at
most one copy of the genome and often no genome at all (Calder et al., 2010; Vijayakrish-
nan et al., 2013; Halldorsson et al., 2021). This is reflected by western blot data showing
a higher M1:NP ratio in samples containing more filamentous virions (Iwatsuki-Horimoto
et al., 2006; Kordyukova et al., 2020; Liu et al., 2002; Roberts et al., 2013), though one
study reported no difference (Seladi-Schulman et al., 2014). At least for IAV, the rela-
tive abundance of HA and NA also varies: M1:HA is constant regardless of morphology
(Iwatsuki-Horimoto et al., 2006; Roberts et al., 1998; Seladi-Schulman et al., 2014), but
M1:NA and HA:NA appears to be higher in filamentous virions (Chlanda et al., 2015; Va-
hey & Fletcher, 2019b,a). However, filament-producing mutants have been reported with
no difference in HA:NA (Seladi-Schulman et al., 2014) and the available NA data is based
on observing micrographs rather than directly quantifying protein abundance. M2 is also
assumed to be proportionally less abundant in filamentous virions, although this is inferred
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from observing that M2 clusters predominantly at the tips of filamentous virions rather than
from a direct quantitative comparison with non-filamentous virions (Kolpe et al., 2019).
These differences in proportion are often accompanied by a difference in organisation, with
NA and M2 both reported to be more abundant at one or both poles of the filament (Calder
et al., 2010; Chlanda et al., 2015; Kolpe et al., 2019; Vahey & Fletcher, 2019b) whereas
HA is either much less polarised (Vahey & Fletcher, 2019a) or unpolarised (Calder et al.,
2010; Kolpe et al., 2019). As well as viral proteins, influenza virions contain an array of
host-derived proteins (Hutchinson et al., 2014), which may also vary with morphology, but
this has not yet been addressed experimentally. Taken together, the evidence showing how
composition varies with morphology is often limited and there are no detailed proteomic
analyses comparing virions of different morphologies. Furthermore, these studies rarely
investigate variation within morphological groups as well as between them, and the recent
finding that HA, NA, M2 abundance per virion can vary across three orders of magnitude
(Vahey & Fletcher, 2019b) suggests the relationship between morphology and composi-
tion is more complex than is currently understood. It also remains unclear which of these
variations are consequences of pleiomorphy, and which, if any, are drivers of it.

All differences in virion composition must be driven by differences in assembly. Influenza
virion assembly remains poorly understood, and there is currently no consensus on the
mechanism by which assembly leads to pleiomorphy. However, many factors affecting
morphology have been identified, and these can be used to infer where differences in as-
sembly occur.

Viral genetics Early recombination studies identified a role for viral genetics in de-
termining morphology (Burnet & Lind, 1957; Kilbourne & Murphy, 1960), and later re-
verse genetics approaches identified mutations in the M segment as having the biggest im-
pact (Bourmakina & García-Sastre, 2003; Burleigh et al., 2005; Elleman & Barclay, 2004;
Iwatsuki-Horimoto et al., 2006; Muraki et al., 2004; Roberts et al., 1998). These mutations
can occur in both M1 and M2, and the distinct roles of these proteins in virion assembly
suggest there are multiple mechanisms by which assembly affects morphology.

M1 Despite the plethora of studies identifying mutations in M1 that affect morphology,
very few have investigated the mechanism by which this effect occurs. Liu et al. (2002)
suggest the strength of association between M1 and RNPs could affect morphology, with
the M1 from the predominantly spherical PR8 showing greater binding strength with RNPs
than the pleiomorphic influenza A/Nanchang/933/95 (H3N2). However, these viral strains
differ in many ways, and so it is not possible to be confident that the differences in mor-
phology is directly linked to the difference in RNP binding. A similar idea was suggested
by Burleigh et al. (2005), who found that mutations affecting a putative RNP binding do-
main in M1 both reduced M1-RNP binding and affected morphology, though most of these
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mutants produced filaments which lacked organised M1 capsid structures rather than viri-
ons. However, one pleiomorphic mutant was identified with both a reduced binding strength
between M1 and RNPs and a regular M1 helix. These data are supported by electron mi-
croscopy studies demonstrating that filamentous virions often lack genomes entirely, though
comparisons between filamentous and non-filamentous virions of the same strain have not
been reported (Vijayakrishnan et al., 2013; Halldorsson et al., 2021). Together, these stud-
ies suggest there may be a link between M1-RNP binding and filamentous virion assembly,
but neither conclusively demonstrates this.

An alternate idea that has often been suggested is that mutations affecting M1-M1 inter-
actions affect morphology, and so the variations may arise from differences in M1 poly-
merisation. Calder et al. (2010) suggest regularity of the M1 helix may play a role in mor-
phology, with Udorn having both a more ordered helix and much longer filaments than in-
fluenza A/X-31 (H3N2), though the many other differences between these strains were not
accounted for. The positions of mutations that affect morphology in M1 may also suggest
an effect on polymerisation: a series of mutations affecting only the positive face of M1
restored filamentous virion formation to a predominantly spherical mutant strain, though
the data presented could also be interpreted as these mutations simply restoring all virion
budding to a defective mutant (Liu et al., 2017). Similarly, a point mutation in M1 has been
identified in multiple studies (Campbell et al., 2014a; Elleman & Barclay, 2004; Roberts
et al., 1998) which occurs in a alpha-helix of M1 that is likely solvent-exposed and could
affect polymerisation.

Taken together, mutations in M1 appear to be able to affect assembly by affecting the strength
of interaction between M1 and other major structural virion components, including other
M1 monomers. However, no studies have demonstrated how such changes affect polymeri-
sation, nor do they explain why these mutations lead to a pleiomorphic phenotype rather
than an exclusively filamentous one. M1 therefore strongly influences assembly, but it is
unclear how.

M2 As well as M1, mutations in M2 have repeatedly been linked to virion morphol-
ogy (Beale et al., 2014; Bourmakina & García-Sastre, 2003; Elleman & Barclay, 2004;
Iwatsuki-Horimoto et al., 2006; Roberts et al., 2013; Rossman et al., 2010), and antibod-
ies directed against M2 can prevent filamentous virion formation (Roberts et al., 1998).
These mutations do not appear to affect the ion channel activity of M2, and treating cells
with amantadine to block the ion channel activity does not cause a reduction in filamen-
tous virion production (Rossman et al., 2010). This suggests that it is not M2’s ion channel
activity that affects morphology, but rather its role in budding. This could be due to M2 sta-
bilising the budding site for long enough to allow extended M1 polymerisation (Rossman
& Lamb, 2011), though this is challenging to reconcile with the finding that M2 deletion
can increase the number of filamentous virions formed (Iwatsuki-Horimoto et al., 2006).
An alternate model is that filamentous virions could be produced as a “failed” budding

41



CHAPTER 1. INTRODUCTION

event, where the virion keeps growing because M2 does not induce scission. However, nei-
ther mechanism yet explains why the same M2 protein can produce both filamentous and
non-filamentous virions, nor why filamentous virions eventually bud rather than just grow
indefinitely.

HA and NA While most mutations affecting morphology have been linked to the M seg-
ment, some studies have suggested a role for HA and NA in morphology (Campbell et al.,
2014a,b; Chlanda et al., 2015; Jin et al., 1994; Lakdawala et al., 2011; Mitnaul et al., 1996;
Smirnov et al., 1991; Li et al., 2021). However, these studies either create recombinant
strains where entire gene segments differ and so it is difficult to identify the specific fac-
tor causing the difference in morphology (Campbell et al., 2014a,b; Lakdawala et al., 2011;
Smirnov et al., 1991), or identify mutations that lead to filamentous structures that lack an
ordered M1 capsid (Chlanda et al., 2015; Jin et al., 1994; Mitnaul et al., 1996). It is there-
fore currently impossible to state that these proteins affect morphology directly. For exam-
ple, many apparent changes in morphology may be due to both proteins being involved in
recruiting M1 to the budding site, with M1 actually causing the morphological differences.
It is noteworthy, however, that recombination experiments which create various combi-
nations of the M, HA, and NA segments from a pleiomorphic or predominantly spherical
virus strain yield strains with a broad range of morphological phenotypes where there is no
obvious link between the genotype and morphology (Smirnov et al., 1991; Campbell et al.,
2014a). This suggests that it may be too simplistic to claim a given mutation affects mor-
phology in a given way. Instead, it seems more likely that the effect of a mutation on virion
assembly depends on the genetic background into which it is introduced.

Cell polarity Viral factors have most commonly been linked to differences in morphol-
ogy, but several studies also suggest the state of the host cell is also important. It has been
suggested that cell polarisation state affects virion morphology, with more stably polarised
cells more readily forming filamentous virions (Roberts & Compans, 1998). However,
more recent studies have shown reliable filamentous virion formation even in poorly po-
larised cells (Chlanda et al., 2017) and chicken and duck embryonic fibroblasts yield viri-
ons of differing morphologies, despite a presumably comparable polarisation state (Al-
Mubarak et al., 2015). Furthermore, when infected with the avian viral strain A/mallard
duck/England/7277/06 (H3N2), highly polarised MDCK cells did not produce filamentous
virions but unstably polarised duck embryonic fibroblasts did (Al-Mubarak et al., 2015).
This suggests that the link between cell polarisation and virion morphology is complicated,
or potentially just the product of an insufficiently broad sample of cell and virus types.

Microfilaments and lipids A potential link between virion morphology and cell po-
larity comes from cellular factors that are linked to both. Polarised actin microfilaments
are essential to maintain polarity, and disrupting these with jasplakinolide led to a loss in
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filamentous virion formation without affecting infectious titre or total protein synthesis
(Simpson-Holley et al., 2002). The authors of this study noted that HA appeared to colo-
calise with cortical actin, and HA, NP and M1 distributions were also disrupted by jas-
plakinolide, suggesting that actin is necessary to arrange viral proteins in such a way to
allow filamentous virion assembly. This may be due to actin organising lipid rafts, as dis-
rupting these lipid rafts with methyl-β-cyclodextrin reduces filamentous virion formation
and can partially collapse those that have already formed (Rossman et al., 2010; Simpson-
Holley et al., 2002). This suggests lipid rafts are major structural components of filamen-
tous virions and it is necessary to concentrate them to allow filamentous virion assembly.
This model of an interplay between viral proteins, host cytoskeleton, and host lipids is sup-
ported by findings that mutations in putative cholesterol binding regions in M1 affect mor-
phology (Tsfasman et al., 2015), and differences in lipid composition could explain why
filamentous virions appear to form more readily at microvilli than the plasma membrane
(Kolesnikova et al., 2013). However, this model of protein organisation affecting virion
assembly is still incomplete. Non-filamentous virions also bud from lipid rafts, so it is un-
clear why methyl-β-cyclodextrin treatment would only affect filamentous virions. Further-
more, the key evidence supporting a role for protein organisation in virion morphology is
mostly correlative, with actin or lipid disruption disrupting both protein organisation and
morphology, but with a mechanistic link between them untested. As with cell polarity, it
also appears that the effect of disrupting actin on virion morphology depends on which cell
and virus are being tested, with a strong effect visible with Udorn and MDCK cells, but no
effect visible with influenza A/mallard duck/England/7277/06 (H2N3) in duck embryonic
fibroblasts (Al-Mubarak et al., 2015). Therefore, while the cytoskeleton can play a role in
modulating virion morphology, it is not necessary in all cases.

Other host factors In addition to the differences discussed above, factors affecting
morphology have been identified that are difficult to analyse due to a lack of related studies
elsewhere in the literature. An LC3-interacting domain in M2 (Beale et al., 2014), Rab11-
FIP3 (Bruce et al., 2010), and incubation temperature (Burleigh et al., 2005) have all been
linked to morphology. However, none of these studies directly calculate the proportion of
filamentous and non-filamentous virions in different conditions, making it hard to draw
firm conclusions about the strength of the effects, and all focus on mechanisms that have
otherwise not been explored in the context of virion morphology so there are no studies to
compare them with. Therefore, while these factors may affect assembly, it is not yet possi-
ble to determine how.
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Figure 1.6: Two models explaining directed motion of filamentous virions

(a) A model for motility of influenza virions. Virions move across a sialylated sur-
face by a Brownian ratchet mechanism, where HA activity continuously binds and
releases sialic acids and NA activity permanently cleaves them. The virion therefore
cannot bind the same location twice. Image reproduced from Sakai et al. (2017). (b)
A model for directed movement of filamentous influenza A virions suggested by Va-
hey & Fletcher (2019a). Virions move across sialylated surfaces via the Brownian
ratchet, leaving a wake of cleaved sialic acids (indicated by the green ECL stain).
In this model, unpolarised distributions of HA and NA, such as that seen on non-
filamentous virions, results in a random walk pattern. However, filamentous virions
can have polarised HA and NA distributions, leading to preferential binding of sialic
acids at one pole and preferential cleaving of sialic acids at the opposite pole. This
results in filamentous virions preferentially moving perpendicular to their short axis.
Image reproduced from Vahey & Fletcher (2019a). (c) A model for directed motion
of filamentous influenza C virions suggested by Sakai et al. (2017). Non-filamentous
virions can readily change directions and so move in a random walk pattern. Filamen-
tous virions cannot easily turn due to the wide swathe of cleaved sialic acids behind
them, and so preferentially move perpendicular to their long axis. Image reproduced
from Sakai et al. (2017).
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1.3.4.3 Transmission

Few studies have attempted to directly address differences between filamentous and non-
filamentous virions in transmission, possibly because this requires complex experimen-
tal systems to replicate the environments in which transmission takes place. It has been
suggested that filamentous influenza virions are an adaptation to traverse mucus, a major
barrier to infection in the airway (Roberts et al., 1998). Sialylated mucin residues act as
decoy receptors and bind HA and must be cleaved by NA to allow transmission. There-
fore, the balance of HA:NA activity is vital to evading mucus inhibition, and the variation
in HA:NA abundance with morphology discussed above may favour one type of virion
when navigating this environment. This idea is supported by a recent study showing that
polarised distribution of HA and NA on virion membranes allows filamentous virions to
move directionally, parallel to their long axes, across sialylated surfaces via a Brownian
ratchet mechanism (Figure 1.6a). Spherical virions or filamentous virions with no polar-
isation could only move in a random walk pattern (Vahey & Fletcher, 2019a). A similar
process was observed for influenza C virions, though theses cannot have polarised receptor
binding and destroying activity as both processes are mediated by the same protein. Fur-
thermore, the filamentous virions move perpendicular to their long axes rather than their
short axes (Figure 1.6b) (Sakai et al., 2017). It is challenging to reconcile these studies,
as the two mechanisms of motion described are mutually exclusive. Furthermore, neither
study measures infection, so there is not currently enough evidence to determine whether
these differences in motility are indeed an adaptation to evade mucus.

More broadly, it has been suggested that pleiomorphy enables influenza virus to rapidly
respond to an unpredictable environment, increasing the chance at least one virion will be
able to navigate all the barriers blocking transmission (Vahey & Fletcher, 2019b). While
provocative, this was only tested experimentally with NA inhibitors, which do not occur
naturally and so cannot have driven the widespread pleiomorphy seen in influenza virus
prior to the discovery of NA inhibitors in the 1960s (Edmond et al., 1966). Further re-
search, focusing on naturally occurring barriers to transmission is therefore necessary to
confirm this hypothesis.

1.3.4.4 Entry and unpacking

The upper bound for the diameter of clathrin-coated vesicles is approximately 100nm,
meaning filamentous virions are far too large to enter cells via this pathway. Instead, fila-
mentous virions are solely dependent on macropinocytosis for entry (Rossman et al., 2012).
Non-filamentous virions can use either pathway, but clathrin-mediated endocytosis is much
more common (Rossman et al., 2012). It is unclear whether this leads to any functional
differences in infection, although macropinocytosis can lead to several virions being inter-
nalised simultaneously which could mean cells infected with filamentous virions are more
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likely to be co-infected than cells infected by non-filamentous virions.

1.3.4.5 Evasion of immunity

As influenza virus’s primary immunosuppression mechanism is expression of NS1, this
stage of infection is largely independent of virions and so it is unlikely to be affected by
morphological differences. It is perhaps possible that virions with different morpholo-
gies package different immunomodulatory proteins such as NS1 that affect immunity,
but components directly delivered by IAV virions have not been shown to cause immuno-
suppression and there is not yet a detailed proteomic comparison of filamentous and non-
filamentous virions with which to infer such a difference.

While differences in NS1 activity seem unlikely, it is possible that filamentous virions are
more resistant to antibody neutralisation than non-filamentous virions. The much greater
abundance of HA on filamentous virions increases the likelihood that some region of the
virion contains enough functional HA proteins to form a fusion pore, even if a high pro-
portion of HAs are neutralised by an antibody (Li et al., 2021). However, it has also been
reported that haemagglutination inhibition titres are similar in mutants with different mor-
phologies (Seladi-Schulman et al., 2014). Any resistance to antibody neutralisation is only
likely to be adaptive in specific cases. It is unlikely to improve viral fitness when infect-
ing a naïve host, as typical influenza virus infections usually resolve before a novel anti-
body response can be mounted. If a host organism has strong pre-existing immunity, in
the form of well-matched antibodies or memory lymphocytes, it is unlikely that even the
improved resistance of filamentous virions will be able to surmount it (if this were not the
case, vaccination would not work). If a host has partial immunity, perhaps from being in-
fected or vaccinated by a related strain of influenza virus, then a virion with a high toler-
ance to antibody neutralisation may be more likely to initiate infections than those that do
not. However, filamentous virions often lack genomes (Vijayakrishnan et al., 2013; Hall-
dorsson et al., 2021) and their formation is selected for during passage in immunologically
naïve guinea pigs (Seladi-Schulman et al., 2013). If filamentous virions do confer a fitness
advantage due to their superior antibody resistance, therefore, it cannot fully explain the
pleiomorphy seen in influenza virus.

1.4 Challenges in interpreting the literature

1.4.1 Introduction

The survey of the literature above demonstrates that filamentous influenza virions are
poorly understood and poorly characterised. This is surprising, given that the filamentous
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influenza virions were first imaged in 1943 (Taylor et al., 1943) and recognised as clin-
ically relevant in 1949 (Chu et al., 1949). However, several issues affect the subsequent
literature describing filamentous influenza virions that have so far prevented a clear under-
standing of influenza virus pleiomorphy.

1.4.2 Few studies have examined influenza virus morphology

Figure 1.7: Influenza morphology research occurred in two waves.
Journal articles pertinent to influenza virus morphology were first identified through
searching “filamentous influenza virus” and “influenza virus filaments” on PubMed.
Articles which did not focus on morphology (e.g. those examining actin filaments
rather than virion filaments) were removed manually. Further papers, not returned by
the PubMed search, were identified by following the citations of the papers after an
exhaustive reading of this curated list.

The biggest problem with understanding filamentous influenza virions is simply a lack of
studies focusing on them. As of 25th March 2021, PubMed returns 80,034 papers when
searching “influenza virus” but only 120 for “filamentous influenza virus” and 206 for
“influenza virus filaments”. Many of these latter studies focus on phenomena such as fil-
amentous actin rather than virion morphology, so I removed these from my literature sur-
vey. Many of the remaining articles contained references to relevant studies that were not
returned by the PubMed searches, and so these were identified and included by manual
searches. This left me with a survey of 76 studies which provide useful information pertain-
ing to influenza virion morphology. Many of these papers were published several decades
ago, and are limited by outdated methods or an outdated understanding of influenza vi-
rology (for example, the first to reference the eight IAV RNPs by name is Smirnov et al.
(1991), published after a third of the papers in this survey). It is unclear why so few studies
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have focused on morphology. A histogram of papers published over time shows that fila-
mentous influenza virus research occurs in two waves, the first from ~1943 to 1960, and
the second from ~1995 to the present day (Figure 1.7). It is unclear why research into in-
fluenza virus pleiomorphy essentially halted in the 1960s, and was even unclear to those
researchers working in this “interim” period (Cox et al., 1980). (Though it should be noted
that several studies which reference filamentous influenza virions were published in the So-
viet Union during this period, but these have been excluded as they are difficult to access
and are only available in Russian (Klimenko et al., 1968; Makhov et al., 1989; Kuznetsova
et al., 1990)). It is possible this chronological distribution of studies reflects the complexity
of pleiomorphy, and the need for a deep understanding of the basic virology of influenza
virus and advanced tools such as reverse genetics before anything beyond the basics could
be approached. It could also be due to an increasing dependence on predominantly spheri-
cal laboratory strains of influenza virus such as PR8 and WSN during the latter half of the
20th century, though both of these strains have been popular throughout the timespan cov-
ered by this literature review (PR8 was isolated in 1934 and WSN in 1933, discussed in
Hutchinson & Yamauchi (2018)). Whatever the cause, many findings about influenza mor-
phology have not been reproduced, and in some cases the most relevant citation for a claim
is based on outdated virus strains or methods (see Section 1.4.6 for a case study) and so
cannot be easily compared to modern studies.

1.4.3 Samples of filamentous and non-filamentous virions are
often poorly matched

As well as the difficulty in comparing different studies, it is also challenging to find suit-
able models for comparison within a study. Determining the properties of filamentous viri-
ons requires some way of generating a sample enriched for filamentous virions and one
enriched for non-filamentous virions, but the methods available for this are limited.

One approach is to use naturally occurring strains with different morphologies as models,
for example, comparing PR8 with a recent clinical isolate (Liu et al., 2002), but this sort of
experiment cannot differentiate between the effects of the many variations between strains.

A second method is to compare closely related strains which contain mutations that affect
morphology. Variants of PR8, WSN and Udorn have commonly been used for this (Bour-
makina & García-Sastre, 2003; Bruce et al., 2010; Iwatsuki-Horimoto et al., 2006; Roberts
et al., 1998; Seladi-Schulman et al., 2013; Sieczkarski & Whittaker, 2005; Tsfasman et al.,
2015). While this significantly reduces the potential confounding variables in an experi-
ment, until the underlying mechanism explaining the morphological changes is determined,
it is impossible to be confident that these mutations do not also affect some other aspect of
the virus. It is also possible that a change in morphology alone is not enough to confer a
fitness advantage by itself, and that compensatory mutations are needed elsewhere in the
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genome for the advantages of pleiomorphy to become apparent. For example, it has re-
cently been reported that a “hinge” domain in HEF is necessary to allow it to conform to
the different membrane curvatures of filamentous and non-filamentous influenza C virions
(Halldorsson et al., 2021). Mutations in M1 that change virion morphology may therefore
need to be accompanied by mutations in this “hinge” domain to produce correctly struc-
tured virions. Effects such as this could explain why infectivity is reduced when mutations
increase filamentous virion production (Bialas et al., 2012; Seladi-Schulman et al., 2013)
but also when they reduce filamentous virion production (Roberts et al., 2013) – the effect
may be caused by a deviation from the norm of that strain rather than by an inherent prop-
erty of a given morphology.

A third approach is to compare filamentous and non-filamentous virions from within the
same initial population through purifying virions by morphology to allow bulk popula-
tion analyses (Ada et al., 1958; Donald & Isaacs, 1958; Li et al., 2021; Roberts et al., 1998;
Sieczkarski & Whittaker, 2005; Smirnov et al., 1991) (Discussed in greater detail in Chap-
ter 5). This approach produces genetically identical but morphologically distinct samples,
but, as all progeny virions will be pleiomorphic, it cannot be used for experiments requiring
multiple cycles of infection. It is also liable to problems caused by incomplete purification:
density gradient purification alone has produced samples ~70% comprised of filamentous
virions (Smirnov et al., 1991), whereas a combination of density gradient purification and
introducing a mutation to favour filamentous virion formation produced a sample ~92%
comprised of filamentous virions (Sieczkarski & Whittaker, 2005). Non-filamentous viri-
ons will therefore still be contributing to the overall properties of these enriched popula-
tions, and so if a characteristic is present in non-filamentous virions but absent from fil-
amentous virions, it may inaccurately appear as if both possess it. Furthermore, current
purification methods are challenging to reproduce reliably (as noted by Kordyukova et al.
(2020)), and so this cannot yet be considered a standard tool in influenza virus pleiomorphy
research.

A fourth approach is to use microscopy to assess individual virions within a pleiomorphic
stock (Calder et al., 2010; Sakai et al., 2017; Vahey & Fletcher, 2019b,a; Vijayakrishnan
et al., 2013). This shares an advantage with purification methods, as all virions tested will
be from the same initial stock and so will be isogenic. However, existing microscopy meth-
ods are limited: electron microscopy analyses of composition can be challenging to inter-
pret as it is not easy to identify low-abundance proteins or those which lack distinctive
shapes, and existing fluorescence microscopy methods to analyse filamentous influenza
virion composition depend on a mutant virus which is labelled with bespoke reagents (Va-
hey & Fletcher, 2019b,a) and is thus hard to reproduce (discussed in greater depth in Chap-
ter 5).

Taken together, the existing literature contains many studies that are difficult to interpret re-
liably due to poor matching of samples. Generating better matched samples is theoretically
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possible, but currently limited due to a lack of understanding about mutations that influence
morphology and technical limitations in separating virions from the same initial stock.

1.4.4 Artefactual damage may have affected characterisation of
virions

Generating high quality samples is made harder still by the frequent observation that fil-
amentous virions often seem to be damaged or otherwise removed from samples during
standard laboratory handling (Donald & Isaacs, 1958; Elleman & Barclay, 2004; Kordyukova
et al., 2020; Mitnaul et al., 1996; Morgan et al., 1956; Roberts et al., 1998; Valentine &
Isaacs, 1957; Vijayakrishnan et al., 2013). This apparent fragility could mean researchers
assumed that their samples contained more filamentous virions during experimental analy-
sis than were present, leading to their contributions being underestimated. This artefactual
damage is concerning, but has never been studied in detail and so its severity remains un-
clear.

1.4.5 Samples are often poorly characterised

Potential artefactual damage is a specific case of a broader problem: the samples being
used in experiments are often poorly characterised, or characterised in a way that makes
it difficult to compare studies. A particularly important case of this is that the proportion
of filamentous virions in a sample is typically not calculated, and the distribution of virion
lengths is rarely accounted for. This results in in the diverse array of influenza virion mor-
phologies being reduced to a binary “more filamentous” or “less filamentous”, or “filamen-
tous” vs “spherical”. This has some conceptual advantages and it has often been technically
necessary as assessing particle dimensions via electron microscopy is laborious. However,
it results in a loss of nuance and can make it impossible to compare results, even within
a single study. Cases where proportions of filaments have been quantified only highlight
this problem: a sample containing ~3% filamentous virions was considered to be “filamen-
tous” in one study (Smirnov et al., 1991), but, in another study, a sample containing ~9%
filamentous virions was considered to be “spherical” (Sieczkarski & Whittaker, 2005).

1.4.6 A case study: difficulties in determining the infectivity of
filamentous virions

The various issues affecting the filamentous virion literature can be clearly seen when
trying to answer the ostensibly simple question: “Are filamentous virions as infectious as
non-filamentous virions?”. This question is controversial: various studies support filamen-
tous virions being more infectious (Ada et al., 1957; Ada & Perry, 1958; Ada et al., 1957;
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Roberts et al., 1998; Smirnov et al., 1991; Valentine & Isaacs, 1957), equally infectious
(Donald & Isaacs, 1958; Li et al., 2021; Seladi-Schulman et al., 2014), or less infectious
(Burnet, 1956; Burnet & Lind, 1957) than non-filamentous virions. These differences seem
largely to be due to methodological problems. Several of the cited conclusions are based
on untested assumptions about artefactual loss of filamentous virions or estimated virion
sizes (Ada et al., 1957; Ada & Perry, 1958; Ada et al., 1957; Roberts et al., 1998; Valentine
& Isaacs, 1957). Two calculate infectivity by normalising to HA activity (Li et al., 2021;
Seladi-Schulman et al., 2014), but this is not useful for assessing virion infectivity as HA
abundance differs hugely between filamentous and non-filamentous virions (see Section
1.3.4.2). One does not measure infectivity of virions per particle but instead infers infec-
tivity differences from UV-inactivation kinetics, which are difficult to interpret (Smirnov
et al., 1991). This leaves only one robust comparison of particle to PFU ratio in filamentous
and non-filamentous virions, Donald & Isaacs (1958), and it was performed using influenza
A/Persian Gulf/2/52 (H1N1): a strain separated from modern clinical isolates by 69 years
and 3 pandemics.

1.4.7 Conclusion to challenges in interpreting the literature

In conclusion, the difficulty in synthesising the literature to fully explain the role of in-
fluenza virus pleiomorphy stems from a lack of studies with robust and readily compara-
ble methods. We can see that this is largely due to technical limitations, which constrain
the ability of researchers to generate well-characterised, well-matched samples for analy-
sis. This in turn prevents robust characterisation of many of the basic biological properties
of filamentous influenza virions. Therefore, understanding pleiomorphy in influenza virus
infections depends on developing new tools with which to analyse filamentous virions, and
using these to perform the basic characterisations necessary to support more complex in-
vestigations into their role.

1.5 Aims of this thesis

The next four chapters of this thesis detail my work to resolve these methodological is-
sues and perform basic characterisations of filamentous influenza virions. This work can
be broken down into four key aims, each of which comprise one of the subsequent results
chapters.

Aim 1: Develop a method to analyse the dimensions of individual filamentous virions in a
sample and detect changes to their concentration.

Aim 2: Validate a set of standard laboratory handling techniques that can be used to manipu-
late filamentous virions without damaging them.
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Aim 3: Perform a detailed comparison of the composition of filamentous and non-filamentous
virions.

Aim 4: Use the compositional comparison to build and test hypotheses about the functional
differences between filamentous and non-filamentous virions.

Through developing these tools and robustly determining the basic properties of filamen-
tous virions, I aimed to build a solid foundation to explore their roles in vivo. This under-
standing would improve our understanding of the complex replication cycle of influenza
virus, and potentially present new therapeutic targets to reduce the harm it causes.
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Materials and Methods

2.1 Materials

2.1.1 General Reagents

Table 2.1: List of general reagents.

Reagent Supplier
Coomassie Brilliant Blue Bio-Rad
Glacial Acetic Acid VWR Chemicals
Formvar Carbon-Coated Copper Grids Agar Scientific
Phosphotungstic Acid (PTA) Agar Scientific
Chicken Red Blood Cells TCS Biosciences
PageRuler Prestained Protein Ladder 10 – 180 kDa ThermoFisher

Scientific
Triethylammonium bicarbonate (TEAB) ThermoFisher

Scientific
Prolong Diamond Antifade Mountant ThermoFisher

Scientific
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2.1.2 Cell culture reagents

Table 2.2: List of reagents used in cell culture.

Reagent Supplier
Dulbecco’s Modified Eagle’s Medium (DMEM) Gibco
Foetal Calf Serum (FCS) Gibco
TrypLE Express Gibco
Dulbecco’s Phosphate Buffered Saline (PBS) Gibco
TPCK-treated Trypsin Sigma
Low-melting point agarose Sigma

2.1.3 Viruses

Table 2.3: List of virus strains.

Strain Source
Influenza A/Udorn 307/1972 (H3N2) (Udorn) Prof. David Bhella (MRC-

University of Glasgow
Centre for Virus Research)

Influenza A/WSN/1933 (H1N1) (WSN) Prof. Ervin Fodor (Univer-
sity of Oxford)

2.1.4 Cell Lines

Table 2.4: List of cell lines.

Cell line Culture Medium Source
Madin-Darby Canine Kid-
ney (MDCK)

DMEM with 10% FCS Prof. Ervin Fodor (Univer-
sity of Oxford)
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2.1.5 Antibodies

Table 2.5: List of primary antibodies.

Antigen Species Clonality Working
concen-
tration

Source

Haemagglutinin (H3) Mouse Monoclonal 1:2000 Dr Steven Warton
(National Institute of
Health Research)

Nucleoprotein Rabbit Polyclonal 1:500 Prof. Paul Digard
(Roslin Institute)

Matrix 1 Rabbit Polyclonal 1:500 Prof. Paul Digard
(Roslin Institute)

Table 2.6: List of secondary antibodies.

Antibody Species Target
species

Working concen-
tration

Supplier

Alexa-Fluor 555 Goat Mouse 1:5000 ThermoFisher Scientific
Alexa-Fluor 555 Goat Rabbit 1:5000 ThermoFisher Scientific
Alexa-Fluor 488 Goat Mouse 1:5000 ThermoFisher Scientific
Alexa-Fluor 488 Goat Rabbit 1:5000 ThermoFisher Scientific
DyLight 700 Donkey Rabbit 1:5000 ThermoFisher Scientific
Dylight 800 Donkey Rabbit 1:5000 ThermoFisher Scientific

2.2 Methods

2.2.1 Cell culture

2.2.1.1 Maintaining cells

MDCK cells were maintained in culture medium at 37 °C and 5% CO2 in T150 tissue cul-
ture flasks (Corning). When cells reached confluency, they were passaged by rinsing in 1x
PBS, trypsinising with ~5 ml TrypLE Express for ~20 min, and resuspending one-twentieth
of the cells in growth medium and transferring them to a new flask. The properties of the
cells did not appear to vary even after extensive passage, so cell lines were typically main-
tained until work was interrupted for extended periods (e.g. major holidays).
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2.2.1.2 Long-term cell storage

Additional aliquots of 106 MDCKs were stored long term in liquid nitrogen. To store cells,
they were trypsinised as above, then pelleted at 600 g for 5 min at room temperature. Cells
were resuspended in FCS containing 10% DMSO, before being transferred to 2 ml cry-
ovials (Alpha Laboratories). To freeze aliquots, vials were placed in a polyethylene con-
tainer (”Mr Frosty”, Merck) that was filled with isopropyl alcohol and incubated at -70 °C,
then transferred to liquid nitrogen storage ~1 day later. To retrieve a cell line, aliquots were
thawed by placing the cryovial in a 37 °C waterbath, then immediately diluted in ~20 ml
culture medium. DMSO was removed by pelleting the cells at 600 g for 5 min at room tem-
perature, discarding the supernatant, and resuspending the cells in culture medium.

2.2.2 Virus propagation and purification

All virus handling took place in a microbiological safety cabinet at biosafety containment
level 2.

2.2.2.1 Virus propagation

Standard yield propagation An inoculum was prepared containing serum-free DMEM,
1 µg/ml TPCK-treated trypsin and virus at an MOI of 0.3–1 when generating virus for di-
rect analysis, or an MOI of 0.001 when passaging virus to amplify stocks. Culture medium
was removed from confluent MDCKs and the cells rinsed twice in 1x PBS. The inocu-
lum was added to the MDCKs, which were then incubated at 37 °C for 1 h with occa-
sional rocking. The inoculum was removed, and the MDCKs incubated in the presence
of serum-free DMEM supplemented with 1 µg/ml TPCK-treated trypsin for 24 h when
generating virus for direct analysis, or 48 – 72 h when passaging virus to amplify stocks.
Virus-containing medium was removed from the MDCKs and clarified by centrifuging at
1800 g for 5 min.

High yield propagation When highly concentrated virus was needed for proteomic
or electron microscopy analysis, virus was prepared in 2 L roller bottles (Corning) seeded
with MDCKs to be confluent at the time of infection and supplemented with 50 ml CO2.
Cells were infected with virus at an MOI of 0.001 in 40 ml serum-free DMEM supple-
mented with TPCK-treated trypsin and incubated for 72 – 96 h. Virus-containing medium
was collected and clarified by centrifuging twice at 1800 g for 5 min and discarding the
pellet.
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2.2.2.2 Purification by density gradient

Table 2.7: Density gradient buffers.

Buffer Components (diluted in ddH2O unless otherwise stated)
1 x NTC 1 M NaCl; 0.2 M Tris-HCl pH 7.4; 50 mM CaCl2
x% iodixanol ( x

60
× 100) % OptiPrep, diluted in 1 x NTC

Haemadsorption purification Erythrocytes (final pcv 1%) were washed by two cycles
of pelleting at 1250 g and resuspending in chilled 1x PBS. Clarified virion samples were
mixed with erythrocytes and adsorbed by incubating samples at 4 °C for 30 min, invert-
ing every few minutes to prevent clumping of erythrocytes. Cells were pelleted at 1250 g
for 10 min, rinsed by resuspending in chilled 1x PBS, and then pelleted again at 1250 g.
Virions were eluted by resuspending the pellets in prewarmed 1x PBS and incubating for
15 minutes at 37 °C. Cells were pelleted at 1250 g for 10 minutes, and the supernatant col-
lected to yield the purified virions.

Concentrating samples Large-scale virion preparations were concentrated by overlay-
ing the samples on a cushion of 10 % iodixanol and pelleting at 116,000 g for 90 minutes at
4 °C. Supernatant was carefully removed, and pellets resuspended in 100 µl 1x NTC.

Density gradient separation Eleven evenly spaced dividing lines were drawn on an
ultracentrifuge tube (Beckman Coulter) to allow later fractionation. The tube was filled to
just under halfway with 20 % iodixanol, then an equal volume of 30 % iodixanol was un-
derlaid using a syringe and a cannula. The tube was capped, and mixed using a gradient
maker at an inclination of 80 °, 20 rpm, 2 minutes. Samples were overlaid on the gradient
and centrifuged in a Sorvall Discovery ultracentrifuge for 17 h at 21,000 g at 4 °C. The gra-
dient was fractionated by puncturing the base of the tube with a 24 G needle and collecting
the flowthrough in a 24-well plate, moving to a new well as the meniscus reached each of
the dividing lines.

Determining sample density To determine the density of each fraction, density gradi-
ents were run in parallel with virus-infected samples, but using 1 x NTC instead of medium
from virus-infected cells. After fractionation, the refractive index of each sample was de-
termined with a Atago 3T refractometer and compared with a standard curve of samples of
known iodixanol concentrations to determine their density.
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2.2.3 Microscopy

2.2.3.1 Confocal microscopy

Where necessary, all reagents were diluted to working concentrations in 1x PBS unless
otherwise stated.

Adhering filaments to coverslips 1.3 mm coverslips were placed in a 24-well plate
and cleaned by soaking in 500 µl 70 % ethanol (diluted in ddH2O) for 20 min, before wash-
ing twice with 1x PBS. Next, each coverslip was covered with 1 ml 1x PBS. Any wells
which did not contain coverslips were also filled with 1 ml 1x PBS to ensure the plate
was balanced. Virus samples were pipetted into their respective wells and the plate rocked
briefly to mix them into the PBS. Virions were then centrifuged onto the coverslip at 1000
g, 4 °C for 30 min in a plate spinner. PBS was carefully removed, and 200 µl 4% formalde-
hyde added to each well for 15 min. Formaldehyde was then removed and samples were
blocked in 1 ml 2% FCS for 1 h. To conserve the α-H3 antibody, coverslips were removed
from the plate, inverted and floated on 40 µl drops of diluted antibody pipetted onto a sheet
of a parafilm for 1 h. For other antibodies, coverslips were incubated in 200 µl of diluted
antibody in the 24-well plate for 1 h. Coverslips were returned to the plate and washed
three times in 2% FCS, before applying 200 µl of diluted secondary antibody and incubat-
ing for 30 min in the dark. Coverslips were then washed twice in 2% FCS, once in 1x PBS,
then briefly immersed in ddH2O before wicking off excess liquid with a paper towel and
mounting on glass slides with 5 µl Prolong Diamond Antifade Mountant. Prepared slides
were stored in the dark at room temperature.

Image acquisition Micrographs were collected using a Zeiss 710 confocal microscope,
using the 63x oil immersion objective. For Chapters 3 and 4, twelve images were cap-
tured per coverslip; to increase throughput, this was reduced to nine images per coverslip
in Chapters 5 and 6.

Image analysis Micrographs were analysed with a pipeline of custom scripts (See Ap-
pendix A. BatchFilamentAnalysis.ijm was used to count the filamentous objects in a mi-
crograph and determine their lengths and the resulting individual CSV files were combined
using CSVcombiner.py to allow further processing. The eccentricity of ellipses fitted to the
filaments was assessed using EccentricityAnalysis.ijm, and spherical objects were counted
using BatchSphereAnalysis.ijm. Most graphs were plotted using AllFilamentAnalysis-
Plots.py and the associated functions in FilamentAnalysisFunctions.py, while the major
and minor axes of the fitted ellipses were plotted using Major-Minor_Axis_Plots.R.
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2.2.3.2 Electron microscopy

Negative staining Formvar carbon-coated copper grids were made hydrophilic by
treating in an Emitech K100X glow discharger for 30 s at 50 mA negative charge. 5 µl
of sample was pipetted onto a clean sheet of parafilm, and a copper grid floated, carbon-
side down, on the droplet for 90 s. The grid was washed by sequentially floating it on three
droplets of ddH2O, before floating it on 5 µl 1% PTA for 90 s. Excess PTA was wicked off
using filter paper, and the grid was air-dried before viewing.

Image acquisition Transmission electron micrographs were acquired with a JEOL 1200
Transmission Electron Microscope and a Gatan Orius camera.

Particle counting To determine absolute virion counts, virus samples were mixed with
suspended polystyrene latex spheres (TAAB, diameters 0.204 µm) to a final concentration
of approximately 6.45 x 109 latex spheres per ml, then stained as described above. Virions
and beads were counted manually using a JEOL 1200 Transmission Electron Microscope,
generally at 25 K magnification so that virions could be distinguished by their fringe of
glycoproteins. Every object on a square of the grid was counted, and the ratio of virions to
beads calculated. This process was repeated until at least three squares had been counted,
and the virion/bead ratio changed by less than 10% with the most recent square. Typically,
50-100 virions were counted per sample.

2.2.4 Virological assays

Where appropriate, all reagents were diluted to their working concentration in 1x PBS un-
less otherwise stated.

2.2.4.1 Plaque assay

Assay set-up Cells were seeded in 6- or 12-well plates at the densities indicated in Table
2.8, 24 h before performing the assay. To titrate the virus, samples were diluted in serum-
free DMEM supplemented with 1 µg/ml TPCK-trypsin in a ten-fold dilution series, mix-
ing thoroughly between each dilution. Medium was removed from the plated cells and the
cells were washed twice in 1 x PBS before overlaying with the diluted virus samples. Plates
were incubated at 37 °C for 1 h, rocking the plate every 15 min. The medium was then re-
moved, and the wells overlaid with low-melt agarose diluted to a final concentration of 1%
in serum-free DMEM, supplemented with 1 µg/ml TPCK-trypsin. Plates were incubated
for 30 min at room temperature to allow the agarose to set, then inverted and incubated at
37 °C for 48 h.
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Table 2.8: Plaque assay seeding densities.

Plate MDCK seeding density (12-well
plate)

6-well 1 x 106

12-well 5 x 105

Coomassie Staining Agarose was removed and the cells fixed and stained with Coomassie
Blue Fixing Solution to facilitate plaque counting. The well with the highest number of
clearly distinct plaques was used to calculate the plaque-forming units in the initial sample.

2.2.4.2 Semi-infectious particle assay

Plaque assay Plaque assays were performed as described above, but were incubated
after applying the agarose overlay for 24 h rather than 48 h and immunostained rather than
Coomassie stained.

Immunostaining Agarose was removed and cells were fixed in 2% formaldehyde for
15 min, before being permeabilised in 0.1% Triton X-100 for 8 min. Cells were blocked
in 2% FCS for 1 h before staining with a primary antibody diluted in 2% FCS to the work-
ing concentrations listed in Table 2.5 for 1 h. Cells were washed three times in 2% FCS,
then counter-stained with Alexa-Fluor 488 secondary antibody for 30 min in the dark. Cells
were washed twice with 2% FCS, once with 1x PBS then stored in the dark at 4 °C until
imaging.

Image analysis Plates were imaged using the Celigo Imaging Cytometer (Nexcelcom).

2.2.4.3 Mucus inhibition assay

Mucus generation Mucus samples were kindly prepared by Joanna Wojtus (MRC-
University of Glasgow Centre for Virus Research) as a by-product of her own PhD project.
Briefly, a human airway epithelial culture was generated from human airway epithelial
cells of bronchial origin (Epithelix, Batch No. 02AB0793.01 – Male, 62, Hispanic). Cells
were grown to confluency on 6.5 mm Transwell Plates with 0.4 µm Pore Inserts in Human
Airway Epithelial Cell (hAEC) medium (Epithelix). Once confluent, medium was aspirated
from the apical chamber and the medium in the basal chamber replaced by Pneumacult-
ALI medium every two days. After two weeks to allow differentiation, mucus was removed
from the epithelium twice a week by adding 200 µl 1X PBS and incubating for 30 min at
37 °C. Liquid was removed by gently pipetting up and down to dislodge the mucus and
stored as 1 ml aliquots at -70 °C.
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Assay set-up Mucus was initially diluted 2:3 in DMEM to generate enough working
stock for plaque assays. Three, six-fold, dilution series of working mucus stock in serum-
free DMEM were performed for each virus sample to be assessed. Three-fold dilution se-
ries of virus sample were performed in each of the mucus dilutions, plus a no mucus con-
trol. From here, plaque assays were performed as described above for standard plaque as-
says, but initially incubated for 30 min instead of 60 min.

2.2.4.4 Haemagglutination assay

Assay set-up 50 µl 1x PBS was added to wells 2-12 of a U-bottomed 96-well plate.
Virus samples were diluted 1 in 10 in 1x PBS and 100 µl added to well 1 of the plate. Sam-
ples were serially diluted down the wells, pipetting 50 µl at a time and removing 50 µl
from the final well to ensure even volumes. 50 µl 0.5% pcv chicken red blood cells were
added to each well and incubated for approximately 30 min at room temperature. HA titre
was calculated as the reciprocal of the last dilution to show full agglutination of red blood
cells.

2.2.4.5 Neuraminidase assay

Assay set-up For each sample, a two-fold dilution series was prepared by mixing the
sample with 1x PBS in a 96-well plate, for a total of five dilutions and one neat sample of
50 µl each. In parallel, a dilution series was prepared, beginning with 1 neuraminidase unit
(NAU) of neuraminidase from Clostridium perfringens (Fisher Scientific). Neuraminidase
activity was measured using an Amplex Red Neuraminidase Assay Kit (ThermoFisher Sci-
entific) per the manufacturer’s instructions, with samples being incubated with the reaction
mix for 30 minutes and then the absorbance at 560 nm (A560) of each well was measured
using a Pherastar FS microplate reader (BMG Labtech). The known concentrations of NAU
from Clostridium perfringens were used to plot a standard A560 curve. For each sample,
the A560 value that was most clearly within the linear range of the standard curve was se-
lected, and the dilution of that sample was used to infer the NAU present in the undiluted
sample.
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2.2.5 Protein assessment

2.2.5.1 Western blot

Table 2.9: Western blot buffers.

Buffer Components (diluted in ddH2O unless otherwise stated)
1x Loading Dye 50mM Tris HCl pH 6.8; 0.4% SDS; 10% Glycerol; sufficient Bromophe-

nol Blue; 0.02% DTT (added immediately before sample digest)
1x RunBlue
Running Buffer

20 mM Tricine; 30 mM Tris; 0.5% SDS

1x Transfer
Buffer

25 mM Tris; 192 mM Glycine; 20% methanol

PBST 0.001% TWEEN-20 (diluted in 1x PBS)
Blocking buffer 5% skimmed milk (diluted in PBST)

Preparing membranes Samples were denatured in 1x loading dye at 100 °C for 5 min,
then incubated on ice for 2 min. Denatured samples were loaded onto a 10% RunBlue
polyacrylamide gel in a Bio-Rad Mini-PROTEAN Tetra Vertical Electrophoresis Cell. 1
µl PageRuler Prestained Protein Ladder was added to a parallel well to aid in identifying
proteins. Electrophoresis was carried out at 120 V for approximately 80 min, until the dye
front reached the bottom of the gel. Protein was transferred to a nitrocellulose membrane
using a Bio-Rad Mini Trans-Blot Electrophoretic Transfer Cell, submerged in 1x Transfer
Buffer and run at 100 V for 60 min. Membranes were blocked in blocking buffer for 1 h at
room temperature or overnight at 4 °C, then stained with primary antibodies at the concen-
trations listed in Table 2.5 diluted in blocking buffer. Membranes were washed three times
in PBST, then incubated with secondary antibodies at the concentrations indicated in Ta-
ble 2.6, diluted in blocking buffer. Membranes were washed twice in PBST, and once in
ddH2O before imaging.

Imaging Membranes were imaged using the Li-Cor Odyssey Clx. Band intensities were
calculated using the Analysis tools in Image Studio Lite Ver 5.2.
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2.2.5.2 Mass spectrometry

Table 2.10: Mass spectrometry buffers.

Buffer Components (diluted in ddH2O unless otherwise stated)
All reagents MS grade and stored separately from other reagents

Urea Lysis Buffer 8 M Urea (Sigma); 100 mM TEAB (Thermo Scientific); 0.5% Sodium
Deoxycholate (Sigma); 1x Mini Complete Protease Inhibitor (Sigma)

Urea Dilution
Buffer

7.2 M Urea; 100 mM TEAB; 1x Mini Complete Protease Inhibitor
(Sigma)

Loading Buffer 5% formic acid (Sigma); 5% DMSO (Sigma)

Sample digests Samples were denatured in Urea Lysis Buffer for 30 min at room tem-
perature. Protein concentration was determined via Bradford Assay (see below), and sam-
ples diluted in Urea Dilution Buffer so that each sample contained 20 µg of protein and had
the same volume. Samples were reduced with a final concentration on 10 mM TCEP for 30
min at room temperature, then alkylated with a final concentration of 50 mM C-AA for 30
min at room temperature in the dark. Samples were diluted to 6 M urea by adding 50 mM
TEAB, then incubated with 0.5 µg LysC for 4 h at 37 °C. Samples were then diluted to 1.5
M urea by adding 50 mM TEAB, and 0.02 μg of trypsin was added to each before incubat-
ing overnight at 37 °C. Samples were then stored at -70 °C before being shipped on dry ice
to the Target Discovery Institute, University of Oxford for mass spectrometry analysis.

Mass Spectrometry Liquid chromotography and tandem mass spectrometry was per-
formed by Svenja Hester (Target Discovery Institute, University of Oxford) as described in
Hutchinson et al. (2014). Briefly, peptides were harvested by spinning them through a 10
kDa filter, and the flow-through retained. Further peptides were washed off the filter with
0.1% formic acid and retained. Remaining peptides were washed off the filter with 0.1%
formic acid in 50% acetonitrite and retained. The flow-through from each of the preceding
steps was pooled, and samples were dried in a vacuum centrifuge.

Samples were reconstituted in loading buffer and added to a V-bottom 96-well plate. The
plate was loaded into a Dionex UltiMate 3000 autosampler and samples were injected.
Peptides were desalted on-line by a trap column, separated on an analytical C18 reversed-
phase capillary column (flow rate, 200 nL/min; gradient, 7–30% (v/v) mobile phase B over
60 min; column temperature, 45 °C) and analysed by an Q Exactive Hybrid Quadrupole-
Orbitrap Mass Spectrometer.

Data analysis. To determine protein abundances, data were analysed using MaxQuant,
using the Udorn proteome and a modified Canis familiaris proteome (all ubiquitinated pro-
teins were removed except ubiquitin itself) obtained from UniProt. To identify PTMs, data
were analysed using PEAKS, using the same proteomes.
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Bradford Assay A two-fold dilution series of BSA (New England Biolabs) was prepared
in 1x PBS, ranging from 1 mg/ml to 0.0625 mg/ml. 10 µl of each sample and 10 µl of each
BSA dilution was pipetted in duplicate into a 96-well plate. Bio-Rad Protein Assay Dye
Reagent was diluted 1:4 in ddH2O and filtered three times through 0.22 µm syringe filters
to remove impurities. 200 µl of dye solution was added to each well of the plate and mixed,
then incubated for five minutes. Absorbance at 595 nm was measured using a Pherastar
FS microplate reader (BMG Labtech), and the BSA dilution series used to plot a standard
curve from which the sample protein concentrations could be interpolated.
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Chapter 3

Measuring the concentration and
lengths of filamentous virions

3.1 Introduction

3.1.1 The criteria for assessing filamentous virions

I aimed to characterise the stability, composition, and function of filamentous influenza
virions, which all depended on a method to efficiently assess virion morphology. This
method would allow me to confirm that filamentous virions were present and undamaged
in a sample, increasing my confidence that they are contributing to the functional and com-
positional characteristics of a given virion population. To achieve this, the method I would
use to assess filamentous virion populations had to meet the following four criteria:

1. The method must detect unconcentrated filamentous virions that have been released
from cells, in a manner that enables their concentration and physical dimensions to
be measured.

This criterion is necessary as experiments characterising filamentous virions require
confirmation that filamentous virions are indeed present. The method must be able
to detect unconcentrated virions, as it was unclear whether procedures to concen-
trate virions, such as ultracentrifugation, would cause damage. The virions must have
been released from cells, I aimed to characterise the properties of the virions them-
selves in future work and this would not have been possible in samples containing
large amounts of host cell material. The method must also be able to measure the
lengths of filamentous virions, as these vary enormously both within and between
strains (Dadonaite et al., 2016) and this variation should be accounted for when as-
sessing their properties.
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2. Analysing samples must be resource- and time-efficient.
I aimed to use this method as routine early step when characterising virions. If it
were laborious or expensive enough to become a rate-limiting step, it would limit
the range of characterisations that could be performed. An efficient method is also
more likely to be adopted by other researchers, which would make it easier to com-
pare different studies.

3. The method must be reproducible.
As this method will primarily be used to ensure consistency between experiments, it
must itself be consistent to be useful.

4. The method must detect changes in the characteristics of filamentous virion samples.
It is possible that a characterisation pipeline could contain steps which become satu-
rated or bottlenecked, so the measured concentration of a sample may not reflect the
true concentration. As this could lead to misleading results, it is necessary to show
that the method I use to measure virion concentration can accurately detect changes
to that concentration.

These four criteria could only be met by a method to assess the physical dimensions of fil-
amentous virions. The relationship between the functional properties of influenza virions
and their physical dimensions is unknown, so the physical dimensions had to be measured
directly rather than inferred from a sample’s functional properties. The most straightfor-
ward method to achieve this, which is therefore likely to be the most efficient, is directly
assessing the virions through microscopy.

3.1.2 The suitability of electron microscopy

The most popular method to assess the dimensions of filamentous virions has been electron
microscopy: most commonly using positive staining (Chu et al., 1949; Donald & Isaacs,
1954b; Morgan et al., 1956) or negative staining (Archetti, 1955; Horne et al., 1960; Roberts
et al., 2013), but with recent studies employing cryo-electron microscopy (Calder et al.,
2010; Vijayakrishnan et al., 2013; Peukes et al., 2020). Electron microscopy can readily
image filamentous virions, but typically requires a concentrated sample (noted in Seladi-
Schulman et al. (2014)), and so it does not meet the first criterion for a suitable analysis
method. Even if this issue could be avoided, it has been noted that longer filamentous viri-
ons are visible when virions are adsorbed to red blood cell ghosts than when adsorbed di-
rectly to electron microscopy grids (Donald & Isaacs, 1954b), suggesting this method could
bias against longer virions and give an inaccurate representation of the population. Electron
microscopy also requires specialised expertise and equipment that are not widely available,
and so does not meet the second criterion. Together, these issues suggested that electron
microscopy would not be suitable for the type of analysis I required to measure the concen-
trations and lengths of filamentous virions.
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3.1.3 The suitability of fluorescence microscopy

Electron microscopy is usually favoured for directly imaging influenza virions, as the typ-
ical spherical virion diameter of 100 nm is below the resolution limit for conventional flu-
orescence microscopy of ~300 nm (Wilson, 2016). However, filamentous influenza virions
are usually defined as having lengths greater than 500 nm and frequently reach several mi-
crons in length (Dadonaite et al., 2016), and so can be resolved by light microscopy. Fluo-
rescence microscopy may therefore be a suitable method to characterise filamentous virion
populations.

While most fluorescence microscopy approaches have been used to analyse cell-associated
virions, recently Vahey & Fletcher (2019b) demonstrated that confocal microscopy can be
used to reproducibly visualise, and assess the dimensions of, filamentous virions that have
been adsorbed onto a coverslip. The study demonstrated how the size of influenza viri-
ons varied under different growth conditions, and therefore that this method could detect
changes to a virion population. Together, these findings showed how this approach could
meet criteria 1, 3, and 4 from the list above. However, this study used an extensively mod-
ified virus and labelled the virions with bespoke reagents, making it difficult to reproduce.
This meant this method would have to be adapted to meet the second criterion.

While a fluorescence microscopy method meeting all four criteria for influenza virions had
yet to be demonstrated, a similar method for visualising filamentous respiratory syncytial
virions has been described (Alonas et al., 2016). As with Vahey and Fletcher, this method
adsorbed filamentous virions to a coverslip, but used an unmodified form of the virus and
labelled it with an antibody. This makes the method cheaper and more efficient, and so ca-
pable of fulfilling the four criteria necessary to analyse filamentous virions. However, this
approach had not been applied to filamentous influenza virions and lacked options for high-
throughput analysis.

3.1.4 Conclusion

Taken together, past studies indicated that an analysis pipeline based on fluorescent con-
focal microscopy could be suitable for quickly and easily counting, and measuring the
lengths of, filamentous virions. Here, I describe such a method and test it against each of
the necessary criteria to demonstrate its suitability for further investigations into the stabil-
ity, composition, and functional properties of filamentous influenza virions.
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3.2 Results

3.2.1 Visualising filamentous virions

Figure 3.1: Filamentous influenza virions can be imaged by fluorescence microscopy.
Filamentous influenza virions were obtained by collecting supernatant from MDCK
cells infected with influenza A/Udorn/307/72 (H3N2) for 24 h, which were then ad-
sorbed to glass coverslips. (a) To identify filamentous virions, coverslips were im-
munostained for haemagglutinin and images were collected by confocal microscopy
(63x magnification, scale bar 10 μm). (b) To distinguish individual filamentous viri-
ons, samples were prepared as in (a) but diluted 100-fold before analysis.

To produce a sample of filamentous virions to visualise, I infected Madin-Darby Canine
Kidney (MDCK) cells with influenza A/Udorn/307/72 (H3N2) (Udorn) at an MOI of 1 for
24 hours. Udorn is laboratory-adapted and easy to handle and has retained a pleiomorphic
phenotype (Roberts et al., 1998), making it ideal for this study.

To image the virions, I first overlaid samples onto glass coverslips in a 24-well plate and
centrifuged the virions onto the coverslip using a plate spinner (adapting a protocol de-
scribed by Alonas et al. (2016)) for respiratory syncytial virus). While similar procedures
generally treat the coverslip to enhance its adhesive properties, filamentous influenza viri-
ons have been described to stick readily to glass (Burnet & Lind, 1957) and so I assumed
this step was unnecessary. Adsorbed virions were fixed with 4% formaldehyde, labelled
with an anti-haemagglutinin (HA) primary antibody, then a fluorescently tagged secondary
antibody, and imaged on a confocal microscope. In this way, all material which contained
HA (hereafter HA+ material) was made visible, and elongated filamentous particles could
clearly be seen (Figure 3.1). While it is possible that some HA+ cell debris had the same
elongated shape as a filamentous virion, I assumed that this was unlikely as this shape is
presumably energetically unfavourable without some kind of underlying scaffold. Even
with an unconcentrated sample, the micrograph contained too many virions for them to
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be easily distinguished (Figure 3.1a), but a diluted sample clearly delineated the virions
(Figure 3.1b). Subsequent infectivity titrations (see section 4.2.6) with similarly prepared
samples suggested that the infectious titre for these samples was between 104 and 107, sug-
gesting that the preparation did not yield an unusually high concentration of virions. Confo-
cal microscopy, therefore, does not share the same requirement as electron microscopy for
highly concentrated samples.

By taking account of the acquisition settings of the microscope, the length of the parti-
cles in pixels could be converted into a length in micrometres. This means that the length
of filamentous virions can be determined crudely by comparing them with a scale bar, or
more efficiently and accurately by using the “Measure” or “Ridge Detection” tools in FIJI
(Schindelin et al., 2012; Wagner et al., 2017). This means that this method can measure the
lengths of filamentous virions as well as simply visualising them.

As well as filamentous virions, small, apparently circular particles were visible in the mi-
crographs (Figure 3.1b). The resolution limit in these micrographs appeared to be ~400 nm
(the filamentous virions had apparent widths of 400 nm, despite past electron microscopy
data suggesting they should have widths of ~80 nm (Calder et al., 2010; Vijayakrishnan
et al., 2013)). This meant the shape of any objects smaller than 400 nm in both axes could
not be resolved and it was not possible to determine which were HA+ cell debris, and which
were non-filamentous virions. However, it is reasonable to assume that at least some of
these particles were virions, and so imaging influenza virion populations in this manner can
at least give an indication of the abundance of the non-filamentous virions.

This method to visualise filamentous virions in this way has limitations. As noted above,
the length of the long axis of filaments exceeds the ~400 nm resolution limit of the micro-
scope but the length of the short axis does not. To be confident a particle was a filamentous
virion, I excluded particles where the axial ratio was lower than 3, as particles below this
limit could more easily be large pieces of amorphous cell debris. Consequently, any fila-
mentous virions shorter than ~1.5 µm would not be detected by this method. While the def-
inition of a filamentous virion is somewhat arbitrary, previous studies usually defined their
minimum length at ~300 – 500 nm (Dadonaite et al., 2016), so the subclass of filamen-
tous virions between 500 nm and 1.5 µm would not be detected by this method. A similar
problem affects the analysis of non-filamentous virions, all of which are smaller than the
resolution limit of the microscope and so it cannot be easily determined which small parti-
cles are virions. It is still possible to estimate the abundance of non-filamentous virions by
assuming that the proportion of cell debris is equivalent in every sample, and so the abun-
dance of small, spherical objects will directly scale with the abundance of non-filamentous
virions. This allows comparisons to be made between similarly prepared samples, but can
only be treated as suggestive. Analysing virions with confocal microscopy also means that
absolute virion concentrations cannot be calculated. Absolute concentrations can be calcu-
lated using electron microscopy, by mixing the virion with a known concentration of mark-
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ers and comparing the ratio of virions to markers to infer the virion concentration. It is not
known if a marker exists that adheres to glass similarly to filamentous influenza virions,
so calculating absolute concentrations of filamentous virions with confocal microscopy
is not yet possible. Similarly, it is not clear whether all virions adhere to glass with equal
efficiency, which could lead to a skewed assessment of their properties if, for example, ad-
hesion varies with length. These issues affect all quantitative analysis by microscopy to
some degree, and they can be circumvented by making reasonable assumptions about the
samples. It can be assumed that undetectable filamentous virions have similar properties to
the shortest detectable filamentous virions, and any systematic errors in measuring concen-
tration can be mitigated by performing experiments based on relative, rather than absolute,
measurements.

Taken together, this result demonstrates that this method can detect unconcentrated, free fil-
amentous virions in a manner that enables their concentration and lengths to be measured.
Therefore, this method meets the first of the four necessary criteria.

3.2.2 Automated micrograph analysis

The speed and reproducibility of an analysis pipeline can be substantially improved by au-
tomating it. HA is specifically labelled in the micrographs generated by this method, so
micrograph analysis is easily automatable as any elongated object visible can be assumed
to be a filamentous virion. Furthermore, labelling in these micrographs is only necessary to
show the location and the dimensions of the virions and so the intensity of the labelling
does not have to be preserved during data analysis. This means the micrographs can be
converted to binary images, which are simple to assess and analyse computationally.

To automate analysis of the micrographs, I wrote an ImageJ macro to implement the Ridge
Detection algorithm (Wagner et al., 2017), which detects all curvilinear structures in an
image and allows their dimensions to be extracted (Figure 3.2a). This macro automatically
moves through all micrographs in a folder as follows:

\\BatchFilamentAnalysis.ijm
...
//The micrograph, in the form of a czi file, is opened
open(input + File.separator + file);

//The micrograph is thresholded to yield a binary image, which is
necessary for the subsequent particle removal step

setAutoThreshold("Default dark");
run("Convert to Mask");

//Circular particles are removed to reduce the risk of ring-shaped debris
being classed as a filament
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Figure 3.2: Filamentous virions concentration and length can be extracted automatically.
Filamentous influenza virions were obtained by collecting supernatant from MDCK
cells infected with influenza A/Udorn/307/72 (H3N2) for 24 h, which were then ad-
sorbed to glass coverslips. To identify filamentous virions, coverslips were immunos-
tained for haemagglutinin and images were collected by confocal microscopy (63x
magnification). (a) A Ridge Detection algorithm was used to identify and measure
filaments, highlighted in red. (b) A frequency distribution of filament length was cal-
culated for an example sample. The violin plot indicates the mean frequency distri-
bution, with the 95% CI of the distribution shaded in grey. The median filamentous
virion length was also calculated for each repeat, with the mean and s.d. of these me-
dian lengths across different experiments indicated by a line and whiskers (three in-
dependent experiments). The number of filamentous virions was calculated for an
example sample. Column indicates mean, whiskers indicate s.d. (three independent
experiments).
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run("Colors...", "foreground=black background=black selection=yellow");
run("Particle Remover", " circularity=0.50-1.00 include");

//The Ridge Detection algorithm is used to detect all curvilinear
structures in the micrograph, which can be assumed to be filamentous
virions. Algorithm parameters were determined empirically

run("Set Scale...", "distance=4.6267 known=0.45 pixel=1 unit=micron");
run("Ridge Detection", "line_width=5 high_contrast=230 low_contrast=87

extend_line displayresults method_for_overlap_resolution=NONE sigma=2
lower_threshold=3.06 upper_threshold=7.99 minimum_line_length=15
maximum=0");

//The Ridge Detection output is saved as a csv file
selectWindow("Summary");
saveAs("Results", input + File.separator + getCleanTitle(file) + ".csv");
...

This produces a csv file for each field of view. I combined the csv files for each field of
view per coverslip using a custom Python script (CSVCombiner.py). I then used a further
custom Python script (FilamentAnalysisPlots.py) to generate summary graphs for each
sample. These scripts generate violin plots, showing the distribution of filament lengths
within a population and its 95% confidence interval for any number of repeats (Figure
3.2b), and bar charts, showing the number of filamentous virions detected in each sample
(Figure 3.2c). This process takes a few seconds per micrograph, so, once the micrographs
are captured, an entire experiment can be analysed in minutes. Furthermore, any changes to
the analysis pipeline can be retroactively applied to an entire project in minutes, allowing a
flexible approach to investigating filamentous virions which can be adapted in response to
new findings.

Analysing samples in this way increases throughput and reduces the impact of human bias,
but it is not infallible. Aberrant structures such as dirt or clumps of filamentous virions can
be misinterpreted by the algorithm. While these issues vary, typically they result in the al-
gorithm reporting many tiny filamentous virions. These problems are clearly visible to the
human eye when analysing micrographs and can be solved by manually inspecting micro-
graphs if the algorithm suggests a very unusual virion population. This issue does slow
down throughput, but these problems rarely affected more than one or two fields of view
per experiment, so the overall workload is still well below that of performing the entire
analysis manually.

In conclusion, automation using open-source software means the data analysis stage of the
pipeline is rapid, cheap, and inherently reproducible, meaning it clearly meets the four cri-
teria I require to analyse filamentous virion populations.
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3.2.3 Accounting for the uneven distributions of virions

Figure 3.3: Six fields of view per micrograph are necessary for consistent results.
Filamentous influenza virions were obtained by collecting supernatant from MDCK
cells infected with influenza A/Udorn/307/72 (H3N2) for 24 h, which were then ad-
sorbed to glass coverslips. To identify filamentous virions, coverslips were immunos-
tained for haemagglutinin and images were collected by confocal microscopy. A
Ridge Detection algorithm was used to identify and measure filaments. (a) Median
filament length was calculated using increasing numbers of fields of view from the
same micrograph. Points show mean, whiskers show s.d. (three independent experi-
ments). (b) The number of filamentous virions per field of view was calculated using
increasing numbers of fields of view from the same micrograph. Points show mean,
whiskers show s.d. (three independent experiments).

While taking micrographs, I noted the distribution of virions across the coverslip was not
always even. This suggested that multiple fields of view would be necessary to generate
a robust representation of the filamentous virion population. It was therefore necessary to
calculate the minimum number of micrographs that ensured the measured population was
representative.

To do this, I first generated twelve micrographs per coverslip for three identically prepared
samples. I analysed the concentration and median length of the filamentous virions, first
using only one field of view, then repeating the analysis eleven times with a further field of
view added each time. For both concentration (Figure 3.3a) and median filamentous virion
length (Figure 3.3b), the measured value appeared to stabilise after approximately six fields
of view, suggesting this was the minimum necessary to acquire consistent measurements.

While the analysis appeared stable after six fields of view were captured, it seemed plausi-
ble that experiments using less concentrated samples could require more images to reach a
representative threshold. To mitigate this problem, all subsequent experiments used at least
nine fields of view per coverslip.
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In conclusion, these data further demonstrated that the data acquisition stage of the analy-
sis pipeline gives reliable results without requiring an impractical number of micrographs.
This method therefore meets the second required criterion: to be resource efficient.

3.2.4 The reproducibility of sample preparation

Figure 3.4: The confocal analysis pipeline gives reproducible results.
To assess the reproducibility of the analysis pipeline, populations of filamentous viri-
ons from the same preparation were divided into each well of 24-well plates. Mea-
surements of length and concentration were taken from each well, and the mean for
each of the 24 positions in the plate was calculated and then normalised to the total
(three independent experiments). Mean values for each position are shown of (a) me-
dian filament length within a well and (b) filament concentration per well. (c, d) To
assess whether the position of the sample within the 24-well plate affected the anal-
ysis, the data from (a) and (b) were plotted relative to their positions in the plate, for
(c) median lengths and (d) concentration. Red wells indicate values above the plate
mean, and blue wells indicate values below the plate mean, with shading intensity
correlating with the degree of divergence.

Having demonstrated that the data acquisition and analysis stages of the pipeline could give
reliable results, I then needed to ensure that the process of preparing coverslips did not in-
troduce random variation that would skew the final analysis. There are many steps in cov-
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erslip preparation that could unpredictably alter the virion population, such as changing
buffers with enough force to dislodge virions from the coverslip or through uneven cen-
trifugal forces affecting filament adsorption depending on their position in the plate spin-
ner.

To ensure reproducibility of the sample preparation process, I prepared 24 coverslips from
the same sample of virions (one for each well of the 24-well plate) and analysed the con-
centration and median length of the filamentous virions as described above. I performed
three independent repeats of this experiment. To assess the variance in filamentous virion
concentration, I calculated the mean concentration of the three repeats for each well, and
expressed the mean for each well as a proportion of the mean for the whole plate. The stan-
dard deviation for wells from the overall plate mean was 0.05 (Figure 3.4a). To assess the
variance in filamentous virion length, for each well I calculated the mean of the median
filamentous virion lengths from each of the three repeats. For each well, I expressed this
mean as a proportion of the mean for the whole plate. The standard deviation for wells
from the overall plate mean was 0.1 (Figure 3.4b).

These results suggested that sample preparation does not introduce much variability into
the final analysis, though changes smaller than 10% in the concentration or median length
of filaments might be challenging to detect. Furthermore, the variation in concentration and
median length of each sample bore no relation to the position of the sample within the 24-
well plate used when centrifuging samples onto coverslips (Figure 3.4c and d), suggesting
the analysis pipeline is free from artefacts such as edge effects.

These data, when combined with the findings on the reliability of data analysis and acqui-
sition, showed that the entire analysis pipeline gives reproducible results, meeting the third
criterion for filamentous virion population analysis.

3.2.5 The dynamic range of the analysis pipeline

Having shown the analysis pipeline gave reproducible results, it was then necessary to en-
sure it could quantify changes in virion concentration. I therefore tested whether it could
detect predictable alterations to a filamentous virion population.

To alter the filamentous virion concentration, I diluted a sample of Udorn by 50% and 75%
in 1x PBS. I then measured the concentration and median lengths of the filamentous virions
as previously described. The measured change in virion concentration closely matched the
predicted change (Figure 3.5a), suggesting the analysis pipeline could both accurately and
reliably detect changes in concentration over at least a fourfold range. There is no reason
to expect dilution to affect virion length, and indeed the distribution of filamentous virion
lengths for all samples was equivalent (Figure 3.5b).
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Figure 3.5: Changes in concentration can be detected over at least a fourfold range.
To assess sensitivity, filamentous virions were diluted in PBS prior to analysis. (a)
Means and s.d. of filamentous virion concentration are shown of 3 experiments, nor-
malised to undiluted. Concentrations were compared to undiluted with two-tailed
single-sample t-tests, * p <0.05, ** p < 0.01. A polynomial trend line was fitted by
the least squares method. Light grey guideline indicates expected values exactly
matching measured values. (b) Frequency distributions of filament lengths were
calculated for each sample. Violin plots indicate the mean frequency distribution,
with the 95% CI shaded in grey. The median filament length was also calculated for
each repeat; the means and s.d. of these median positions are indicated by lines and
whiskers (three independent experiments). Population medians were compared to the
undiluted sample with two-tailed Student’s t-tests; n.s p > 0.05.
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While it was possible to deliberately alter virion concentration, it was not possible to pre-
dictably alter filamentous virion lengths to test the analysis pipeline. This may be feasi-
ble by using a filter of a known pore size, but it was not obvious what the predicted re-
sult should be. For example, long filamentous virions may be able to pass through a small
pore while coiled, and so if these particles were detected it would be unclear if the analysis
pipeline was failing or if filters were unable to change the distribution of filamentous virion
lengths. I could not therefore exclude the possibility that this analysis pipeline does not de-
tect changes in filamentous virion length, though there was also no evidence suggesting
this problem was likely to occur.

In conclusion, it is not possible to state definitively whether the analysis pipeline can detect
changes in filamentous virion length, but it can accurately detect at least fourfold changes
in filamentous virion concentration. As detecting changes in concentration was my main
concern for this criterion, the pipeline therefore meets the fourth criterion for establishing a
suitable method to analyse filamentous virion populations.

3.3 Discussion

3.3.1 Assessing virion populations with a confocal analysis
pipeline

Taken together, my results indicate that this confocal analysis pipeline meets the four crite-
ria I deemed necessary for characterising filamentous virions prior to investigating their
stability, composition, and function. Using well-characterised samples in this way will
make the experiments much more robust, and allow them to be readily comparable to stud-
ies from other researchers. The pipeline is resource-efficient to the extent that it will rarely
be rate-limiting, meaning experimental design will not have to be compromised to accom-
modate the extra workload of validating the samples. The pipeline does, however, have
some limitations and these must be considered when choosing which experimental ques-
tions it can be used to answer.

3.3.2 The analysis pipeline is suitable for studies of filamentous
virion stability

Testing the stability of filamentous virions during laboratory handling procedures involves
analysing a sample before and after a procedure and measuring the difference. The con-
focal analysis pipeline is well suited to this task, as all measurements will be normalised
to an untreated standard, and so calculating absolute virion concentrations is unnecessary.
However, the pipeline does depend on filamentous virions sticking to the glass coverslip,
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and so experimental conditions that alter the adhesive properties of virions will be indis-
tinguishable from those that destroy them. It is difficult to see how mechanical handling
techniques, such as liquid transfer or vortexing, could affect virion adhesion, but it could
be affected by chemical alterations, such as those that affect pH. Consequently, an alternate
method would have to be found in the case of studying chemical alterations to virions, but
the confocal analysis pipeline is well-suited to test common physical stressors to filamen-
tous virion populations.

3.3.3 The analysis pipeline is suitable for studies of filamentous
virion composition and function

Comparing filamentous and non-filamentous virion composition can be performed based
on two underlying principles: assessing individual virions (e.g. by microscopy) or assess-
ing bulk populations (e.g. by western blot). The confocal analysis pipeline can be used to
support both approaches.

Assessing bulk populations requires a method to enrich samples for filamentous or non-
filamentous virions. While such methods have been described (e.g. Roberts et al. (1998);
Smirnov et al. (1991)), they are challenging to replicate (noted in Kordyukova et al. (2020))
and often use ultracentrifugation with sucrose gradients which could cause osmotic dam-
age (Smirnov et al., 1991). A new method of enrichment is therefore necessary to assess
the composition of bulk populations. Methods development is typically an iterative process,
and will require many virion population analyses to determine how effectively a sample
has been enriched. This would have been extremely time-consuming with electron mi-
croscopy, but the confocal analysis pipeline makes it possible to move through these it-
erations quickly. The enrichment method would still need to be verified using electron
microscopy, as confocal microscopy cannot reliably measure the concentration of non-
filamentous virions, but this could take place after performing the optimisation and would
therefore be much less time-consuming. Bulk population analysis may also be challenging
to interpret, as the size of filamentous virions means they will have a higher absolute pro-
tein content than non-filamentous virions. Using the confocal analysis pipeline to describe
the lengths of filamentous virions in a population makes it possible to normalise bulk pop-
ulation measurements by size differences, and so to infer composition on a per virion level.
Therefore, the analysis pipeline will support research into filamentous virion composition
by facilitating methods to enrich samples by morphology and account for size differences.

As previously discussed, the only widespread method at present to analyse the proteome
of individual virions is microscopy (see Section 1.4.3). The confocal analysis pipeline uses
HA immunolabelling to detect filamentous virions, but it is also a simple form of compo-
sitional analysis. It could therefore be possible to detect the presence and abundance of
other proteins using antibody labelling, although so little is known about the composition
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of filamentous virions it may be difficult to validate this approach due to a lack of positive
controls. In this way, the confocal analysis pipeline can support compositional analysis by
allowing direct analysis of individual virions.

As with studying composition, studying filamentous virion function would be facilitated by
developing methods to enrich a sample for a given virion morphology. As such, the confo-
cal analysis pipeline supports assessment of filamentous virion function for the same rea-
sons as described for assessing filamentous virion composition.

3.3.4 Conclusion

In conclusion, the confocal analysis pipeline I have described in this chapter will allow the
study of the stability, composition, and function of filamentous virions. This method does
have limitations, and these must be carefully considered when choosing which experimen-
tal questions it is best suited to answer. However, this quick, easy, and reproducible method
makes answering these questions possible, and greatly strengthens confidence in the re-
sults, avoiding the many pitfalls that prevent comparisons between different studies into the
characteristics of filamentous virions.
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Chapter 4

Stability of filamentous virions during
laboratory handling

4.1 Introduction

Hypothesis-driven experiments depend on controlling as many variables as possible, which
in turn depends on using well-characterised samples. If the sample is altered in unpre-
dictable ways after characterisation, then the necessary degree of control can be lost. We
can often avoid deliberately altering samples, but some manipulation is required for every
experiment and this could inadvertently cause alterations. When studying filamentous in-
fluenza virions, the biggest concern about such inadvertent alterations is that virions could
be damaged by basic laboratory handling techniques.

Microscopy studies into influenza virus morphology contain frequent observations that
filamentous virions appear to break down during laboratory handling, particularly after ul-
tracentrifugation (Donald & Isaacs, 1958; Elleman & Barclay, 2004; Kordyukova et al.,
2020; Mitnaul et al., 1996; Morgan et al., 1956; Roberts et al., 1998; Valentine & Isaacs,
1957; Vijayakrishnan et al., 2013), but this has never been directly investigated. Unpre-
dictable virion damage could affect experiments if, for example, the damage caused a loss
of infectivity. Any such damage would be a problem, but research into morphology would
be specifically impacted if damage disproportionately affects virions of a particular shape.
The past reports of virion damage generally refer to damage to filamentous virions, and
none mention damage specific to non-filamentous virions. It is most likely, therefore, that
any damage incurred from laboratory handling would disproportionately affect filamen-
tous virions. This could, for example, be due to filamentous shapes being less energetically
stable than spheres, and so more susceptible to shear forces and other issues incurred dur-
ing handling. It could also be due to filamentous virions being larger than non-filamentous
virions, so there are more components to break. Regardless of the mechanism, damage that
disproportionately affected filamentous virions could have led to researchers underestimat-
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ing the contribution of these virions to the properties of a virion population. It is therefore
vital to determine whether this damage occurs.

Addressing the issue of filamentous virion stability during laboratory handling first requires
identifying the most commonly-used manipulations when studying filamentous virions.
Basic analyses of filamentous virions require five generic manipulations:

1. A means to separate filamentous virions from cellular debris. Debris can clog liquid
handling apparatus, and its presence makes it difficult to determine whether a charac-
teristic of a sample is due to virions or to debris. For example, when using the confo-
cal analysis pipeline described in Chapter 3, HA+ cellular debris could be mistaken
for virions.

2. A means to move filamentous virions around. As virions will be analysed in suspen-
sion, this method will be based on liquid transfer.

3. A means to mix samples containing filamentous virions. This ensures virions are
evenly distributed throughout a sample.

4. A means to disaggregate clumps of filamentous virions. This is necessary as ag-
gregated virions may have different properties to individual virions. For example,
clumped semi-infectious virions could complement each other and allow a produc-
tive infection from a co-infected cell, whereas none of the virions would initiate a
productive infection alone (Brooke, 2017).

5. A means to store filamentous virions. This would make analyses of virion properties
more efficient, as otherwise virions would have to be prepared fresh at the start of
each experiment. Aliquotting and storing a large preparation of virions also allows
functionally equivalent samples to be used in multiple experiments, making it easier
to standardise experimental inputs.

To determine the stability of filamentous virions during laboratory handling, in this chapter
I examine the effects of a set of common laboratory handling techniques on filamentous
virions. Using the confocal analysis pipeline outlined in the previous chapter, I assessed
how these handling techniques alter the concentration and length of filamentous virions.

4.2 Results

4.2.1 Separating virions from cell debris

Cell debris is commonly removed by centrifugation at a low relative force. This causes
cell debris larger than microvesicles to pellet, whereas the smaller and less dense virions
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Figure 4.1: Filamentous virions are not damaged by clarification.
Filamentous influenza virions were obtained by collecting supernatant from MDCK
cells infected with influenza A/Udorn/307/72 (H3N2) for 24 h. To determine the im-
pact of clarification by low-speed centrifugation on filamentous virions, one sample
was centrifuged at 1800 g for 5 min. (a) Concentration and (b) length distributions
of filamentous virions were calculated with the confocal analysis pipeline described
in Chapter 3 (three independent experiments). Concentration data are normalised to
the untreated sample and the means and s.d. are shown; comparisons to untreated
were made by two-tailed single-sample t-test: n.s p > 0.05. Filamentous virion length
distributions are shown as frequency distributions (mean, with 95% CI in grey) and
distributions of the median filamentous virion length (mean indicated as a line, s.d. as
whiskers). Population medians were compared to the untreated sample by two-tailed
Student’s t-tests: n.s p > 0.05.
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remain in the supernatant (see Chapter 5 for a detailed discussion of the underlying princi-
ples of clarification by centrifugation). However, filamentous virions are larger than non-
filamentous virions and their relative densities are unknown. It is therefore plausible that
clarifying samples in this manner would remove filamentous virions as well as cell debris.
However, if samples were left unclarified, HA+ cell debris could be mistaken for virions
by the confocal analysis pipeline, leading to the concentration of filamentous virions being
overestimated.

To test if clarification by centrifugation selectively depleted filamentous virions, I anal-
ysed 1 ml samples of Udorn before and after 5 minutes of centrifugation at 1800 g. This
sample was too small to generate a visible pellet, but comparably treated 40 ml samples (as
used in Chapter 5) showed a clear pellet at the base of the tube. There was no difference
between the median length of filamentous virions before and after this treatment (Figure
4.1a, p > 0.05), or of their concentration (Figure 4.1b, p > 0.05), suggesting clarification
by centrifugation under these conditions caused no damage. However, I still considered it
plausible that irregular HA+ cell debris could arise unpredictably in future experiments and
be detected by the confocal analysis pipeline. All subsequent experiments therefore used
clarified samples.

4.2.2 Liquid transfer

Liquid transfer is almost unavoidable in microbiology, but rapidly pushing liquid through
a pipette tip or needle with a narrow bore creates shear forces that can damage the biolog-
ical material being transferred (Wiegmann et al., 2017; Xie et al., 2007). To test if pipet-
ting damaged filamentous virions, I repeatedly pipetted 1 ml samples of Udorn 0, 5, 10,
or 30 times. I used a Starlab 1000 µl pipette tip, resting the tip just above the base of the
microfuge tube which contained the sample, and used a metronome to ensure a consistent
pipetting rate of 30 pipette actions per minute. No single treatment resulted in a significant
reduction in either concentration (Figure 4.2a, p > 0.05) or filamentous virion length (Fig-
ure 4.2b, p > 0.05) compared to 0 pipette actions, though the number of pipetting actions
was slightly negatively correlated with concentration. As the median virion length was
unaffected, this suggested extensive pipetting was removing filamentous virions from the
sample, rather than fragmenting them. However, this correlation was weak, and the dam-
age could be considered negligible unless performing an unusually large number of pipette
actions.

4.2.3 Mixing samples

While pipetting can be used to mix samples, vortexing is often more efficient and conve-
nient. Like pipetting, vortexing subjects samples to shear forces that could cause damage
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Figure 4.2: Filamentous virions are not damaged by pipetting.
Filamentous influenza virions were obtained by collecting supernatant from MDCK
cells infected with influenza A/Udorn/307/72 (H3N2) for 24 h. To determine the im-
pact of pipetting on filamentous virions, samples were subjected to increasing lev-
els of pipetting. (a) Concentration and (b) length distributions of filamentous virions
were calculated with the confocal analysis pipeline described in Chapter 3 (three in-
dependent experiments). The polynomial trend line was fitted by the least squares
method. Concentration data are normalised to the untreated sample and the means
and s.d. are shown; comparisons to untreated were made by two-tailed single-sample
t-tests: n.s p > 0.05. Filamentous virion length distributions are shown as frequency
distributions (mean, with 95% CI in grey) and distributions of the median filamen-
tous virion length (mean indicated as a line, s.d. as whiskers). Population medians
were compared to the untreated sample by two-tailed Student’s t-tests: n.s p > 0.05.
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Figure 4.3: Filamentous virions are not damaged by vortexing.
Filamentous influenza virions were obtained by collecting supernatant from MDCK
cells infected with influenza A/Udorn/307/72 (H3N2) for 24 h. To determine the im-
pact of vortexing on filamentous virions, samples were subjected to increasing levels
of vortexing. (a) Concentration and (b) length distributions of filamentous virions
were calculated with the confocal analysis pipeline described in Chapter 3 (three in-
dependent experiments). The polynomial trend lines was fitted by the least squares
method. Concentration data are normalised to the untreated sample and the means
and s.d. are shown; comparisons to untreated were made by two-tailed single-sample
t-tests: n.s p > 0.05. Filamentous virion length distributions are shown as frequency
distributions (mean, with 95% CI in grey) and distributions of the median filamen-
tous virion length (mean indicated as a line, s.d. as whiskers). Population medians
were compared to the untreated sample by two-tailed Student’s t-tests: n.s p > 0.05.
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(Kheradvar & Pedrizzetti, 2012). To assess the impact of vortexing, I subjected 1 ml sam-
ples of Udorn to 0, 1, 5, 10, 30, and 60 seconds of vortexing at 2500 rpm using a Starlab
Vortexer. No duration of vortexing substantially reduced the concentration of filamentous
virions when compared to untreated (Figure 4.3a, p > 0.05). Vortexing did, however, appear
to be slightly negatively correlated with concentration and it is possible an unusually high
degree of vortexing would have shown a substantial reduction. There was however, no in-
dication than vortexing affected the length of filamentous virions (Figure 4.3b, p > 0.05).
This suggested that shear forces from vortexing may damage filaments but this is unlikely
using standard protocols. Vortexing at speeds below 2500 rpm creates weaker shear forces
than vortexing at 2500 rpm (Kheradvar & Pedrizzetti, 2012), so it is reasonable to assume
that these would not cause more damage. I therefore concluded that mixing samples by
vortexing at speeds of up to 2500 rpm, for times of up to 60 seconds, does not damage fila-
mentous virions and is suitable for use in experiments.

4.2.4 Disaggregating virions

Aggregates of particles are commonly disaggregated via sonication: the use of sound en-
ergy to agitate samples, which is achieved by forming bubbles that release heat and liq-
uid jets when they implode (Forde et al., 2014). This is useful for disrupting aggregates of
virions (Sharp, 1965; Müller, 1976), but risks damaging the sample. For this reason, low-
frequency sonication is often used in electron microscopy to disrupt clumps of virions,
whereas high-frequency sonication has been deliberately used to rupture influenza virion
membranes (Donald & Isaacs, 1958). To test the impact of low-frequency sonication on fil-
amentous virions, I subjected 1 ml samples of Udorn in 1.5 ml microfuge tubes to 0, 1, 5,
10, 30, and 60 seconds of sonication at 50 kHz in a Guyson Kerry KC2 Ultrasonic Bath. I
found no reduction in filamentous virion concentration (Figure 4.4a, p > 0.05), though 10
seconds of sonication appeared to increase the filamentous virion concentration (p < 0.01).
This is likely to be an outlier, as no statistically significant effect was seen at 30 or 60 sec-
onds, though it is plausible that disaggregating clumps of virions would increase the con-
centration of individual virions. Median length was unaffected by sonication (Figure 4.4b,
p > 0.05). Together, these data suggest that sonication at this frequency does not cause
damage. Sonication at frequencies below 50 kHz delivers less energy to the virions (Forde
et al., 2014), so it is reasonable to assume that not cause more damage than sonication at
50 kHz. I therefore concluded that disaggregating virions using sonication at frequencies
of up to 50 kHz, for times of up to 60 seconds, does not damage filamentous virions and is
suitable for use in experiments.
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Figure 4.4: Filamentous virions are not damaged by sonication.
Filamentous influenza virions were obtained by collecting supernatant from MDCK
cells infected with influenza A/Udorn/307/72 (H3N2) for 24 h. To determine the im-
pact of sonicating on filamentous virions, samples were subjected to increasing levels
of sonicating. (a) Concentration and (b) length distributions of filamentous virions
were calculated with the confocal analysis pipeline described in Chapter 3 (three in-
dependent experiments). The polynomial trend line was fitted by the least squares
method. Concentration data are normalised to the untreated sample and the means
and s.d. are shown; comparisons to untreated were made by two-tailed single-sample
t-test: n.s p > 0.05, ** p < 0.01. Filamentous virion length distributions are shown as
frequency distributions (mean, with 95% CI in grey) and distributions of the median
filamentous virion length (mean indicated as a line, s.d. as whiskers). Population me-
dians were compared to the untreated sample by two-tailed Student’s t-tests: n.s p >
0.05.
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Figure 4.5: Filamentous virions are damaged by freezing.
Filamentous influenza virions were obtained by collecting supernatant from MDCK
cells infected with influenza A/Udorn/307/72 (H3N2) for 24 h. To determine the im-
pact of pipetting on filamentous virions, samples were subjected to repeated freeze-
thaw samples. One sample was stored at 5 °C in the dark during the experiment as
a control. (a) Concentration and (b) length distributions of filamentous virions were
calculated with the confocal analysis pipeline described in Chapter 3 (three indepen-
dent experiments). Concentration data are normalised to the untreated sample and
the means and s.d. are shown; comparisons to untreated were made by two-tailed
single-sample t-test: * p < 0.05, ** p < 0.01, *** p < 0.001. Filamentous virion length
distributions are shown as frequency distributions (mean, with 95% CI in grey) and
distributions of the median filamentous virion length (mean indicated as a line, s.d. as
whiskers). Population medians were compared to the untreated sample by two-tailed
Student’s t-tests: * p < 0.05, ** p < 0.01, *** p < 0.001.
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4.2.5 Storing virions

Influenza virus is commonly stored at sub -70 °C temperatures, to allow long-term stor-
age without loss of infectivity and to allow characterisation of an entire batch of samples
by analysing a single aliquot (Eisfeld et al., 2014). However, freezing is known to reduce
the infectious titre of influenza virus (Greiff et al., 1954; Eisfeld et al., 2014), likely due
to localised pH changes that occur during freezing and thawing (Van Den Berg, 1966) or
from ice crystals puncturing virion membranes (Greiff et al., 1954). To test the impact of
freezing on filamentous virion integrity, I subjected Udorn samples to repeated freeze-thaw
cycles. A cycle consisted of placing a 1 ml aliquot in a 1.5 ml microfuge tube (Greiner) in
a consistent position in a polypropylene cryobox (VWR) towards the centre of a C760 In-
nova − 70 °C freezer (New England Biolabs) for 1 h, before thawing in a 37 °C waterbath
for ~2 min. A control sample was incubated at 5 °C for the duration of the experiment, and
protected from light to remove the risk of UV radiation damage. I found that even a single
freeze-thaw cycle substantially reduced the concentration (p < 0.05) of a filamentous virion
population, an effect which was compounded with repeated cycles (Figure 4.5a). Further-
more, the median length of filamentous virions was reduced by 1.2 μm after a single cycle
(p < 0.05), though it remained unchanged for subsequent cycles (Figure 4.5b). This indi-
cated that routine freezing methods cause significant damage to filamentous virions, which
could skew analyses of their properties.

Even though freezing destroyed many filamentous virions, I reasoned that the surviving
virions may have still been suitable for analysis. If true, this would mean that freezing dam-
age could be accounted for by reassessing the samples with the confocal analysis pipeline
after they are thawed, and so the convenience of freezing would not have to be sacrificed.
However, while analysing these micrographs, I noticed that filamentous virions that had
been frozen were often distorted (Figure 4.6a), which could indicate damage to the capsid.
To quantify the distortion, I altered the image analysis script described in Chapter 3 to fit
an ellipse to each filamentous virion and calculate the eccentricity (i.e. length of the ma-
jor axis divided by the length of the minor axis) of this ellipse. Elongated filaments with-
out distortions have a long, narrow fitted ellipse and so a very high eccentricity. Distorted
virions, which curl back on themselves, have a wider fitted ellipse and so a lower eccentric-
ity. This analysis showed a substantial reduction in the eccentricity of fitted ellipses in the
frozen sample compared to the unfrozen (Figure 4.6b and c, p < 0.001). This indicated that
all filamentous virions in the sample were being damaged even if they were not removed.
I therefore concluded that no filamentous virions that were frozen in this manner could be
suitable for further analysis.

As the freezing changed the physical appearance of filamentous virions, I wondered whether
this would also affect the functional properties of virions in the stock. I therefore used
plaque assays to determine the infectious titre of frozen and unfrozen samples and found
that freezing led to a drop in infectivity of approximately 25% (Figure 4.7a, p < 0.05).
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Figure 4.6: Filamentous virions are distorted by freezing.
To assess the level of distortion caused by freezing, the micrographs for the unfrozen
and the single freeze-thaw cycle from Figure 4.5 were re-examined. (a) Represen-
tative confocal micrographs of unfrozen and freeze-thawed samples, with HA im-
munostained and with insets magnifying an individual filamentous virion (images
acquired at 63x magnification, scale bar 10 µm). (b) Measurements of individual fil-
amentous virions from unfrozen samples and samples that had undergone a single
freeze-thaw cycle, combining data from 3 separate experiments. Ellipses were fitted
to each filamentous virion, and the major and minor axes of the ellipses are plotted.
(c) The major and minor axes from (b) were used to calculate the eccentricity of the
fitted ellipses. Mean eccentricities for each repeat are shown (three independent ex-
periments, mean indicated by a line, s.d. as whiskers). Conditions were compared by
two-tailed Student’s t-test: *** p < 0.001.
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While it was not possible to determine the relative contributions of filamentous and non-
filamentous virions to infectivity, this finding highlights that routine freezing both damages
virions and changes the functional properties of the sample.

These findings depend on two key assumptions. First, that virions stored at 4 ˚C do not de-
grade over the course of four hours, as these samples were used as negative controls in the
above experiments. Subsequent experiments on virion stability over time (see Section 4.2.5
below) suggest that this assumption is well-founded. Second, that freezing does not leave
virions intact, but undetectable by the confocal analysis pipeline. Freezing creates localised
pH changes (Van Den Berg, 1966), and, while these would be reversed upon thawing, there
is a chance they could permanently alter virions. For example, pH changes could cause
conformational changes in HA (Singanayagam et al., 2019) that affect reduce the adhesive
properties of the virions to the coverslip or reduce the affinity of the HA antibody. There is,
however, no evidence yet suggesting that this problem occurs.
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Figure 4.7: Alternative freezing methods cause less filamentous virion damage.

Filamentous influenza virions were obtained by collecting supernatant from MDCK
cells infected with influenza A/Udorn/307/72 (H3N2) for 24 h. To determine the ef-
fects of different freezing methods on filamentous virions, samples were incubated at
5 ˚C (Unfrozen); frozen by placement in a - 70 ˚C freezer (Slow); frozen by place-
ment in dry ice and ethanol, before being transferred to a - 70 ˚C freezer (Snap);
made up to a final concentration of 10 % DMSO and frozen by placement in a - 70
˚C freezer (DMSO); made up to a final concentration of 10 % DMSO and frozen by
placement in dry ice and ethanol, before being transferred to a - 70 ˚C freezer (Snap +
DMSO). All conditions that did not include DMSO were diluted in 1x PBS to ensure
consistent levels of dilution. After 1 h, all samples were placed in a 37 ˚C waterbath
for 2 min to thaw. (a) Infectious titres were measured by plaque assay in MDCK cells
and normalised to 0 h; means and s.d. are shown (three independent experiments),
with comparisons to 0 h by two-tailed single-sample t-test: n.s. p > 0.05, * p <0.05,
** p < 0.01, *** p < 0.001. (b) Filamentous virion concentrations were calculated us-
ing the confocal analysis pipeline from Chapter 3 and normalised to unfrozen. Means
and s.d. of 3 independent repeats are shown, with comparisons to unfrozen by two-
tailed one-sample t-test: * p < 0.05, ** p < 0.01. (c) Individual filamentous virion
dimensions based on fitted ellipses, combining data from the experimental repeats de-
scribed in (b). (d) Eccentricity of the fitted ellipses, calculated from the major and mi-
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nor axes from (c). Mean eccentricities for each repeat are shown (repeats as (b), mean
indicated by a line, s.d. as whiskers). Time points were compared to 0 h by two-tailed
Student’s t-tests: n.s p > 0.05, ** p < 0.01, *** p < 0.001. (e) Frequency distributions
of filamentous virion lengths were calculated using the confocal analysis pipeline
from Chapter 3 (mean, with the 95% CI shaded in grey) as well as the position of the
median filamentous virion length (mean and s.d.). Population medians were com-
pared to unfrozen with two-tailed Student’s t-tests: * p <0.05, ** p < 0.01, *** p <
0.001 (six independent experiments, except Snap + DMSO which shows three inde-
pendent experiments).
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Figure 4.8: Filamentous virion structure is stable over time, but infectivity declines.

Filamentous influenza virions were obtained by collecting supernatant from MDCK
cells infected with influenza A/Udorn/307/72 (H3N2) for 24 h. To determine the sta-
bility of filamentous virions at different temperatures, samples were incubated in the
dark at 5 °C (left-hand panels) or room temperature (right-hand panels) for up to 5
days. Trend lines show exponential decay curves fitted by the least squares method.
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(a) Filamentous virion concentrations at different time points, normalised to 0 h.
Means and s.d. of 3 repeats are shown, with comparisons to unfrozen by two-tailed
one-sample t-test: n.s p < 0.05. (b) Filamentous virion length distributions were cal-
culated by the confocal analysis pipeline described in Chapter 3, shown as frequency
distributions (mean, with 95% CI in grey) and distributions of the median filamen-
tous virion length (mean position indicated as a line, s.d. as whiskers). Population
medians were compared to 0 h sample by two-tailed Student’s t-tests: n.s p > 0.05.
(c) Dimensions of individual filamentous virions following incubation, combining
data from 3 separate experiments. Ellipses were fitted to each filamentous virion, and
the major and minor axes of the ellipses are plotted. Subtitles of each graph in grey
boxes indicate the hours of incubation before analysis. (d) The major and minor axes
from (c) were used to calculate the eccentricity of the fitted ellipses. Mean eccentric-
ities for each repeat are shown, (n = 3, mean indicated by a line, s.d. as whiskers).
Time points were compared to 0 h by two-tailed Student’s t-tests: n.s p > 0.05. (e)
Infectious titres were measured by plaque assay in MDCK cells and normalised to
0 h; means and s.d. are shown (n = 3), with comparisons to 0 h by two-tailed single-
sample t-test: n.s. p > 0.05, * p <0.05, ** p < 0.01, *** p < 0.001.
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4.2.6 Mitigating freezing damage

Despite the damage it can cause, freezing is necessary for many studies to be practicable
and so I investigated whether the damage it causes could be mitigated. Research into stor-
ing eukaryotic cells has identified snap freezing (Kon et al., 2016) or adding a cryoprotec-
tant like DMSO (McGann & Walterson, 1987) as methods to reduce the formation of ice
crystals, and, thereby, damage. I aimed to investigate whether these methods could pro-
tect filamentous virions during freeze-thaw cycles (the freezing protocol described above
is referred to in this section as “slow freezing” to distinguish it from “snap freezing” using
dry ice and ethanol). I compared unfrozen samples, slow frozen samples, snap frozen sam-
ples, samples slow frozen in 10% DMSO, and samples snap frozen in 10% DMSO (Figure
4.7). Snap frozen samples showed no loss in filamentous virion concentration (p > 0.05)
or infectivity (p > 0.05), but still showed a reduction in median length (p < 0.01) and ec-
centricity of fitted ellipses (p > 0.01), indicating that longer filamentous virions were still
removed and the remaining filamentous virions were still damaged. Samples frozen in 10%
DMSO showed no reduction in concentration, infectivity, or eccentricity of fitted ellipses
(p > 0.05), but still showed a reduction in median length (p < 0.001), suggesting that longer
filamentous virions were removed, but the remaining virions did not suffer damage. Sam-
ples which were snap frozen in 10% DMSO showed similar results to those that were slow
frozen in DMSO. Taken together, these results suggest that snap freezing and incorporating
10% DMSO could negate the impact of freezing on concentration and virion distortion, but
could not prevent the reduction in median filamentous virion length of 1 μm.

As there seemed to be no way to freeze filamentous virions without damaging them, I
asked whether virions could be stored without freezing. For most experiments, this would
require a method to maintain filamentous virions for several days without incurring dam-
age. It was unknown how stable filamentous virions were at 5 °C, or even room tempera-
ture and so I incubated samples at these two temperatures for five days. I found that at both
temperatures, filamentous virion populations showed no reduction in concentration (Figure
4.8a, p > 0.05), median length (Figure 4.8b, p > 0.05), or eccentricity of fitted ellipses (Fig-
ure 4.8c and d, p > 0.05) for at least five days. However, the samples stored at 5 °C showed
a steady decline in infectivity to 50% of the initial infectious titre after five days, and the
samples stored at room temperature showed a sharp decline to 50% of the initial infectious
titre after one day (Figure 4.8e). These results suggested that the functional properties of
filamentous virions incubated in liquid media could change over time, but their structures
remain intact for at least five days.
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4.3 Discussion

4.3.1 Summary

By measuring the impact of standard laboratory manipulations on filamentous virions, I es-
tablished a set of validated procedures for handling them. Standard methods for clarifying
samples, transferring liquids, mixing samples, and disaggregating virions caused no sub-
stantial damage to filamentous virions. However, long-term storage by freezing caused sub-
stantial damage to filamentous virion populations, and should therefore be avoided when-
ever experiments are dependent on undamaged samples. This limitation is inconvenient,
but being aware of it makes it possible to design robust and interpretable experiments to
characterise the composition and function of filamentous virions.

4.3.2 Limitations of the experimental design

Assessing basic laboratory handling techniques itself depends on some degree of laboratory
handling. For example, the confocal analysis pipeline requires every sample to be pipet-
ted at least once to apply it to the coverslip. However, as repeated pipetting and vortexing
caused negligible damage to virions, I considered it reasonable that the minor amount of
manipulation necessary to perform the experiments was unlikely to cause substantial dam-
age. Similarly, I tested laboratory manipulations individually, but many experimental work
flows will use them in combination. These combinations could have synergistic effects that
cause more damage than any manipulation alone. As I saw no theoretical basis for this syn-
ergistic damage, I considered it reasonable to assume it would not occur in future. It would,
however, be worth using the analysis pipeline to assess specific work flows if experiments
with many handling steps yielded unusual results.

4.3.3 Enriching virions by morphology

As described in the previous chapter (see Section 3.3.3) investigating how composition
and function varies with morphology would depend on developing a new method to sepa-
rate filamentous from non-filamentous virions. As this method would be novel, it would be
unknown whether it caused virion damage. The findings described in this chapter demon-
strated the efficiency with which the confocal analysis pipeline can be used to test virion
stability, making it possible to quickly determine whether a novel purification method
yields samples suitable for analysis.
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4.3.4 Assessing the composition of bulk populations

Virion composition can be assessed by generating a sample that is highly enriched for the
virions of interest and then measuring the properties of the entire sample. Methods based
on this principle to assess composition, such as western blot or mass spectrometry, denature
the sample in the process. It therefore does not matter if virion structures are damaged af-
ter generating these samples, and so it would be suitable to store these samples frozen and
analyse their composition when convenient.

4.3.5 Functional analyses of filamentous virions

As with their composition, the functional properties of virions can be measured by measur-
ing the bulk properties of a sample highly enriched in the virions of interest. However, un-
like composition, assays to measure functional properties depend on avoiding virion dam-
age after the enriched sample has been generated. For example, the distribution of HA and
NA proteins along the virion has been reported to impact their activity (Vahey & Fletcher,
2019a), and this distribution could be disrupted if the virion is damaged. Samples for func-
tional analysis, therefore, cannot be stored for long periods after they are generated, and so
functional analyses must take place as soon as possible after sample enrichment.

This requirement to use samples as soon as possible makes it hard to titrate viruses to stan-
dardise experimental inputs. For example, a standard influenza virus plaque assay takes
two to three days to complete (Gaush & Smith, 1968), by which point some functional
properties of the sample may have changed. Unless an experiment can be designed around
a much faster titration, such as an HA assay, interpreting functional analyses will require
some means to normalise the data after it has been collected. For example, relative activity
of two proteins could be examined rather than the absolute activity of a single protein.

4.3.6 Assessing the composition of individual virions

As an alternative to analysing an entire virion population at once, the composition of in-
dividual virions could be analysed using microscopy. This approach is less dependent on
maintaining the concentration of virions, so long as enough remain to collect a representa-
tive sample. However, as with functional studies, the virions which are analysed must be
undamaged in order to collect useful data. It is therefore preferable to use unfrozen samples
for this type of analysis, and therefore the analysis should be performed as soon as possible
after generating the sample.
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4.3.7 Conclusion

Most common laboratory handling techniques have little or no effect on filamentous viri-
ons, but freezing causes severe damage. While this damage can be mitigated, the most
reliable analyses of filamentous virion properties require the use of unfrozen samples.
These findings thereby identify precautions that must be taken when designing clearly in-
terpretable experiments to study the properties of filamentous virions. They therefore lay
the necessary foundation for a robust characterisation of the composition and function of
filamentous influenza virions.
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Chapter 5

Compositional comparison of
filamentous and non-filamentous virions

5.1 Introduction

Virion composition is likely to vary with morphology

Characterising the compositional differences between filamentous and non-filamentous
virions should give insight into corresponding differences in assembly and function. Po-
tential compositional differences can be grouped into four categories. First, the absolute
copy number of some proteins may differ. It is intuitively obvious that there will be at
least some differences of this kind due to the size difference between filamentous and
non-filamentous virions. Second, the relative abundance of proteins may differ between
the virion types (as previously suggested by Iwatsuki-Horimoto et al. (2006); Kordyukova
et al. (2020); Liu et al. (2002); Roberts et al. (2013, 1998); Seladi-Schulman et al. (2014);
Chlanda et al. (2015); Vahey & Fletcher (2019a,b)). Third, the nature and site-occupancy
of post-translational modifications of proteins may differ. Fourth, the lipid composition
of virions may vary with morphology. As with the formation of filamentous virions them-
selves, the presence of any of these variations alone would not demonstrate that they are
adaptive. However, identifying them would be invaluable for forming hypotheses to drive
further investigation of the role of filamentous virions.

5.1.1 Assessing composition with microscopy

A key tool in the analysis of filamentous virion composition has been microscopy. Cryo-
electron tomography has revealed the structure of the M1 capsid in filamentous virions
(Calder et al., 2010; Vijayakrishnan et al., 2013; Peukes et al., 2020) and the proportion of
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filamentous virions which contain genomes (Vijayakrishnan et al., 2013). However, this
approach can only give details about abundant and readily identifiable proteins. An alter-
nate method is confocal microscopy, which is more amenable to antibody labelling than
electron microscopy and the stark contrast between fluorophore and background on flu-
orescence micrographs make them more suitable for automated image analysis. Though
light microscopy, even super-resolution microscopy, is still lower resolution than cryo-
electron tomography, the advantages it offers for labelling make it easier to investigate pro-
teins which are less recognisable or abundant than major structural proteins such as M1 or
HA. Assessing composition with confocal microscopy does, however, depend on highly
specific labels and the relevant reagents may not exist for every protein of interest. Further-
more, protein abundance does not necessarily scale in a linear fashion with fluorescence
intensity when using antibody labelling (Verdaasdonk et al., 2014), making abundance hard
to quantify. Finally, the researcher must select which labels are used, and so the proteins to
be examined have to be selected in advance. Microscopy approaches are therefore powerful
when assessing virion composition but have limitations which make them less suitable for
comprehensively assessing virion composition. Instead, it may be best to use microscopy to
provide localisation data to support broader compositional analyses.

5.1.2 Assessing composition with western blot or mass
spectrometry

Bulk population analyses involve assessing the properties of large populations of virions.
They can provide enough data to investigate less abundant proteins or modifications, but do
not capture the localisation data provided by microscopy. This style of approach includes
methods which require antibody labelling, such as western blotting. It also includes label-
free methods, such as mass spectrometry, which enables the simultaneous analysis of hun-
dreds of proteins and so can detect differences without the researcher needing to select the
proteins of interest in advance.

A bulk population analysis to measure how composition varies with morphology requires a
method to prepare samples enriched in either filamentous or non-filamentous virions. This
can be achieved by mutating a virus to alter its morphology (Elleman & Barclay, 2004;
Roberts et al., 1998; Sieczkarski & Whittaker, 2005), but mutations of this sort could affect
composition through other means and so this method is unsuitable for assessing how com-
position varies with morphology. This problem can be avoided by physically separating
filamentous and non-filamentous virions from the same initial sample. While such separa-
tions have been reported several times (Roberts et al., 1998; Liu et al., 2002; Sieczkarski &
Whittaker, 2005; Smirnov et al., 1991; Ada et al., 1958), they are challenging to replicate
(discussed in Kordyukova et al. (2020)). Furthermore, this separation has often been per-
formed with sucrose density gradients, but these are not isosmotic with influenza virions
and this could damage or distort them (Smirnov et al., 1991; Sugita et al., 2011). Adopting
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a bulk population approach to characterising compositional differences therefore requires
the development of an efficient and reproducible method to separate filamentous and non-
filamentous virions.

5.1.3 Conclusion

To date, several methods have been used to assess how influenza virion composition varies
with morphology, but each has their own strengths and limitations and our understand-
ing of this area is still limited. Here, after describing a preliminary analysis based on mi-
croscopy, I will demonstrate an efficient and robust method to enrich virions by morphol-
ogy, and use it perform a comprehensive comparison of the proteomes of filamentous and
non-filamentous virions using mass spectrometry.

5.2 Results I: Assessing composition with microscopy

Figure 5.1: Effect of permeabilisation on NP staining in filamentous virions.
Filamentous influenza virions were obtained by collecting supernatant from MDCK
cells infected with A/Udorn/307/72 (H3N2) for 24 h, which was stored at -70 ˚C until
use. Virions were centrifuged onto glass coverslips and fixed in 4% formaldehyde.
One sample was permeabilised in 0.1 % Triton X-100 and the other was untreated.
Haemagglutinin (HA) was immunostained to identify virions and nucleoprotein
(NP) was immunostained to identify RNPs. Images were collected by confocal mi-
croscopy, 63x magnification.

While I used the confocal microscopy pipeline from Chapter 3 to measure the concentra-
tion and lengths of filamentous virions, the principles underlying it could also be used to
assess protein localisation.
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As a proof of principle, I aimed to examine the localisation of NP within filamentous viri-
ons, as detailed cryo-electron microscopy could be used for comparison (Vijayakrishnan
et al., 2013). As a preliminary experiment, I adsorbed virions to coverslips and immunos-
tained HA as described in Chapter 3, this time immunostaining NP in parallel. To control
for non-specific binding, I stained both permeabilised and unpermeabilised samples, as all
NP in the sample ought to be contained beneath the membrane of a virion or a microvesi-
cle. As this experiment was only intended as a proof of concept, frozen samples were used.

More NP puncta were visible in the permeabilised sample than the unpermeabilised (Fig-
ure 5.1), suggesting it may be possible to use this approach to examine virion composition.
However, I was unable to quantify the NP puncta, as this process required thresholding the
image to distinguish signal from noise. Even slight adjustments to the thresholding inten-
sity could change the apparent number of NP puncta by orders of magnitude, and, because
they lacked distinctive shapes and sizes, it was impossible to determine the appropriate
thresholding intensity. I concluded that microscopy was not suitable for my analysis of
virion composition. Instead, I focused on a bulk population approach.

5.3 Results II: Clarifying samples and enriching them by
morphology

Comparing the proteomes of filamentous and non-filamentous virions requires a method
to separate them, or at least strongly enrich a sample by morphology. Without further pu-
rification, these samples will also contain cellular detritus which will also contribute to the
overall composition of the sample. Analysing the virion proteome would therefore be con-
siderably easier if, before enrichment, as much cellular debris as possible could be removed
from the sample.

5.3.1 Removing cellular debris

Virions can be separated from cell debris by haemadsorption purification, a technique
based on the principle that only HA+ material will bind red blood cells, and only NA+ ma-
terial will elute from those cells (Francis and Salk, 1942). This method has recently been
used to clarify samples for mass spectrometry (Hutchinson et al., 2014): it removes debris
from infected cells and the chicken proteins it introduces into the sample can be identi-
fied by their unique protein sequences and filtered out of the results. However, these stud-
ies used predominantly spherical strains of influenza virus and it was unclear whether this
method would be suitable for use with filamentous virions.

I performed a pilot experiment to test the impact of haemadsorption purification on fila-
mentous virions. I incubated a sample of Udorn with chilled chicken red blood cells to al-
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Figure 5.2: Haemadsorption purification alters the distribution of lengths of filamentous
virions.

Filamentous virions were obtained by collecting supernatant from MDCK cells in-
fected with influenza A/Udorn/307/72 (H3N2) for 24 hours. Samples were clari-
fied, then mixed with chilled 0.5% chicken red blood cells and incubated at 4 ˚C for
30 minutes. Red blood cells were pelleted at 1250 g, washed, resuspended in pre-
warmed 1x PBS and incubated at 37 ˚C for 15 minutes before cells were again pel-
leted at 1250 g and discarded. “Initial” sample was taken from the initial population
of virions, “Unadsorbed” sample was taken from the supernatant after the first pel-
let step, “Eluted” sample was taken from the supernatant after the final pellet step.
Concentration and lengths of filamentous virions were measured using the confocal
analysis pipeline described in Chapter 3. The number of filamentous virions were
calculated for each sample. Column indicates mean, whiskers indicate range (two
independent experiments). (b) A frequency distribution of filament length was calcu-
lated for each sample. The violin plot indicates the mean frequency distribution, with
the 95% CI shaded in grey. The median filamentous virion length was also calculated
for each repeat, with the mean and range of these median lengths indicated by a line
and whiskers (two independent experiments).
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low HA-mediated adsorption, then pelleted the cells and discarded the supernatant. I then
resuspended and warmed the cells to allow NA-mediated elution, before pelleting the cells
again and retaining the supernatant. The remaining material should therefore be both HA+
and NA+. At each step, I assessed the concentration and length distributions of the filamen-
tous virions in the supernatant.

I found that nearly 90% of filamentous virions adsorbed to the red blood cells in the ini-
tial step, but only 20% of the initial population successfully eluted from the red blood cells
(Figure 5.2a). Furthermore, the eluted filamentous virions were substantially shorter than
the virions in the initial sample, with a median length of 2.1 µm (Figure 5.2b) compared
to an initial median length of 3.6 µm. This suggested the longer virions were less able to
elute. As it was unclear whether longer filamentous virions had different compositions to
the shorter filamentous virions, haemadsorption therefore altered the virion population in
an unpredictable way, so any analysis of their composition could be skewed. Therefore, I
decided to preserve the virion population by not including a haemadsorption step in subse-
quent experiments, noting that this would be at the cost of leaving cell debris in the sam-
ples.

5.3.2 Separating virions with size filters

The biochemical differences between filamentous and non-filamentous virions are un-
known, so any method to separate them must depend on their physical properties. As the
size difference between the types of virion is so large, I reasoned that passing virions through
a size filter could provide a quick method to separate virions by morphology. Morphology
enrichment by filtration has been described (Donald & Isaacs, 1954a), so it was a feasible
approach. However, when I passed unconcentrated samples through a 0.22 μm centrifuge
filter, the filter became blocked and very little material was able to pass through. While it
may have been possible to optimise this method to avoid this issue (for example, using a
cross-flow concentrator, (“Crossflow cassette systems”, 2016)) , I reasoned that it would
likely be even more severe when using the highly concentrated samples necessary for mass
spectrometry, and so I decided to explore alternative approaches.

5.3.3 Separating virions with density gradients

Almost all attempts to separate filamentous and non-filamentous virions have been based
on centrifugation. The velocity of a spherical particle undergoing centrifugation can be
described by the equation:

dr

dt
=

2r2p(ρp − ρm)ω
2r

9η
(5.1)
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where dr
dt
is the velocity of the particle, rp is the radius of the particle, (ρp−ρm) is the buoy-

ancy caused by the different in density between the particle and the medium, ω is the angu-
lar momentum, r is the radial distance of the particle from the axis of rotation, and η is the
viscosity of the medium.

This equation assumes the particles are spherical, but non-spherical particles have a higher
frictional coefficient than spherical particles which increases drag and reduces velocity.
This can be accounted for by modifying the equation thus:

dr

dt
=

2r2p(ρp − ρm)ω
2r

9η(f/f0)
(5.2)

where f is the frictional coefficient of the particle and f0 is the frictional coefficient of a
sphere (Rickwood, 1984).

Equation 5.2 suggests it should be possible to separate filamentous and non-filamentous
virions based on their different velocities during centrifugation, as filamentous virions
are much larger and so rp is greater, though this will be counteracted to some extent as
filamentous virions are far less spherical than non-filaments, and so (f/f0) will also be
greater. This is complicated, however, by suggestions that filamentous and non-filamentous
have different densities (Smirnov et al., 1991), meaning that ρp may also vary and could
further counteract differences in velocity caused by size.

One way in which this difference could be exploited is differential pelleting, based on the
principle that the largest particles will move fastest through the medium during centrifu-
gation and so will preferentially pellet at the base of the tube (this principle also underlies
the clarification by centrifugation described in Chapter 4). However, the force necessary to
pellet the largest particles at the top of the tube will often be sufficient to pellet the smaller
particles near the base of the tube, leading to co-sedimentation of different particle types.
It is therefore difficult to achieve a totally pure population of large particles, though purity
can be improved by using repeated centrifugation cycles (Rickwood, 1984). This approach
has been used by Ada et al. (1958), working with an initial sample of the Ryan strain which
was ~20% comprised of filamentous virions, to produce one sample ~50% comprised of
filamentous virions and another ~98% comprised of non-filamentous virions. Near identi-
cal results were obtained 74 years later by Li et al. (2021), using a variant of Udorn, yield-
ing one sample 47.2% comprised of filamentous virions and another 94.9% comprised of
non-filamentous virions.

An alternative method, that avoids the problem of co-sedimentation, is rate-zonal centrifu-
gation. In this method, a sample is layered on top of a density gradient before centrifu-
gation. Larger particles move through the gradient faster than smaller particles, so, if the
centrifuge is stopped before any particles reach the bottom of the tube, particles will ag-
gregate in layers throughout the gradient based on their size. In this procedure, the density
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gradient is used to limit convection currents that may disrupt the layers of particles, and to
encourage tighter layering by slowing particles that migrate further through the gradient
(Rickwood, 1984). This style of separation was used by Roberts et al. (1998), and electron
microscopy evidence suggested it was effective, though detailed particle counts were not
reported. Their method was used by subsequent studies (Liu et al., 2002; Sieczkarski &
Whittaker, 2005), with Sieczarski and Whittaker reporting a sample 92% comprised of fil-
amentous virions, and one 8% comprised of non-filamentous virions (though they began
with an unusually filamentous mutant of Udorn, which was 28% comprised of filamentous
virions).

A third centrifugation approach is to separate particles on the basis of density rather than
size, a process known as isopycnic centrifugation. As with rate-zonal centrifugation, this
involves layering a sample on top of density gradient. However, this time, the lower re-
gions of the gradient are denser than any particle contained in the sample and the centrifuge
is run for much longer, so that each particle has time to migrate to its equilibrium position.
In this manner, the particle velocity, and therefore particle size, is irrelevant (Rickwood,
1984). This technique has been used by Smirnov et al. (1991) to create a sample ~68%
comprised of filamentous virions, and one which was 98.8% comprised of non-filamentous
virions.

Of the three methods, differential pelleting seemed the least appropriate for generating
samples to analyse composition, as it generated the samples with the lowest enrichment
for filamentous virions. Repeated pelleting would also likely leave large cell debris mixed
with the filamentous virions that would be absent from the non-filamentous virions, skew-
ing the compositional analysis. Rate-zonal centrifugation seemed like it could be effective,
but Smirnov et al. (1991) reported difficulties with this method and anecdotal evidence
suggests this method is hard to replicate. I therefore decided to attempt separation using
isopycnic centrifugation, which seemed likely to yield samples with high proportions of
filamentous virions, without the issues associated with the other two methods.

Effective isopycnic separation would be easiest if the density gradient closely matched the
distribution of virion densities for Udorn, as this would give them the most space to spread
out. Comparative densities of filamentous and non-filamentous had not been described for
Udorn, so it was not immediately possible to rationally design a density gradient. Further-
more, it has been suggested that ultracentrifugation can deform spherical influenza virions
(Sugita et al., 2011) but its impact on filamentous virions is unknown. Enriching by mor-
phology with isopycnic centrifugation therefore required first determining the range of den-
sities of Udorn virions, then testing the method to see whether it could separate virions by
morphology, and finally testing the method to determine whether separation yields virions
in a state suitable for analysis.

108



CHAPTER 5. COMPOSITIONAL COMPARISON OF ENRICHED SAMPLES

5.3.3.1 Determining virion density

As a starting point for assessing virion density, I used a density gradient previously used to
clarify samples for mass spectrometry (Hutchinson et al. (2014), though this study effec-
tively used rate-zonal centrifugation due to a short centrifugation time). This gradient was
made with iodixanol rather than sucrose, as iodixanol is isosmotic with influenza virions
and so less likely to cause damage (Hill et al., 1994). I prepared a highly concentrated stock
of Udorn by infecting confluent MDCK cells in 800 cm2 roller bottles at an MOI of 0.001,
incubating for 96 hours, and then concentrating the culture medium by ultracentrifugation
for 90 min at 4 °C at 116,000 g.

I overlaid this sample on a 10-35% iodixanol gradient and ran it at 210,000 g overnight to
allow the sample time to equilibrate. This yielded a gradient containing a clear white band,
which past data show contains the bulk of the non-filamentous virions (Hutchinson et al.,
2014) (Figure 5.3a). However, from observing the gradient with the naked eye, it was not
obvious where the filamentous virions were located.

To locate the filamentous virions, I split the gradient into fractions by puncturing the base
of the ultracentrifuge tube and collecting the flow-through into separate containers. I as-
sessed each fraction with the confocal analysis pipeline described in Chapter 3. To calculate
the density of the virions, I ran a parallel gradient containing no virions and assessed the
density of each fraction by refractometry (Figure 5.3a). I then repeated this with a range of
different density gradients (10-35% iodixanol, 15-30% iodixanol, 20-30% iodixanol) and
calculated the abundance of filamentous virions and their density in each fraction. A plot of
this data showed that filamentous virions had a density range of 1.1 - 1.2 g/ml, with most
between 1.12 and 1.23 g/ml (Figure 5.3b).

Estimating the density distribution of the non-filamentous virions was more difficult, as
they were both mixed in with the filamentous virions and hard to detect reliably with the
confocal analysis pipeline. However, I reasoned that if I performed similar experiments us-
ing the almost exclusively non-filamentous WSN strain, then I would be able to determine
the virion distribution by measuring the distribution of M1 within the gradient by western
blot. These experiments showed the distribution of WSN virions peaked at approximately
1.14 g/ml (Figure 5.4), slightly denser than the filamentous Udorn virions. While the non-
filamentous virions of Udorn may have different properties to those of WSN, I reasoned
they were likely to be similar enough to use this value as a starting point for attempting
virion separation. I therefore concluded that a 1.1 – 1.2 g/ml gradient, equivalent to 20%
- 30% iodixanol, was likely to cover the full range of Udorn virion densities, and so was a
sensible range to begin attempting virion separation.
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Figure 5.3: The density of range of filamentous virions.
Filamentous virions were obtained from the supernatant of MDCK cells that had
been infected with influenza A/Udorn/307/72 (H3N2) for 96 hours, and concentrated
by ultracentrifugation. (a) Virions were purified with a 10-35% iodixanol gradient
overnight by ultracentrifugation at 4 °C at 21,000 g. A past study suggests the thick
white band approximately halfway down the tube comprises non-filamentous viri-
ons (Hutchinson et al., 2014). A mock-infected control sample was separated on
a 10-35% iodixanol gradients and split into fractions by puncturing the base of the
tube and collecting the flowthrough in separate containers. The density of each frac-
tion was calculated by refractometry. In parallel, the virus-infected sample was split
into fractions and the number of virions was determined using the confocal analysis
pipeline described in Chapter 3. (b) The process described in (a) was repeated with
various gradients (10-35%, 15-30%, 20-30% iodixanol). Data from the three exper-
iments were pooled, and the proportion of filamentous virions in each fraction was
plotted against the density of the parallel fraction.
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Figure 5.4: Density range of non-filamentous WSN virions.
Non-filamentous virions were obtained from the supernatant of MDCK cells that had
been infected with influenza A/WSN/1933 (H1N1) for 96 hours, and concentrated by
ultracentrifugation. Virions were purified with a 20-30% iodixanol gradient overnight
by ultracentrifugation at 4 °C at 210,000 g and the sample was split into fractions by
puncturing the base of the tube and collecting the flowthrough in separate contain-
ers. M1 abundance for each fraction was determined by western blot, and the den-
sity of each fraction was calculated by purifying a mock-infected sample in parallel
and measuring the refractive index of each fraction with refractometry. Graph shows
pooled data from three independent experiments.
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Figure 5.5: Isopycnic centrifugation can separate filamentous and non-filamentous virions.
Filamentous virions were obtained from the supernatant of MDCK cells that had been
infected with influenza A/Udorn/307/72 (H3N2) for 96 hours, and concentrated by
ultracentrifugation. Virions were purified with a 20-30% iodixanol gradient overnight
by ultracentrifugation at 4 °C at 210,000 g and split into 12 fractions by puncturing
the base of the tube and collecting the flowthrough in separate containers. (a) Sam-
ples from each fraction were centrifuged onto coverslips, and haemagglutinin was
immunostained to identify virions. Images were captured at 63x magnification by
confocal microscopy, scale bar 10 µm. (b) Filamentous virions were quantified using
the analysis pipeline described in Chapter 3. Non-filamentous virions were detected
by using Analyse Particles to count particles with empirically determined parameters
of a circularity > 0.9 and an area between 0.03 and 0.1 μm2 (implemented with the
custom ImageJ Macro BatchSphereAnalysis.ijm). Values for each fraction were ex-
pressed as a proportion of the total particles of that morphology counted in the gradi-
ent. Points indicate the mean abundance measured in each fraction, whiskers indicate
s.d. (three independent experiments, except for Fraction 3 where one coverslip was
unusable due to a technical problem). (c) The data described in (b) were used to plot
the abundance of filamentous virions as a proportion of all virions detected in each
fraction.
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5.3.3.2 Enriching samples by morphology

To test how well this gradient design could separate filamentous and non-filamentous viri-
ons, I separated a highly concentrated Udorn sample over the gradient and assessed each
fraction with confocal microscopy (Figure 5.5a). During this process, I noticed that the
number of small circular particles, some of which should be non-filamentous virions, in
each fraction varied considerably. While it was not possible to determine which of these
were virions and which were HA+ cell debris, I reasoned that the concentration of these
particles was likely to correlate with the concentration of non-filamentous virions. Measur-
ing the concentration of these particles, therefore, would allow me to infer the location of
the non-filamentous particles in the gradient. From these micrographs, I observed that the
distribution of filamentous and non-filamentous particles varied throughout the gradient,
with filamentous virions peaking at Fraction 10 (in the less dense region of the gradient)
and non-filamentous virions peaking at Fraction 3 (in the more dense region of the gradi-
ent) (Figure 5.5b). The estimated proportion of filamentous virions was 39% in Fraction 10
and 3% in Fraction 3 (Figure 5.5c), though these are likely to be underestimates assuming
that many of the apparent non-filamentous virions are in fact cell debris.

To verify the effectiveness of the separation, I analysed Fractions 3, 7, and 11 using neg-
ative strain transmission electron microscopy (Figure 5.6a). By counting particles manu-
ally, I observed that estimates of the filamentous virion proportion made by confocal mi-
croscopy were slightly above that of electron microscopy for Fraction 3, but were almost
half that of electron microscopy in Fractions 7 and 11 (Figure 5.6b). I was unable to acquire
similar data for the fraction most enriched in filamentous virions, Fraction 10, due to time
constraints. However, assuming a similar relationship between the proportion of filamen-
tous virions estimated by confocal and negative strain electron microscopy as in Fraction
11, this suggested that Fraction 10 was ~75% comprised of filamentous virions.

Finally, I measured the infectious titre of each fraction by plaque assay. I found that most
of the infectivity in the gradient was concentrated in the denser regions of the gradient,
which contained few filamentous virions (Figure 5.7). The presence of infectious mate-
rial demonstrates that this region of the gradient is enriched in non-filamentous virions, and
so this finding supports the microscopy findings suggesting that virions are being separated
by morphology.

Having calculated the proportion of the number of filamentous virions in each sample, it
was then possible to infer the proportion of biomass in each fraction contributed by fila-
mentous virions. The mean filamentous virion length in Fractions 3 and 10 was ~1.8 μm.
This was likely to be a slight overestimate due to the presence of filamentous virions below
the resolution limit of the microscope. The smallest filamentous virions detected were ~1.4
μm. Using the measured values of filamentous virion length as upper and lower bounds,
and assuming non-filamentous virions have lengths of ~100 nm (Vijayakrishnan et al.,
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Figure 5.6: Negative stain electron microscopy confirms separation by isopycnic
centrifugation.

Samples of filamentous virions were prepared as described in Figure 5.5. (a) To vali-
date the apparent separation indicated by confocal microscopy, Samples were stained
with 1% PTA and imaged on a JEOL 1200 transmission electron microscope. Mag-
nification 20,000x. (b) The proportion of filamentous virions in fractions 3, 7, and 11
was determined by manual particle counting using the electron microscope (one inde-
pendent experiment). Graph shows these values compared with the values determined
by confocal microscopy in Figure 5.5c.
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Figure 5.7: Distribution of infectivity in the density gradient.
To determine the distribution of infectivity in the density gradient following enrich-
ment by morphology, the infectious titres of the samples generated in Figure 5.5
were measured by plaque assay. Points indicate mean infectious titre, normalised
to the titre of the whole gradient, and whiskers indicate s.d. (three independent exper-
iments).

2013), it can be assumed that filamentous virions are between 14 and 18x more massive
than the non-filamentous virions in these samples. By combining these values with the pro-
portional abundance of filamentous virions, using the estimates from confocal microscopy
and negative stain microscopy as upper and lower bounds, a reasonable range for the pro-
portion of the biomass contributed by the filamentous virions can be estimated. The propor-
tion of the biomass contributed by filamentous virions was therefore 12–35% of Fraction
3, 54–82% of Fraction 7, and 90–98% of Fraction 10 (Figure 5.8). Even when selecting the
most extreme of these values, it is reasonable to assume that the composition of Fraction 10
of this gradient will largely reflect the composition of filamentous virions, and the compo-
sition of Fraction 3 will largely reflect the composition of non-filamentous virions. Further-
more, the morphology contributing most of the biomass to these two fractions would also
be the most abundant type of morphology as measured by particle count. Conversely, the
biomass of Fraction 7 would be dominated by filamentous virions, but the particle abun-
dance would be dominated by non-filamentous virions.

It is also noteworthy that there may be variation in composition within the two groups of
virions, such that the filamentous virions in Fraction 10 and the non-filamentous virions
in Fraction 3 may not be a representative sample. For the purposes of this study, I have
assumed that the fraction with the most virions of either morphology is the most represen-
tative.
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Figure 5.8: Estimating the biomass of filamentous virions in enriched samples.
The estimated difference in mass between filamentous and non-filamentous virions
was used to generate a curve showing how the percentage of biomass contributed
by filamentous virions to a sample varied with the percentage of filamentous viri-
ons present. Non-filamentous virions were assumed to be 100 nm in length. The true
mean filamentous virion length was assumed to be between 1400 nm (the minimum
virion length detectable by the confocal analysis pipeline) and 1800 nm (the mean
filamentous virion length measured from the samples in Figure 5.5). Shaded areas
indicate the range estimated for the percentage of filamentous virions in Fractions 3,
7, and 10, using the confocal microscopy estimates and negative stain electron mi-
croscopy estimates from Figures 5.5 and 5.6 as upper and lower bounds.
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5.3.3.3 Virion stability during enrichment
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Figure 5.9: Enrichment can damage filamentous virions.

To determine whether the enrichment method damaged filamentous virions, the mi-
crographs from Figure 5.5 were examined for signs of damage. (a) Ellipses were fit-
ted to each filamentous virion, and the major and minor axes of these ellipses used
to calculate the eccentricity. Mean eccentricities for each repeat are shown (three
independent experiments, mean indicated by a line, s.d. as whiskers). Dashed line
indicates the mean for unpurified samples (”Pre”). Comparisons to unpurified were
made by two-tailed single-sample t-test: * p < 0.05, ** p < 0.01, *** p < 0.001. (b)
Length distributions of filamentous virions were calculated with the confocal anal-
ysis pipeline described in Chapter 3. Distributions are shown as frequency distribu-
tions (mean, with 95% CI in grey) and distributions of the median filamentous virion
length (mean position of the population median indicated as a line, s.d. of this as
whiskers). The mean of the population medians for each fraction were compared to
the untreated sample by two-tailed Student’s t-tests: ** p < 0.01, *** p < 0.001 (three
independent experiments).
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As detailed in Chapter 4, laboratory handling can cause inadvertent damage to filamentous
virions. While ultracentrifugation has been reported to damage influenza virions (Sugita
et al., 2011), no study has assessed the potential damage it causes to filamentous virions.
As described in Chapter 4, apparent capsid damage was reflected by distortions to the fil-
amentous virions, so I measured this by measuring the eccentricity of the fitted ellipses to
the filamentous virions in each fraction. To test whether particular subclasses of filamen-
tous virions were being removed during the purification I also measured the median length
of the filamentous virions in each fraction of the gradient. I found that the eccentricity of
the fitted ellipses was reduced throughout the gradient, though least severely in Fractions
10 and 11 (p < 0.05, Figure 5.9a). This distortion suggested filamentous virions were being
damaged during purification. Similarly, the median length of the filamentous virions was
reduced throughout the gradient and the population distributions of filaments skewed to-
wards shorter lengths, so that no virions longer than 15 μm were detected (p < 0.01, Figure
5.9b). This suggested the longer virions were being destroyed or otherwise removed from
the sample.

As the virions will in any case be denatured during proteomic analysis, any capsid dam-
age would be unlikely to affect the analysis. However, the absence of longer filamentous
virions could impact the results, if virions longer than 15 μm had substantial differences
in their composition that those which are shorter. While it might therefore be beneficial
to avoid this damage, I reasoned that the losses most likely occurred during the pelleting
step of the protocol, as compressing virions onto the base of an ultracentrifuge tube is pre-
sumably more damaging that leaving them suspended in a density gradient. Omitting this
step is not possible as compositional analyses require highly concentrated samples. I there-
fore concluded that this minor damage would be a limitation of this method, but it was re-
quired to produce concentrated samples separated by morphology. Overall, I concluded this
method of enrichment would be suitable for compositional analysis.

5.4 Results III: Determining virion composition

5.4.1 Determining whether compositional differences can be
detected

Before committing resources to mass spectrometry analysis, I wanted to verify that samples
enriched for different virion morphologies had detectable differences in composition. Pre-
vious studies indicate that filamentous virions should have a much higher ratio of M1 to NP
than non-filamentous virions (Iwatsuki-Horimoto et al., 2006; Liu et al., 2002; Roberts et
al., 1998), as they are much larger but package at most one copy of the genome (Vijayakr-
ishnan et al., 2013). I therefore predicted that the M1 to NP ratio would be much higher in
the filamentous virion-enriched regions of the density gradient.
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Figure 5.10: Samples enriched in morphology have detectable differences in composition.
To determine whether the separation method could detect compositional differ-
ences in fractions enriched in a given morphology, virions were obtained from the
supernatant of MDCK cells that had been infected with influenza A/WSN/1933
(H1N1) for 96 hours, and concentrated by ultracentrifugation. Virions were puri-
fied with a 20-30% iodixanol gradient overnight by ultracentrifugation at 4 °C at
210,000 g and the sample was split into fractions by puncturing the base of the tube
and collecting the flowthrough in separate containers. Abundance of nucleoprotein
(NP) and matrix 1 (M1) was measured by western blot for each fraction and nor-
malised to the total signal across the whole gradient for (a) the pleiomorphic strain
influenza A/Udorn/307/72 (H3N2) and (b) the predominantly spherical strain in-
fluenza A/WSN/1933 (H1N1). Points indicate mean, whiskers indicate s.d. (three
independent experiments).
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To assess the ratio of M1 and NP, I took the Udorn gradient fractions previously described
and measured the abundance of these proteins by western blot. For comparison, I also mea-
sured M1 and NP from gradients prepared using the predominantly spherical virus strain,
WSN. The ratio of M1 and NP varied throughout the gradient for Udorn, with the ratio
of M1 to NP being much higher in the less dense fractions that were enriched in filamen-
tous virions (Figure 5.10a). Conversely, I observed that M1 and NP abundance correlated
closely throughout the gradient for WSN (Figure 5.10b), with the exception of Fractions 1
and 2 which are likely to be dominated by cell debris rather than virions (based on the con-
focal and infectivity analysis from the Udorn gradient, Figures 5.5 and 5.7). I concluded
that virion composition does predictably vary with morphology, and so it was appropriate
to proceed with the resource-intensive mass spectrometry analysis.

5.4.2 Measuring protein abundance with mass spectrometry

To analyse the full proteome of filamentous and non-filamentous virions, I sent samples of
Fractions 3, 7, and 10 from the separation gradient to collaborators at the Target Discovery
Institute in the University of Oxford for analysis by liquid chromatography and tandem
mass spectrometry (LC-MS/MS) with a Q Exactive Mass Spectrometer. This analysis was
then processed using MaxQuant.

As these samples had not undergone haemadsorption purification, there was likely to be
cell debris in the samples whose composition might be mistaken for that of virions. To help
identify the proteins introduced by cell debris, I also sent mock-infected samples for anal-
ysis along with the virus-infected samples. For each protein detected, I calculated the ratio
of the protein abundance between Fractions 3, 7 and 10 (Figures 5.11, 5.12, 5.13). For each
pair of fractions, if the ratio for the mock-infected samples was within tenfold of the ra-
tio for virus-infected samples, the protein was removed from the analysis. This meant that
the final analysis would not consider differences in protein abundance that could be read-
ily explained by the presence of cell debris. This mitigation is only partial – it controls for
debris shed by uninfected cells, but debris from infected cells will likely have a different
abundance and composition and could contain viral proteins – but it does reduce the im-
pact of cell debris when using samples that could not be purified by haemadsorption. The
samples were also likely to contain contaminants introduced while preparing samples for
mass spectrometry, including the trypsin used for sample digests and keratin from hair and
skin flakes. These likely contaminants were removed from the analysis by filtering out the
“common contaminants” list in MaxQuant.

Having controlled for debris, I then considered how to account for the different sizes of
virion. As filamentous virions are much larger than non-filamentous, I considered it likely
that they would typically package more of each protein. Furthermore, the largest filamen-
tous virions detected in Fraction 10 were approximately ten times longer than the smallest
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Figure 5.11: Mass spectrometry comparison of Fraction 3 and Fraction 10.
Virions were obtained from the supernatant of MDCK cells that had been infected
with influenza A/WSN/1933 (H1N1) for 96 hours, and concentrated by ultracentrifu-
gation. Virions were purified with a 20-30% iodixanol gradient overnight by ultra-
centrifugation at 4 °C at 210,000 g and the sample was split into fractions by punctur-
ing the base of the tube and collecting the flowthrough in separate containers. Frac-
tions 3 (predominantly non-filamentous) and 10 (predominately filamentous) were
compared analysis by liquid chromatography and tandem mass spectrometry (LC-
MS/MS) with a Q Exactive Mass Spectrometer. Proteins which were not detected in
at least two of the three experimental repeats for at least one fraction were removed
from the analysis. To account for cell debris, a parallel gradient was performed using
a mock-infected sample and the ratio of the protein abundance between Fractions 3
and 10 was calculated. If this ratio for a given protein was within tenfold of the ratio
calculated for the virus-infected samples, the protein was removed from the analysis.
Points show mean protein abundance, normalised to M1, and whiskers show s.e. Pro-
teins which were undetected in one fraction had their abundance set to the arbitrarily
low value 0.00001 to allow them to be plotted on a log scale.
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Figure 5.12: Mass spectrometry comparison of Fraction 3 and Fraction 7.
Samples were prepared and data were analysed as described for Figure 5.11, but com-
paring Fractions 3 and 7 instead of Fractions 3 and 10.
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Figure 5.13: Mass spectrometry comparison of Fraction 7 and Fraction 10.
Samples were prepared and data were analysed as described for Figure 5.11, but com-
paring Fractions 7 and 10 instead of Fractions 3 and 10.
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(Figure 5.9b), so it would not be straightforward to determine a per virion copy number.
Therefore the absolute abundance of proteins was unlikely to be of interest. Instead, when
comparing filamentous and non-filamentous virions, it was of more interest to identify pro-
teins whose relative abundance could not be explained simply by virion size. To assess
this relative abundance, I normalised the abundance of each detected protein to M1, as M1
makes up the viral capsid and so is the most likely protein to scale directly with virion size.

After controlling for cell debris and virion size, I compared the protein composition of fil-
amentous and non-filamentous virions. As I considered Fractions 3 and 10 to be the most
representative of non-filamentous and filamentous virions respectively, most of the analysis
focused on these two samples (Figure 5.11).

When considering host-derived proteins, only two were unique to Fraction 10, a small clus-
ter were enriched in Fraction 3, but the great majority of were present at similar ratios re-
gardless of virion morphology, Furthermore, almost all host-derived proteins were less
abundant than the viral polymerase proteins (which had an abundance relative to M1 of
~0.001) in Fraction 3, which are the least abundant proteins that can be confidently pre-
dicted to be present in virions. These host-derived proteins are therefore unlikely to be
highly abundant in virions. As polymerase proteins were not detected in Fraction 10, so a
similar comparison cannot be made for this sample. The most abundant host-derived pro-
teins, and the most abundant protein only identified in Fraction 10, are listed in Table 5.1.

Table 5.1: Abundant host-derived proteins present in Fractions 3 and 10.

Protein Abundance in F3
(Relative to M1)

Abundance in F10
(Relative to M1)

Role

TTL8 0.496 Undetected Tubulin modification
PTPRF 0.0347 Undetected Signalling
ACTR2 0.009 Undetected Actin regulation
ICE2 0.052 0.091 snRNA transcription
TSPAN8 0.009 0.021 Integrin binding
NTN4 0.005 0.009 Laminin-1 binding
RAB11FIP1 Undetected 0.003 Intracellular traffick-

ing
Protein roles obtained from UniProt on the 27th March 2021.

Of these proteins, none have previously been linked to the functional properties of in-
fluenza virions. Rab11, and its binding proteins Rab11-FIP2 and Rab11-FIP3 are involved
in trafficking NP to the plasma membrane and can influence morphology (de Castro Martin
et al., 2017; Bruce et al., 2010), so it is plausible Rab11-FIP1 could affect viral morphol-
ogy. However, these proteins regulate trafficking beneath the plasma membrane, so it is
unclear how they would be incorporated into virions or how they could have any functional
effects once there. For these reasons, and because the host-derived proteins were predomi-
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nantly present in low abundance, I concluded they were unlikely to contribute to any func-
tional differences between filamentous and non-filamentous virions.

Unlike host-derived proteins, the relative abundance of some viral protein clearly varied
with morphology. HA abundance scaled directly with M1 abundance in all samples, but
NA was reduced approximately fivefold in Fraction 10 compared to Fraction 3. This dif-
ference was still apparent when comparing Fractions 3 and 7, but absent when comparing
Fractions 7 and 10. Assuming the biomass of Fractions 7 and 10 is dominated by filamen-
tous virions and the biomass of Fraction 3 is dominated by non-filamentous virions, this
is consistent with the relative abundance of HA and NA varying between filamentous and
non-filamentous virions (Figure 5.8).

NP was reduced approximately tenfold in Fraction 10 when compared to Fraction 3. This
difference was still apparent when comparing Fractions 3 and 7 but, unlike NA, NP abun-
dance was still reduced in Fraction 10 compared to Fraction 7. The difference in the changes
in NP and NA abundance may reflect Fraction 7 still containing more non-filamentous than
filamentous virions, even though its biomass is dominated by the filamentous virions (Fig-
ure 5.8). As virions seem able to package, at most, one copy of the genome regardless of
morphology (Vijayakrishnan et al., 2013; Halldorsson et al., 2021), it is reasonable to as-
sume that NP abundance will be more strongly influenced by the number of virions rather
than their mass, which would be consistent with these results. These data therefore suggest
that NP is depleted in filamentous virions, but it is harder to determine whether this reflects
differences in genome packaging or differences in virion size.

The polymerase subunits were not detected at all in Fraction 10, but they were only de-
tected in low abundance in Fraction 3 and it is likely they are below the limit of reliable
detection rather than completely absent. Indeed, PB2 and PB1 could be detected in Fraction
7, but were approximately tenfold less abundant than in Fraction 3 (Figure 5.12). It is there-
fore harder to draw conclusions about these proteins, but it seemed that their abundance
scaled with NP, which is likely as they all form part of the RNP complexes.

NS1 was reduced fivefold in Fraction 10 compared to Fraction 3. This protein is not be-
lieved to be specifically packaged into virions (Hutchinson et al., 2014), and so it would be
expected to scale with virion size like NA. However, unlike NA, NS1 was still depleted in
Fraction 10 when compared to Fraction 7. NS1 is therefore depleted in filamentous virions,
but it does not appear to scale directly with virion size.

Taken together, the data suggest all viral proteins except HA are depleted in filamentous
virions relative to M1, though the mechanisms underlying this may vary between proteins
that would be expected to scale with virion size (e.g. NA) and those that would not (e.g.
NP).

This conclusion assumes that variation in composition is a direct consequence of variation
in morphology. It is, however, possible that other factors that are indirectly associated with
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morphology also have an effect. For example, the virions used here were grown over 96
hours and it is likely that the host cell proteome varies throughout infection. This variation
could lead to compositional differences associated with morphology if virions of a different
morphology were favoured at different times of infection. If this were the case the density
gradient could effectively act as a time course, showing variation throughout a course of
infection. Furthermore, microvesicles shed by infected cells contain viral proteins such as
NP and NS1 (Hutchinson et al., 2014). If these microvesicles all had comparable densities
to non-filamentous virions, they would aggregate at the same region of the density gradient
and so their composition would be mistake for that of virions. This could explain why NS1
abundance does not appear to scale with virion size. Potential problems such as these mean
that these findings are best treated as a foundation step and validated with further investiga-
tion.

5.4.3 Post-translational modifications

Having determined how the abundance of proteins varied with morphology, I then con-
sidered whether the post-translational modifications (PTMs) of those proteins also varied.
To assess this, I took the mass spectrometry data from the previous section and filtered it
to remove any protein that was not detected in at least two repeats in both Fraction 3 and
Fraction 10. I then ran an analysis to detect PTMs in the remaining samples and compared
the frequency of each modification of each protein. A total of 1819 sites across 208 pro-
teins were considered. No clear pattern was observed: these data were very noisy, and no
PTM of any protein stood out as varying with morphology more strongly than noise. Con-
sequently, I could not conclude that PTMs vary with morphology.

5.5 Discussion

5.5.1 Summary

Here, I have shown that standard resolution confocal microscopy has limitations for as-
sessing filamentous virion composition in detail, but is invaluable in the rational design of
gradient purification methods to enrich samples for a given morphology. Mass spectrom-
etry comparisons of these enriched samples suggested that most host-derived proteins and
PTMs were either of a very low abundance or similar regardless of morphology, but all vi-
ral proteins expect HA are depleted in filamentous virions compared to non-filamentous
virions.

127



CHAPTER 5. COMPOSITIONAL COMPARISON OF ENRICHED SAMPLES

5.5.2 Composition beyond the proteome

The work I have described here focuses purely on the proteome of virions, but factors such
as the lipid content of virions or the glycosylation of proteins may also vary with morphol-
ogy. Due to restrictions on time and access to the appropriate equipment and expertise, I
was unable to assess these other aspects of composition during the course of this thesis,
but I did use the procedures described above to provide samples to a collaborating group,
which will be used in ongoing lipidomic and glycomic analysis.

5.5.3 Differences in composition may underpin differences in
function

The relative depletion of most viral proteins in filamentous virions suggests possible ef-
fects on virion function. First, the depletion of NP and the polymerase relative to M1 may
mean that filamentous virions are less infectious than non-filamentous virions. However,
this apparent depletion may just be due to the much greater size of filamentous virions.
For this to be true, the tenfold decrease in NP abundance would have to correlate with fil-
amentous virions being, on average, ten times larger than non-filamentous virions. As dis-
cussed in Section 5.3.3.2, this is not far from my estimate that the filamentous virions in
these samples are 14–18x larger than non-filamentous virions, but it is still below it. It is
therefore a reasonable interpretation of these data that filamentous virions package less
NP per virion than non-filamentous virions, consistent with single-particle observations
of genome packaging in filamentous virions (Vijayakrishnan et al., 2013; Zhu et al., 2021;
Vahey & Fletcher, 2019b). Second, the relative reduction in NA compared to HA suggests
that the balance of activity between these two proteins varies with morphology. This, too,
is consistent with single-particle observations of glycoprotein abundance (Calder et al.,
2010; Vahey & Fletcher, 2019a,b). Indeed, the finding that larger filamentous virions do
not spontaneously free themselves from adsorption to red blood cells (Figure 5.2) could be
explained by filamentous virions having much more HA activity relative to NA activity. I
therefore decided that my analysis of the functional differences between filamentous and
non-filamentous virions would begin by investigating infectivity and glycoprotein activity.

As with analysing composition, analysing how virion function varies with morphology
will depend on a method to separate filamentous and non-filamentous virions. I reasoned
that the gradient purification method described here could enable functional comparisons
of these types of virions. However, the damage that virions incur during this purification,
while not affecting compositional analysis, could plausibly affect functional analysis. The
methods developed in this chapter therefore provided a useful starting point for functional
analysis, but needed to be adapted to avoid the problem of virion damage.
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5.5.4 Conclusion

In conclusion, the methods developed in this chapter allowed the analysis of how virion
composition varies with morphology. This in turn provided the necessary data to design a
targeted study of how virion function varies with morphology. The technical issues asso-
ciated with these compositional analyses mean they cannot be interpreted in isolation, and
instead need to be validated by functional analysis. This integrative approach will help to
overcome the drawbacks of any one method and place the characterisation of the roles of
filamentous virions on a solid foundation.
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Chapter 6

Functional comparison of
filamentous and non-filamentous virions

6.1 Introduction

6.1.1 Investigating infectivity and glycoprotein activity

Function could vary with morphology in many ways. Here, I will focus on the two promis-
ing functional properties identified from the analysis of virion composition: infectivity and
glycoprotein activity. By themselves, differences in these basic properties may not fully
explain the role of filamentous virions – for example, if one virion morphology is more in-
fectious than the other, then it raises the question of why influenza virus does not evolve to
only produce virions of that morphology. However, understanding these basic properties of
virions is a necessary first step before examining the more complex interactions between
virions and their environment.

Many methods exist to examine infectivity and glycoprotein activity, but they need to be
adapted due to the unique analytical problems caused by filamentous virions. The size dif-
ference between filamentous virions and non-filamentous virions must be considered, as
some properties will likely scale with size, such as HA activity, whereas others will not,
such as the number of cells a virion can infect. Care must be taken when comparing these
two types of property. For example, comparing infectivity and HA activity could yield the
seemingly interesting conclusion “filamentous virions have more HA activity per infec-
tious unit than non-filamentous virions”, but this would just reflect the trivial observation
that “larger virions contain more proteins than smaller virions”. Furthermore, the damage
caused to virions by freezing constrains the use of many common methods of standardising
experimental input, such as plaque titre or protein concentration, as these are typically per-
formed after freezing several equivalent aliquots of a sample which can then be thawed for
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use in separate assays. As inputs cannot be easily standardised, my analyses of virion func-
tion will measure multiple, related properties and examine the relationship between them
rather than measuring the absolute value of just one.

6.1.2 Identifying an optimal system to assess virion function

Determining how functional properties vary with morphology requires a method to gen-
erate a predominantly filamentous sample and a predominantly non-filamentous sam-
ple. As discussed in the previous chapter, mutants that alter morphology are not suitable
for this analysis, as the mutations may unpredictably affect other properties of the virion.
Therefore, as with the compositional analysis, it is better to separate filamentous and non-
filamentous virions from the same initial stock. However, functional analyses have addi-
tional requirements. First, functional properties do not necessarily scale with biomass, and
so the non-filamentous virions present in samples enriched for filamentous virions cannot
be considered negligible. For example, a filamentous virion may have twice the biomass of
seven non-filamentous virions, but can only initiate 1

7
th as many infections (assuming all

the virions are fully infectious). Second, the non-filamentous virions present in both sam-
ples might have different properties which would be difficult to rule out experimentally.
Third, once samples enriched for a particular morphology have infected cells, they will
produce pleiomorphic progeny, so any experiments based on replication can only measure
effects that occur during an initial viral replication cycle. Fourth, the damage caused by the
purification methods described in the previous chapter may impact virion function, and so a
less damaging purification method is necessary. These constraints must all be considered in
order to design a protocol to enrich samples of virions for a functional analysis of different
morphologies.

6.1.3 Conclusion

In this chapter, I describe a modified purification method that can produce samples suitable
for functional analysis. Using these samples, I compared functional properties that were
independent of absolute virion concentration and which did not require multi-cycle replica-
tion. To assess how infectivity varies with morphology, I compared how efficiently virions
initiate productive infections. To assess how glycoprotein activity varies with morphology,
I measured the HA and NA activity of virions and tested whether this variation is likely to
affect the more physiologically relevant property of resisting mucus inhibition.
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Figure 6.1: A low-yield gradient can enrich samples by morphology.
To determine whether the altered purification methodology could still enrich samples
by morphology, virions were obtained by collecting supernatant from MDCK cells
that had been infected with influenza A/Udorn/307/72 (H3N2) for 24 hours. Sam-
ples were clarified by centrifugation for 5 min at 1800 g at room temperature, then
purified with a 20-30% iodixanol gradient overnight by ultracentrifugation at 4 °C
at 210,000 g and the sample was split into 12 fractions by puncturing the base of the
tube and collecting the flowthrough in separate containers. The abundance of fila-
mentous virions was calculated using the analysis pipeline described in Chapter 3.
Non-filamentous virions were detected by using Analyse Particles to count particles
with empirically determined parameters of a circularity > 0.9 and an area between
0.03 and 0.1 μm2 (implemented with the custom ImageJ Macro BatchSphereAnaly-
sis.ijm). (a) Values for each fraction were expressed as a proportion of the total par-
ticles of that morphology counted in the gradient. Points indicate mean, whiskers
indicate s.d. (three independent experiments). (b) The data described in (a) were used
to plot the abundance of filamentous virions as a proportion of all virions detected in
each fraction. Points indicate mean, whiskers indicate s.d. (three independent experi-
ments).
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6.2 Results I: Non-damaging virion enrichment

To develop a purification process that would minimise damage to virions, I modified the
protocol described in the previous chapter. I reasoned that removing as many steps as pos-
sible from the protocol would minimise the opportunities for damage to occur. The previ-
ous protocol contained a pelleting step to generate high-concentration samples of virions,
and I suspected that compressing virions against the base of an ultracentrifuge tube was
the most likely step to cause damage. This step was previously necessary as the composi-
tional analysis required high concentration samples, but most functional analyses do not.
Therefore, instead of growing a high volume of virus over four days and concentrating it
by ultracentrifugation, I prepared samples of virus grown for one day in a low volume of
medium that could be applied to a density gradient directly. From that point I performed
the protocol as previously described. To distinguish the two methods, I refer to the original
method as “high-yield purification” and the updated method as “low-yield purification”.

Before checking whether low-yield purification reduced virion damage, it was first nec-
essary to confirm that it could still enrich samples for different morphologies. To do this,
I analysed the virions in each fraction of the gradient with the confocal analysis pipeline,
collecting data both on the filamentous virions and the less robust data on non-filamentous
virions (Figure 6.1a). The filamentous virions appeared to be distributed similarly in both
high-yield and low-yield purification, though they peaked in Fraction 9 rather than Fraction
10 (likely because a higher volume of sample was added to the gradient, which will have
diluted the upper fractions). However, the distribution of non-filamentous virions differed;
in the low-yield purification there were substantially fewer detected, and their distribu-
tion was similar to that of the filamentous virions. Despite this difference, it appeared that
the relative proportion of filamentous virions in each fraction still varied, with ~11% fil-
amentous virions in Fraction 4 and ~56% in Fraction 9 (Figure 6.1b). As observed in the
previous chapter, these are likely to be underestimates, though it was not possible to deter-
mine by how much as low-yield purification does not produce samples with a high enough
concentration for electron microscopy. As the capacity of the confocal analysis pipeline to
predict correlations with density and morphology had been validated in the previous chap-
ter (Figure 5.6), I concluded that the confocal analysis pipeline results demonstrated that
separation with a low-yield gradient had been successful.
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Figure 6.2: Omitting the pelleting step allows damage-free virion enrichment.

To determine whether the altered enrichment method damaged filamentous virions,
the micrographs from Figure 6.1 were examined for signs of damage. (a) Length dis-
tributions of filamentous virions were calculated with the confocal analysis pipeline
described in Chapter 3. Distributions are shown as frequency distributions (mean,
with 95% CI in grey) and distributions of the median filamentous virion length (mean
position of the population median indicated as a line, s.d. of this as whiskers). Dashed
line indicates the mean for unpurified samples prepared separately but in an equiv-
alent manner (”Unpurified”). The mean of the population medians for each frac-
tion were compared to the unpurified sample by two-tailed Student’s t-tests: n.s p >
0.05, * p < 0.05, ** p < 0.01, *** p < 0.001 (three independent experiments). (b) El-
lipses were fitted to each filamentous virion, and the major and minor axes of these
ellipses used to calculate the eccentricity. Mean eccentricities for each repeat are
shown (three independent experiments, mean indicated by a line, s.d. as whiskers).
Dashed line indicates the mean for unpurified samples prepared separately but in an
equivalent manner (”Unpurified”). Comparisons to unpurified were made by two-
tailed single-sample t-test: n.s p > 0.05, * p < 0.05, ** p < 0.01.
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To assess whether this method reduced damage to virions, I re-analysed the same micro-
graphs and assessed the distribution of filamentous virions lengths and the eccentricities
of their fitted ellipses. The median virion length was not substantially different between
fractions 7 and 12 and an unpurified sample, suggesting longer virions were not removed
during purification (Figure 6.2a, p > 0.05). Similarly, the eccentricities of the fitted ellipses
were not substantially lower than unpurified in fractions 7 to 12 and were even slightly
higher in fractions 9 and 10 (Figure 6.2b p < 0.05), which could be due to the reduced pro-
portion of shorter particles in these two fractions. This suggested that filamentous virions
were not being distorted and, together with the median length of the virions being main-
tained, suggested damage was not incurred during purification.

In conclusion, it appeared that the low-yield gradient could still enrich samples by virion
morphology, though it was harder to be certain about the degree of enrichment than when
using the high-yield gradient. I decided that this uncertainty was outweighed by the fact the
process left the filamentous virions undamaged and presumably with their functional prop-
erties intact. Therefore, while caution would be needed if an assay suggested the samples
were functionally identical (as this could mean the separation had not worked), I concluded
that it was appropriate to use this protocol to look for differences in virion function.

6.3 Results II: Infectivity varies with morphology

6.3.1 Introduction

Before discussing how infectivity varies among virions, it is useful to clarify the relevant
terminology. Here, “genome packaging” refers to the capacity of a virion to package any
RNPs, even if the full set is not present. A defect in genome packaging would therefore
lead to a virion completely lacking RNPs. “Genome bundling” refers to the capacity of a
virion to package a full set of RNPs. Virions with defects in genome bundling would there-
fore contain some RNPs, but not the full set necessary to initiate an infection.

The first functional property I investigated was how infectivity varied with morphology.
This was based on the finding that filamentous virions had approximately tenfold less NP
than M1, which could suggest filamentous virions are less efficient at genome packaging
or bundling. However, it is difficult to analyse the efficiency of genome packaging and
bundling on a per virion basis. For example, when using microscopy (Vahey & Fletcher,
2019b; Vijayakrishnan et al., 2013; Zhu et al., 2021) the presence of RNPs does not nec-
essarily indicate a complete genome is present, as some of the segments may be missing.
When using bulk population analysis, finding that there is one gene segment present in a
population per virion could mean all virions package that segment, or it could mean half
of virions package two and half package none. Instead, I focused on whether the bulk dif-
ferences I had observed in genome packaging in the previous chapter (based on abundance
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of NP and the polymerase) affected the capacity of a population of virions to utilise those
genomes.

6.3.2 The ratio of NP abundance to infectivity does not vary with
morphology

Figure 6.3: The ratio of NP abundance to infectivity does not vary with morphology
Virions were obtained from the supernatant of MDCK cells that had been infected
with influenza A/Udorn/307/72 (H3N2) for 96 hours, and concentrated by ultracen-
trifugation. Virions were purified with a 20-30% iodixanol gradient overnight by ul-
tracentrifugation at 4 °C at 210,000 g and split into 12 fractions by puncturing the
base of the tube and collecting the flowthrough in separate containers. Abundance of
nucleoprotein (NP) was measured by western blot for each fraction and normalised to
the total signal across the whole gradient. Infectivity was calculated for each fraction
by plaque assay, and normalised to the total infectious titre across the whole gradi-
ent. Graph shows pooled data from three independent experiments, with the numbers
indicating the fraction number. White points indicate samples taken from fractions
thought not to contain virions, based on the microscopy data from Figure 5.5 and
western blot data from Figure 5.10.

If virions had defects in bundling, a higher proportion of RNPs would be present in viri-
ons that cannot initiate a full replication cycle. Therefore, the ratio of NP to PFUs would
be higher in virions with bundling defects. The opposite phenomenon, of virions packaging
multiple genomes, would yield a similar result but is inconsistent with electron microscopy
data (Vijayakrishnan et al., 2013). To test this, I enriched samples for filamentous or non-
filamentous virions by density gradient purification and measured the NP content by west-
ern blot and infectious titre by plaque assay. Despite the disadvantages of using high-yield
purification to assess function, it was unavoidable in this case as the western blots needed
a higher protein concentration than could be achieved by low-yield purification. I saw that
the proportion of NP in a fraction was generally closely correlated with the infectious titre
of that fraction (Figure 6.3). The exceptions were Fractions 1 and 2 which contained a very
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high proportion of NP but almost no infectivity. As the confocal analysis did not detect
virions in these samples, and the western blot analysis from the previous chapter detected
minimal M1 in the bottom two fractions (Figure 5.10), I concluded that these were most
likely dominated by cell debris rather than virions. Of the fractions that did contain virions,
there was some variation in the ratio of NP content to infectivity. However, this variation
did not correlate with morphology and was not highly reproducible between repeats. Over-
all, there was no evidence for a link between morphology and the efficiency with which a
genome could initiate an infection.

As previously mentioned, the damage sustained by high-yield purification could have af-
fected virion infectivity, which makes these data more difficult to interpret. Improvements
in confocal microscopy of filamentous virions may make it possible to measure the NP
content of fractions from low-yield purifications and compare that with infectivity. How-
ever, that is not currently viable with antibody labelling for the reasons discussed in the
previous chapter, and alternative labelling strategies have only been successfully reported
using an unusual reassortant virus (Vahey & Fletcher, 2019b) which may have unusual
functional properties. It also worth noting that virions with defects in genome packaging,
which appear to be common for filamentous virions (Vijayakrishnan et al., 2013; Zhu et al.,
2021), would be undetectable in this assay. For these reasons, and due to the noise in the
data mentioned above, it cannot be concluded there is no difference in genome packaging
efficiency between filamentous and non-filamentous virions from these data. However, it is
reasonable to assume that any large disparities between NP and infectivity would have been
discernible, and so it is likely that any differences in genome bundling are relatively minor
at the population level.

6.3.3 Filamentous virions are enriched in semi-infectious particles

As well as differences in the ratio of NP to infectivity, variation in genome bundling effi-
ciency should manifest in variation in the ratio of semi-infectious particles (SIPs, virions
which package some, but not all, functional RNPs) to fully infectious particles (FIPs, viri-
ons which package a full set of functional RNPs). I therefore measured this ratio in samples
enriched for different virion morphologies.

To measure the abundance of semi-infectious particles. I adapted a previously described
method (Brooke et al., 2013). I infected a monolayer of MDCK cells with a limiting dilu-
tion of Udorn and incubated it for 24 hours (under an agarose overlay to prevent virion dif-
fusion), before fixing the cells and immunostaining NP. Any cell infected by a FIP would
(by definition) have produced infectious progeny which could infect neighbouring cells,
resulting in a cluster of cells expressing viral proteins. Any cell infected by a single SIP
could (by definition) not produce infectious progeny and so only this initial cell would ex-
press viral proteins. At dilutions where foci of infection could be distinguished, the ratio of

138



CHAPTER 6. FUNCTIONAL COMPARISON OF ENRICHED SAMPLES

Figure 6.4: Filamentous virions are enriched in semi-infectious particles.
Virions were obtained by collecting supernatant from MDCK cells that had been in-
fected with influenza A/Udorn/307/72 (H3N2) for 24 hours. Samples were clarified
by centrifugation for 5 min at 1800 g at room temperature, then purified with a 20-
30% iodixanol gradient overnight by ultracentrifugation at 4 °C at 210,000 g and
the sample was split into 12 fractions by puncturing the base of the tube and col-
lecting the flowthrough in separate containers. Fraction 5 (as a predominantly non-
filamentous sample) and Fraction 10 (as a predominantly filamentous sample) were
used to infect a confluent monolayer of MDCK cells for 24 hours. (a) This was then
fixed and NP was immunostained (indicated in red) to identify infected cells. Flu-
orescent objects larger than 350 µm2 but smaller than 3300 µm2 were classified as
cells and are highlighted in red and objects larger than 3300 µm2 were classified as
plaques and are highlighted in green. (b) The number of plaques was calculated as a
proportion of the total fluorescent objects. Bars indicate mean proportion, whiskers
indicate s.d. (three independent experiments). Means were compared using two-tailed
Student’s t-tests: * p < 0.05.
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infectious particles to cells would be much less than one, and so the probability of comple-
mentary SIPs coinfecting a cell and producing infectious progeny would be extremely low.
By using size-gating, I could compare the ratio of plaques to single cells in the monolayer
(Figure 6.4a). As I only stained NP, this measurement will underestimate the concentra-
tion of SIPs in the initial sample, as FIPs necessarily express NP whereas SIPs can fail to
express any combination of viral proteins, including NP (Brooke et al., 2013). However,
the ratio of plaques to single cells calculated by staining NP will correlate with the ratio
of FIPs to SIPs, provided any packaging defects affect all genome segments equally. Fur-
thermore, as I was comparing the ratio in filamentous and non-filamentous virions in the
same way, both samples would be equally affected by this issue. I observed that ~9% of the
infectious particles in a sample enriched in non-filamentous virions were fully infectious,
compared to ~5% of the infectious particles in a sample enriched in filamentous virions
(Figure 6.4b). This suggests that filamentous virions are enriched in SIPs relative to non-
filamentous virions, which is likely underpinned by differences in genome bundling.

It is unclear why this analysis suggested a difference in genome bundling but the com-
parison of NP abundance and infectivity did not. It is possible that the comparison of NP
and infectivity was affected by virion damage, or the presence of unevenly distributed NP
that was not virion associated (such as that packaged in microvesicles, Hutchinson et al.
(2014)). These issues would not affect the analysis of FIPs and SIPs, so I considered this
result to be more robust.

This interpretation of the data assumes that only morphology accounts for the different den-
sities of influenza virions. However, as shown in the previous chapter, even a predomi-
nantly spherical virus such as WSN still produces virions with a broad range of densities
(Figure 5.4). It is possible that this range could be influenced by genome packaging and
bundling; for example, virions with fewer genome segments could be less dense. If this is
the case, then the non-filamentous virions present in the samples enriched for filamentous
virions may have different genome packaging and bundling efficiencies than their coun-
terparts in samples enriched for non-filamentous virions. Controlling for this possibility
requires a method to enrich virions that does not depend on density. As discussed in the
previous chapter, this is challenging, but an improved method to separate virions by size,
such as filtration or rate-zonal centrifugation, will make it possible to validate these mea-
surements of the proportion of fully infectious particles.

6.3.4 Conclusion

These data suggest that filamentous virions are less likely to package complete genomes
than non-filamentous virions, resulting in an apparently less efficient use of the resources
of the host cell. In contradiction to some previous reports (Ada et al., 1957; Smirnov et al.,
1991), the data do not support a model where filamentous virions are more robustly infec-
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tious than non-filamentous. If the formation of filamentous virions is indeed adaptive, it
therefore seemed likely that their advantages lay in functional properties other than infec-
tivity.
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Figure 6.5: Filaments virions have more HA activity relative to NA activity.

Virions were obtained by collecting supernatant from MDCK cells that had been in-
fected with influenza A/Udorn/307/72 (H3N2) for 24 hours. Samples were clarified
by centrifugation for 5 min at 1800 g at room temperature, then purified with a 20-
30% iodixanol gradient overnight by ultracentrifugation at 4 °C at 210,000 g. The
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sample was split into fractions by puncturing the base of the tube and collecting the
flowthrough in separate containers. (a) HA activity for each fraction was measured
with an HA assay. Points indicate mean HAU/ml, whiskers indicate s.d. (three in-
dependent experiments). (b) NA activity for the same samples as (a) was calculated
using an Amplex Red Assay. Points indicate mean NAU/ml, whiskers indicate s.d.
(c) The data from (a) and (b) were combined to calculate the HAU/NAU for each
fraction. Points indicate mean, whiskers indicate s.d.
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6.4 Results III: Glycoprotein activity varies with virion
morphology

6.4.1 Introduction

From the compositional analysis, I predicted that glycoprotein activity would vary with
morphology. The ratio of HA to NA in filamentous virions is approximately fivefold higher
than in non-filamentous virions, which suggests that filamentous virions should have a
fivefold increase in HA activity relative to NA activity. If this activity difference exists,
it could underpin functionally relevant differences in vivo, affecting processes such as navi-
gating mucus and adhering to target cells.

6.4.2 The balance of HA and NA activity varies with morphology

To measure how the ratio of HA to NA activity varied with morphology, I first determined
the HA titre of each fraction from a low-yield purification by HA assay using chicken red
blood cells (Figure 6.5a). Using samples of the same fractions, I also determined the NA
activity using an Amplex Red assay (Figure 6.5b). Combining these two titres gave the HA
activity relative to NA activity for each fraction (Figure 6.5c). This value was highest in
Fractions 10 and 11 (at 1.2 and 1.3 HAU/NAU respectively) and lowest in Fractions 1-7 (at
0.2 HAU/NAU). This meant there was an approximately sixfold change in the ratio of HA
to NA activity between the fractions most enriched for filamentous virions and the fractions
most enriched for non-filamentous virions. This was in close agreement with the predicted
fivefold difference from the compositional comparison.

These findings confirmed that compositional differences between virions of different mor-
phologies can lead to functional differences. They also suggest that the activity of individ-
ual glycoproteins is similar regardless of virion morphology, as the difference in functional
effects is closely tied to their abundance. As well as validating the compositional analysis
performed in the previous chapter, these findings also suggests that any viral processes that
depend on the HA/NA balance could vary with morphology.

6.4.3 Virion morphology does not affect inhibition by mucus

The various mucins that comprise mucus are highly enriched in sialic acids, and so act as
decoy receptors for HA. This inhibits virion spread (Zanin et al., 2016). Virions can tra-
verse mucus because these decoy receptors are cleaved by NA, however, if the NA activity
is too high relative to the HA activity, the virions will also be unable to bind entry receptors
at the plasma membrane. The HA/NA balance therefore is vital for successfully evading
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Figure 6.6: Virion morphology does affect inhibition by mucus
Virions were obtained by collecting supernatant from MDCK cells that had been in-
fected with influenza A/Udorn/307/72 (H3N2) for 24 hours. Samples were clarified
by centrifugation for 5 min at 1800 g at room temperature, then purified with a 20-
30% iodixanol gradient overnight by ultracentrifugation at 4 °C at 210,000 g and
the sample was split into 12 fractions by puncturing the base of the tube and collect-
ing the flowthrough in separate containers. Mucus was harvested from human air-
way epithelial cells, which had been grown to confluency and differentiated over the
previous four weeks. Plaque assays were performed using serial dilutions of mucus,
where virus samples were diluted in mucus and incubated at 37 °C for 30 min, before
the mucus was removed and cells overlaid with 2% agarose. Graph indicates mean
infectivity for each mucus dilution, normalised to a no-mucus control, for the pre-
dominantly non-filamentous Fraction 4 and the predominantly filamentous Fraction
9.
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mucus, and so the finding that this balance varies with morphology could mean resistance
to mucus inhibition also varies with morphology.

The inhibitory effects of mucus vary depending on its constituent mucins. For example,
strains of influenza that are inhibited by human mucus may not be inhibited by porcine
mucus (Zanin et al., 2015). Furthermore, any individual mucin might not have the same in-
hibitory properties as the collection of mucins which make up mucus. To minimise these
potential confounding effects, I wanted to use mucus as similar as possible to actual hu-
man mucus for the experiment. I therefore obtained mucus derived as a by-product from
a differentiated primary human bronchial epithelium model, which was kindly donated by
Joanna Wojtus (MRC-University of Glasgow Centre for Virus Research).

To measure the inhibitory effects of mucus on virions, I performed a modified plaque assay
where the virus samples were diluted in mucus. I serially diluted the initial mucus samples
and, with each dilution of mucus, made a dilution series of viruses, using samples enriched
in filamentous or non-filamentous virions. These samples were overlaid on MDCK cells for
30 minutes to allow virions to adsorb to cells, then removed. The cells were overlaid with
agarose, incubated for two days, and fixed and stained per a standard plaque assay. The
plaques were then counted to determine the infectious titre (Figure 6.6). The concentration
of mucus was negatively correlated with the infectivity of the samples, suggesting that the
mucus could indeed prevent virions from infecting cells. However, the inhibitory effect
of mucus was near identical for both filamentous and non-filamentous virions. Therefore,
the fivefold difference in HA/NA activity associated with virion morphology does not lead
to differences in susceptibility to mucus inhibition. This may be because fivefold is too
small a difference to have a meaningful effect, or it may be that virions with the appropriate
HA/NA balance to evade mucus are less able to stably bind entry receptors and vice versa,
so the two effects cancel out. Regardless of the reason, the data do not support a model
where pleiomorphy is an adaptation to evade mucus inhibition.

It should be noted here that the apparent decline in infectivity at dilution levels 0.00001 and
0.0001 relative to 0.001 for Fraction 4 (Figure 6.6) is difficult to explain. As samples are
normalised to a control containing no mucus, infectivity would not be expected to decline
as mucus was diluted out of the samples. This suggests there may have been a technical
problem affecting the plaque assays, and so these data should be treated as preliminary.

These experiments assume that the reduction of infectivity seen was caused by mucins,
and not by some other product present within the mucus. It would have been preferable to
validate this by degrading the mucus with exogenous neuraminidase to see if this relieved
the inhibition. Unfortunately, this was not possible due to time constraints. Despite this
drawback, it is reasonable to assume that mucins were causing the inhibition as there is
no other obvious candidate that could have caused it. Similarly, these conclusions assume
that the mucus that could be removed from bronchial epithelial cells is a good representa-
tion of respiratory mucus at the natural site of infection. In reality, respiratory mucus com-
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prises membrane-bound and secreted mucins (Bansil & Turner, 2018), and so the impact of
any cell-associated mucins will have been missed as they cannot be removed. Mucus also
comprises distinct layers in vivo, which vary in composition and density (Bansil & Turner,
2018), whereas the experiments described here used homogenised mucus across a range
of concentrations. It would therefore be useful for future research to explore the role of
mucins further by infecting a bronchial epithelial model directly.

6.4.4 Conclusion

Together, these data suggest that variations in HA and NA abundance in virions underpin
functional differences in HA and NA activity. However, these functional differences did
not lead to different susceptibilities to mucus inhibition. It may be the case that the vari-
ation in HA and NA bears no physiological relevance, perhaps due to the advantages and
drawbacks cancelling each other out, or due to the range of activities seen simply not be-
ing broad enough to have a functional effect. It may also be the case that the balance of
HA/NA activity is relevant elsewhere in the replication cycle. In future work it would be of
interest to test these other areas, such as measuring the rate of virion uptake or the suscepti-
bility of different virions to neutralising antibodies.

6.5 Discussion

In this chapter, I have shown how methods to enrich virion samples by morphology can be
readily adapted to address questions about virion function. I applied compositional analysis
of filamentous virions to make predictions about their function, and then used these meth-
ods to test those predictions. I found that differences in the M1, NP, HA, and NA protein
levels in virions corresponded with filamentous virions being less robustly infectious than
non-filamentous virions but possessing a higher ratio of HA/NA activity. The finding that
morphology has no impact on susceptibility to mucus inhibition suggests that these differ-
ences detected in vitro may not simply map to physiological differences in vivo, possibly
because these physiological effects are influenced by many factors, both host and viral,
and cannot be explained simply by one. If this is the case, unpicking these complex com-
binations will depend on first identifying their constituent parts. The work described here
therefore not only provides data characterising two functional properties of filaments, in-
fectivity and glycoprotein activity, but also demonstrates a readily adjustable work flow for
further studies of filament functions.

147



Chapter 7

Discussion

7.1 Summary of key findings

In Chapter 1, I introduced the following four aims for this project:

Aim 1: Develop a method to analyse the dimensions of individual filamentous virions in a
sample and detect changes to their concentration.

Aim 2: Validate a set of standard laboratory handling techniques that can be used to manipu-
late filamentous virions without damaging them.

Aim 3: Perform a detailed comparison of the composition of filamentous and non-filamentous
virions.

Aim 4: Use the compositional comparison to build and test hypotheses about the functional
differences between filamentous and non-filamentous virions.

In the subsequent chapters I demonstrated how confocal microscopy can be used to quickly
count and measure filamentous influenza virions. With this method, I demonstrated that
most laboratory handling methods cause minimal damage, but freezing severely damages
filamentous virions. I showed how filamentous and non-filamentous virions can be en-
riched by an adaptable and reproducible isopycnic centrifugation method, which allowed
me to determine that, other than HA and (presumably) M1, viral proteins in filamentous
virions are depleted relative to their size. This results in a reduction in their infectivity and
an increase in their ratio of HA to NA activity, though filamentous virions were nonethe-
less as susceptible to mucus inhibition as non-filamentous virions.

Having therefore achieved my aims, and obtained these data on the basic characteristics of
filamentous virions, here I return to the questions raised in Chapter 1 and discuss how my
findings relate to outstanding questions about the biology of influenza viruses and broader
questions about how to reduce the harm they cause.
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7.2 Resolving methodological problems

7.2.1 Visualisation allows efficient sample characterisation

A common issue in influenza virus morphology research is that studies often lack detailed
information about the size and concentration of filamentous virions, particularly when sam-
ples are not concentrated enough for electron microscopy. The confocal microscopy anal-
ysis pipeline I have described in Chapter 3 offers an efficient, readily adaptable solution to
this problem. While it lacks some potentially useful features, notably the capacity to mea-
sure absolute virion concentrations, the method I describe here could be readily adapted by
future researchers to characterise the samples they are using. Presenting these data along-
side research into the biological properties of filamentous virions would make it much
easier to compare studies from different researchers and could give insight into why these
studies often disagree with each other.

7.2.2 Past characterisations of filamentous virions are likely to
have been affected by virion damage

My finding that freezing causes severe damage to filamentous virions (Chapter 4) sug-
gests that artefactual damage to virions during laboratory handling issue are likely to have
affected past research, as many previous studies on isolated filamentous virions have ei-
ther clearly used frozen samples (Ada et al., 1958; Donald & Isaacs, 1954a) or failed to
state sample storage conditions (Campbell et al., 2014a,b; Rossman et al., 2010; Seladi-
Schulman et al., 2014; Sakai et al., 2017; Sieczkarski & Whittaker, 2005; Vahey & Fletcher,
2019a,b). Similarly, the finding that high-yield density gradient purification can damage
filamentous virions suggests that this could have affected many key studies of the proper-
ties of filaments (Donald & Isaacs, 1954a; Liu et al., 2002; Roberts et al., 1998; Sieczkarski
& Whittaker, 2005; Smirnov et al., 1991), and particularly those that used differential cen-
trifugation techniques featuring many ultracentrifugation cycles (Ada et al., 1958; Li et al.,
2021). It is impossible to tell to what extent damage has skewed the results of any of these
studies, but in the light of my results it is sensible to interpret their results with caution.
This issue could be avoided in future research by characterising virion samples using the
confocal microscopy pipeline, or a similar method, and validating the suitability of any
handling methods using a work flow as described in Chapter 4.
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7.2.3 An adaptable isopycnic centrifugation method facilitates
future research into influenza virion morphology

Although the various studies cited in the previous section reported using ultracentrifugation
to enrich virions by morphology, this process is widely considered difficult to reproduce
and a standard enrichment method has not been established (discussed in Kordyukova et al.
(2020)). My own data suggest this lack of reproducibility could be due to the properties
of the virions varying depending on their growth conditions. In my hands, the distribution
of non-filamentous virions was strikingly different between the low-yield and high-yield
purification processes (Figures 5.5 and 6.1). This suggests that an established protocol for
purifying filaments of one strain under particular conditions would not necessarily be ap-
plicable elsewhere, which may explain why most recent studies using ultracentrifugation
use a near identical rate-zonal protocol with Udorn or Udorn variants (Roberts et al., 1998;
Liu et al., 2002; Roberts et al., 1998; Sieczkarski & Whittaker, 2005) though a recent study
used differential sedimentation instead (Li et al., 2021). The approach I have described in
Chapter 5, using confocal microscopy to rapidly assess the distribution of virions in a den-
sity gradient and adjust it accordingly, should allow this issue to be avoided in future. It can
be applied to any virus strain that can be fluorescently labelled, and therefore would allow
a broader range of strains, grown in a broader range of conditions, to be studied.

7.2.4 Conclusion

Taken together, the methods I have described show how confocal microscopy validation
can underpin a broad range of tools to analyse the properties of filamentous influenza viri-
ons. These methods would be readily adaptable to novel strains or methods and will make
it possible to perform a range of basic characterisation processes that have not been previ-
ously possible.

7.3 The biology of filamentous virions

The tools I developed enabled me to characterise the composition and function of filamen-
tous virions. These findings do still rely on certain assumptions (see Chapters 5 and 6 for
detailed discussion), but these are quite conservative. Here I will discuss how the findings
relate to the differences between filamentous and non-filamentous influenza virions during
the replication cycle, as set out in Chapter 1.
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7.3.1 Assembly

That filamentous virions are enriched in semi-infectious particles suggests that they are
less likely to package a full complement of genome segments. It could be that they pack-
age the full complement and somehow acquire more defective segments, but it is difficult
to suggest a mechanism by which this could occur and the possible reduced abundance
of NP in filamentous virions better matches a model in which genome segments are en-
tirely absent. This finding agrees with previous data suggesting filamentous virions often
package no genome (Vijayakrishnan et al., 2013; Halldorsson et al., 2021) and suggestions
that the strength of M1:NP binding correlates with morphology (Burleigh et al., 2005; Liu
et al., 2002). It also provides further evidence against earlier suggestions that filamentous
virions may be multigenomic or otherwise enriched in NP (Ada & Perry, 1958; Roberts
et al., 1998; Smirnov et al., 1991). If true, however, it is not clear whether this alteration in
genome packaging is a cause or a consequence of a filamentous morphology. It is possible,
for example, that a full complement of RNPs in a nascent virion enhances scission and so
virions lacking RNPs are more likely to keep growing into filaments. Conversely, it is pos-
sible that the tighter M1 helix in filamentous virions somehow reduces the capacity of M1
to bind NP, and so filamentous virions are less likely to package RNPs. Regardless of the
mechanism, it is not clear how the reduced packaging efficiency could be directly adaptive.

The similarities between in the host-derived proteome of filamentous and non-filamentous
virions described in Chapter 5 suggest that the budding sites of the two types of virion are
very similar. This is unsurprising, as microscopy shows virions of different morphologies
budding in close proximity (Morgan et al., 1956), but is provides some evidence against
a model where differences in lipid raft composition affect the morphology of the virions
assembling there.

While the presence of most of the proteins present in influenza virions does not vary with
morphology, the differences in the abundance of these proteins suggests that some aspect
of assembly does. If this were not the case, then filamentous virions could be viewed as
“long spherical virions”, but in that instance the relative abundance of viral proteins would
be the same. Instead, the data presented here support a model of filamentous virions be-
ing like spherical virions at one pole, but with a long tail mostly comprised of M1 and
HA. This agrees with previous findings that the viral components of filamentous virions
are often polarised (Calder et al., 2010; Chlanda et al., 2015; Kolpe et al., 2019; Vahey &
Fletcher, 2019b,a), though is hard to reconcile with the observation that NA can be con-
centrated on the opposite pole to the RNPS (Calder et al., 2010). This could arise if HA
were the most abundant viral protein outside of the lipid raft where the viral proteins were
initially concentrated. If scission was delayed after the first stages of assembly and M1 con-
tinued to oligomerise, then surrounding material would be non-specifically incorporated
into the virion, leading to an imbalance in proportional protein abundance. If this is correct,
then the relative abundance of viral proteins should scale with filamentous virion length.
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It would therefore be interesting for future work to compare the proteomes of filamentous
virions that had been enriched based on length, potentially by passing them through a series
of filters with different pore sizes.

7.3.2 Transmission

The finding that HA and NA activities vary with morphology could underpin differences
between filamentous and non-filamentous virions throughout the replication cycle. Fil-
amentous virions having relatively more HA suggests that they should be more likely to
become permanently entangled with mucins, in a similar process to that which prevents
them eluting from red blood cells (Figure 5.2). It has been suggested that the distribution
of HA and NA can matter as much as their abundance, and and one study has shown fila-
mentous virions can have HA and NA activity which is polarised in such a way as to allow
them to penetrate mucus (Vahey & Fletcher, 2019a). However, this study did not measure
infectivity and so it was not clear whether this phenomenon increased viral fitness. My data
suggest that variations in the activity of HA and NA do not confer any advantage when
infecting cells in the presence of mucus. It may be that the two effects cancel out, where
filamentous virions with appropriately polarised glycoproteins are better at penetrating mu-
cus than non-filamentous virions, but filamentous virions with less polarised proteins are
more likely to be trapped. It may also be due to filamentous virions often lacking genomes
(Vijayakrishnan et al., 2013) or carrying incomplete genomes (see Chapter 6) – it does not
matter if filamentous virions can better evade mucus if they cannot initiate a full infection
once they have done so. It also seems unlikely that differential HA and NA activity will be
the cause of the sole fitness advantage from forming filamentous virions, as influenza C
virus (as do many other respiratory viruses, see Chapter 1) forms filamentous virions but
uses only one protein to bind and destroy receptors.

7.3.3 Entry and unpacking

My characterisation of filamentous influenza virions suggests there may be some differ-
ences at the entry stage of the replication cycle. The effect of morphology on HA and NA
activity may affect virion entry, as more HA activity should result in tighter binding of viri-
ons to cells and so improves the likelihood of triggering entry. Conversely, it may make the
virion more likely to be trapped at a region of the cell where the receptor density is too low
to initiate entry (Sieben et al., 2020). It would therefore be interesting to measure the up-
take rate of filamentous and non-filamentous virions directly, perhaps by labelling virions
with a lipophilic dye and using it to measure fusion as described by Banerjee et al. (2013).

The finding that filamentous virions are enriched in SIPs means that research into the vary-
ing contributions of FIPs, SIPs, and defective interfering particles (DIPs) (reviewed by
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Brooke (2017)) may also be applicable to morphology. This includes the finding that SIPs
are more prone to reassortment than FIPs - the same is presumably therefore likely to be
true of filamentous virions relative to non-filamentous. The mechanism for this is unclear,
but it could be enhanced due to variation in virion entry due to morphology. Filamentous
virions depend on macropinocytosis for entry (Rossman et al., 2012), and the much larger
vesicles involved means it is physically possible to internalise multiple virions simultane-
ously. It is therefore possible that cells infected by filamentous virions are more likely to
be coinfected and also more likely to produce reassortant virions. It seems unlikely that
this phenomenon would lead in itself to the selection of filament-forming mutations, but it
could be that filamentous virions drive influenza virus genome diversity more than would
be expected from their abundance alone.

7.4 The role of pleiomorphy in replication

After characterising the composition and some functions of filamentous virions, their role
is arguably more elusive than before. If anything, filamentous virions are less infectious
than non-filamentous virions, and the variation in their glycoprotein activity does not ap-
pear to be physiologically relevant, nor can it explain why influenza C viruses, which only
express one type of glycoprotein, still form filamentous virions. Indeed, the simplest ex-
planation which fits the available data as to why filamentous virions form is that they are
caused by a failure of scission and not a regulated process. Despite this, evidence based on
passage histories still suggests that pleiomorphy is somehow adaptive (Dadonaite et al.,
2016).

It is possible that the difficulty in understanding the role of filamentous virions derives
from the popularity of one laboratory-adapted strain, Udorn (Roberts et al., 1998; Roberts
& Compans, 1998; Liu et al., 2002; Simpson-Holley et al., 2002; Bourmakina & García-
Sastre, 2003; Elleman & Barclay, 2004; Burleigh et al., 2005; Sieczkarski & Whittaker,
2005; Speshock et al., 2007; Calder et al., 2010; Grantham et al., 2010; Elton et al., 2013;
Roberts et al., 2013; Vijayakrishnan et al., 2013; Hirst & Hutchinson, 2019; Kolpe et al.,
2019), or mutants and reassortants based on it (Roberts et al., 1998; Bourmakina & García-
Sastre, 2003; Sieczkarski & Whittaker, 2005; Bruce et al., 2010; Beale et al., 2014; Vahey
& Fletcher, 2019b,a) as a model strain. Udorn’s popularity among researchers, including
in the work presented in this thesis, is because it grows readily under laboratory conditions
but still forms filamentous virions. However, this combination of properties is not typical
of influenza virus strains and it may be that Udorn filamentous virions are not representa-
tive of influenza filamentous virions generally. Indeed, is noteworthy that although much
of the biochemical characterisation of filamentous virions has been performed using Udorn,
the passage experiments and observations which demonstrate that pleiomorphy is adaptive
have been performed with other strains (Burnet & Lind, 1957; Chu et al., 1949; Seladi-
Schulman et al., 2013). It would therefore be advantageous for future work to sample a
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broader range of strains and to perform basic characterisations and passage experiments
using the same strain. This approach is only viable if the methods used are efficient and
widely accessible, and so the simple, adaptable methods described in this thesis will facili-
tate these future studies. Similarly, virion properties are generally characterised in artificial
in vitro settings, but this does not necessarily correlate with physiological relevance. These
in vitro characterisations are a prerequisite to identifying roles in vivo, but they should
then be tested in more relevant models such as primary cultures and tissue explants. As
these systems are more complex that in vitro models, removing confounding variables by
thoroughly characterising virion samples before experiments is even more important. The
methods described in this thesis allow this robust characterisation to be performed, and so
will facilitate this move into more complex model systems.

Research into pleiomorphy may also be limited as it has often focused on the intrinsic prop-
erties of filamentous virions. However, mutations which lead to filamentous virion pro-
duction may also change the properties of non-filamentous virions, and it may be that it is
these other changes that are adaptive. This could be studied by taking genetically similar
strains of influenza virus that have different morphologies and enriching them all for non-
filamentous virions only. If these samples show significant functional differences, it could
indicate that filamentous virion production is simply a side-effect of changes elsewhere,
and is not itself adaptive.

It should also be noted that the natural reservoir of influenza virus is waterfowl, where the
main route of transmission is faeco-oral rather than respiratory (Fleming, 2005). It is pos-
sible that pleiomorphy has a much greater effect on viral fitness via this transmission route
and has only minor effects on respiratory transmission. It would therefore be useful for fu-
ture research to examine the impact of pleiomorphy on faeco-oral transmission, such as
stability in lake water or resistance to the pH changes in the digestive tract. If strong effects
of morphology are seen here, it might even be that pleiomorphy has little direct impact on
human transmission, though even then it may still present therapeutic targets.

7.5 Pharmaceutical options to control influenza

Even in the absence of a clearly defined role for pleiomorphy in infection, it may still be
possible to target filamentous virions pharmaceutically. Most influenza virus vaccination
strategies, and the neuraminidase inhibitor class of drugs, target glycoproteins. As the
abundance and activity of IAV glycoproteins varies with virion morphology, this may af-
fect response to treatments. Indeed, formation of filamentous virions has been linked to
resistance to neutralising antibodies (Li et al., 2021) and oseltamivir (Vahey & Fletcher,
2019b). These therapeutic interventions have already been tested empirically against natu-
ral strains of diverse morphologies, but the morphology of the strains involved has not been
accounted for. In the future, considering morphology may reveal ways to improve these in-
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terventions, for example, by adjusting treatment regimens to target strains which favour a
particular morphology, or potentially by finding methods to reduce the degree of filamen-
tous virion formation in patients. Discovering such methods will depend on developing a
thorough knowledge of the assembly mechanism of filamentous virions.

7.6 Reducing the burden of influenza

It is not currently possible to develop therapeutic measures to exploit pleiomorphy, but nor
is it possible to dismiss it as irrelevant. To use our understanding of pleiomorphy to reduce
the harm caused by influenza, we must first determine whether pleiomorphy is physiolog-
ically relevant, as otherwise research into it may drain resources which are better applied
elsewhere. If it is determined to be relevant, further research will be necessary to determine
how best to exploit this in therapeutic measures. In either case, efforts to reduce the harm
caused by influenza will depend on a detailed understanding of influenza virus pleiomor-
phy. Given the difficulties this poses, this should begin with a detailed characterisation of
the basic composition and function of filamentous influenza virions across a range of virus
strains and in a variety of experimental systems. These basic characteristics can then be
combined and used to build a progressively more complex and representative model of the
role of pleiomorphy in infection. The methods and findings described in this thesis add to
our understanding of the elusive properties of filamentous influenza viruses and provide a
robust set of methods to expand it further.
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Scripts

A.1 Image J Macros

BatchFilamentAnalysis.ijm

//BatchFilamentAnalysis.ijm
//Iterates through a folder containing micrographs, measures the lengths of

the filaments in each and saves the list of lengths as a csv file for
each micrograph

//Allows selection of the appropriate folder and selects which file type to
analysis

@ File (label = "Input directory", style = "directory") input
output = input
#@ String (label = "File suffix", value = ".czi") suffix
e.

processFolder(input);

// function to scan folders/subfolders/files to find files with correct
suffix

function processFolder(input) {
list = getFileList(input);
for (i = 0; i < list.length; i++) {

if(File.isDirectory(input + File.separator + list[i]))
processFolder(input + File.separator + list[i]);

if(endsWith(list[i], suffix))
processFile(input, list[i]);

}
}
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function processFile(input, file) {
print("Processing: " + input + File.separator + file);
open(input + File.separator + file);

//Converts to a binary image, which is required by particle remover
setAutoThreshold("Default dark");
run("Convert to Mask");

//Removes all circular particles to prevent ring shaped debris being
classes as filaments

run("Colors...", "foreground=black background=black selection=yellow");
run("Particle Remover", " circularity=0.50-1.00 include");

//For unclear reasons, this line is necessary on my work pc and not my
home pc

//run("Invert LUT");

//Detects all filamentous particles using Ridge Detection
run("Set Scale...", "distance=4.6267 known=0.45 pixel=1 unit=micron");
run("Ridge Detection", "line_width=5 high_contrast=230 low_contrast=87

extend_line displayresults method_for_overlap_resolution=NONE sigma=2
lower_threshold=3.06 upper_threshold=7.99 minimum_line_length=15
maximum=0");

//Saves output and closes windows before the next iteration
selectWindow("Summary");
saveAs("Results", input + File.separator + getCleanTitle(file) + ".csv");
run("Close");
run("Close All");
close("Results");
close("Junctions");

}

function getCleanTitle(aString)
//Extracts the czi file name from the file path so it can be used to name

the csv file
{

last = lastIndexOf(aString, ".");
cleanTitle = substring(aString, 0, last);
return cleanTitle;

}
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A.1.1 BatchSphereAnalysis.ijm

//BatchSphereAnalysis.ijm
//Iterates through a folder containing micrographs, and counts the

spherical objects that could be non-filamentous virions. Currently lacks
a save function, so output has to be copied from the results window

//Allows selection of the appropriate folder and selects which file type to
analysis

#@ File (label = "Input directory", style = "directory") input
output = input
#@ String (label = "File suffix", value = ".czi") suffix

processFolder(input);

// function to scan folders/subfolders/files to find files with correct
suffix

function processFolder(input) {
run("Set Measurements...", "area display redirect=None decimal=3");
list = getFileList(input);
//list = Array.sort(list);
for (i = 0; i < list.length; i++) {

if(File.isDirectory(input + File.separator + list[i]))
processFolder(input + File.separator + list[i]);

if(endsWith(list[i], suffix))
processFile(input, list[i]);

}
}

function processFile(input, file) {
print("Processing: " + input + File.separator + file);
open(input + File.separator + file);

//thresholds the image to allow Analyze Particles
setAutoThreshold("Default dark");
run("Convert to Mask");

//Detects all the highly circular particles in a reasonable size range
for non-filamentous virions

run("Set Scale...", "distance=4.6267 known=0.45 pixel=1 unit=micron");
run("Analyze Particles...", "size=0.03-0.10 circularity=0.90-1.00 display

include");
run("Close All");

}
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A.1.2 Eccentricity Analysis.ijm

//Eccentricity Analysis.ijm
//Takes micrographs, detects the filamentous particles in each, fits an

ellipse to the particles, and saves the major and minor axis for each
ellipse in a csv file. Assumes the lowest level folders each represent
one coverslip, and groups the data from each micrograph in that folder

//Specify input and output directories, and an arbitrary experiment code to
name the output csv files

#@ File (label = "Input directory", style = "directory") input
#@ File (label = "Output directory", style = "directory") output
#@ String (label = "File suffix", value = ".czi") suffix
#@ String (label = "Experiment Code", value = "") exptCode

//Sets FIJI parameters to fit ellipses and measure the axes
run("Set Measurements...", "area fit redirect=None decimal=2");
processFolder(input);

// function to scan folders/subfolders/files to find the lowest level
folders, and then to find files with correct suffix in that folder.
Process each file in the folder, then saves the results as a csv file

function processFolder(input)
{

list = getFileList(input);
for (i = 0; i < list.length; i++) {

if(File.isDirectory(input + File.separator + list[i]))
{

processFolder(input + File.separator + list[i]);
}
if(endsWith(list[i], suffix))
{

processFile(input, list[i]);
}
if(i == list.length-1)

{
currentLocation = input + File.separator + list[i];
title = getFolderTitle(currentLocation);

print("Saving as " + output + File.separator + exptCode + " " +
title + ".csv");
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saveAs("Results", output + File.separator + exptCode + " " + title +
".csv");

close("Results");
}

}
}

function processFile(input, file) {
print("Processing: " + input + File.separator + file);
open(input + File.separator + file);

//Thresholds the image to allow Analyze Particles
setAutoThreshold("Default dark");
run("Convert to Mask");

//Measures major and minor axes of fitted ellipses using Analyze
Particles. Assumes all particles with circularities below 0.5 are
filamentous.

run("Analyze Particles...", " circularity=0.00-0.50 display include");
run("Close All");
selectWindow("Summary");
saveAs("Results", input + File.separator + getCleanTitle(file) +

"distortions" + ".csv");
}

function getCleanTitle(aString)
//extracts the name of the file being processed from the file path
{

last = lastIndexOf(aString, ".");
cleanTitle = substring(aString, 0, last);
return cleanTitle;

}
function getFolderTitle(aString)
//extracts the name of the folder being processed from the file path
{

last = lastIndexOf(aString, File.separator);
newString = substring(aString, 0, last);
penultimate = lastIndexOf(newString, File.separator);
folderTitle = substring(aString, penultimate + 1, last - 1);
return folderTitle;

}
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A.2 Python scripts

A.2.1 FilamentAnalysisFunctions.py

"""
Created on Tue Jun 18 14:37:40 2019
@author: Jack Hirst
FilamentAnalysisFunctions.py
Contains several useful functions for plotting graphs when analysing

filamentous virions - all are called by other functions within this file
or in FilamentAnalysisPlots.py

"""

import pandas as pd
import numpy as np
from scipy import stats
import scipy.stats as st
import math
import itertools
import matplotlib.pyplot as plt
from scipy.optimize import curve_fit

def calculate_eccentricity(major, minor):
'''takes the major and minor axes of an ellipse and returns the

eccentricity'''
return(np.sqrt(1-np.square((minor/2))/np.square(major/2)))

def mean_eccentricity_of_frame(frame):
''' calculates the eccentricity of every pair of major and minor axes in

a data frame and returns the mean'''
eccentricities = [calculate_eccentricity(major,minor) for major,minor

in zip(frame["Major"], frame["Minor"])]
return(np.mean(eccentricities))

def strip_nans(a_list):
''' takes a list and returns all values that aren't na'''
return([x for x in a_list if str(x) != "nan"])

def get_data_frames(list_of_file_names):
'''takes a list of csv file names and imports the files as data frames'''
frames = []
for name in list_of_file_names:

frames += [pd.read_csv(name + ".csv", delimiter = ",")]
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return(frames)

def get_counts(some_frames):
''' takes a list of data frames and returns a list of the counts for
each column'''
counts_list = []
for frame in some_frames:

counts_list += [frame.count()]
return(counts_list)

def normalise_to_first(counts_list):
'''normalises each value relative to the first column'''
normalised_count = [x/counts_list[0] for x in counts_list]
return(normalised_count)

def get_param_for_column(list_of_counts_lists, col_index, param_function):
'''if a list of lists of values were arranged as a dataframe, this
returns the outcome of a function applied to a given column in that

frame'''
targets = []
try:

for counts_list in list_of_counts_lists:
targets += [counts_list[col_index]]

except IndexError:
print("")

return(param_function(targets))

def get_all_params(list_of_counts, param_function):
'''if a list of lists of values were arranged as a dataframe, this
returns the outcome of a function applied to every column in that

frame'''
stdevs = []
for i in range(0, len(list_of_counts[0])):

stdevs += [get_param_for_column(list_of_counts, i, param_function)]
return(stdevs)

def ss_ttests(list_of_counts_by_column):
'''returns single sample two-tailed ttest for each list in a list of

lists,
with a comparison mean of 1'''
return([stats.ttest_1samp(x,1)[1] for x in list_of_counts_by_column])

def p_to_asterisks(p_values, normalised_to_first = True):
''' takes a list of p_values and returns a list of strings containing
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asterisks corresponding with those values'''
output = []
if normalise_to_first:

p_values = p_values[1:len(p_values)]
for p in p_values:

if p >= 0.05:
output += ["n.s"]

elif 0.01 <= p <= 0.05:
output += ["*"]

else:
magnitude = math.floor(math.log10(p))
output += ["*" * (abs(magnitude)-1)]

if normalised_to_first:
output = [""] + output

return(output)

def get_centre_x(rectangle):
'''returns the x position of the centre of a bar on the bar chart'''
return(rectangle.get_x() + rectangle.get_width()/2)

def combine_lists(list_of_lists):
'''takes a list of list and returns one combined list of all the

values'''
return(list(itertools.chain.from_iterable(list_of_lists)))

def transpose_list_of_lists(list_of_lists):
'''if the list of lists were a dataframe, this returns a transposed data
frame in the form of list of lists'''
transposed_frame = pd.DataFrame(list_of_lists).transpose()
transposed_list = pd.Series.tolist(transposed_frame)
return([strip_nans(x) for x in transposed_list])

def get_lengths(list_of_lists):
'''returns the length of each list in a list of lists'''
return([len(x) for x in list_of_lists])

def get_maxes(list_of_lists):
'''returns the maximum value for each list in a list of lists'''
return([max(x) for x in list_of_lists])

def duplicate_x_labs(xlabs, list_of_lengths):
'''duplicates each value in a list to allow it to be plotted as a scatter
plot'''
final_xlabs = []
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for index, value in enumerate(list_of_lengths):
final_xlabs += [list(itertools.repeat(xlabs[index], value))]

return(final_xlabs)

def get_max(list_of_frames, col_index):
''' returns the maximum value from a given column in multiple data

frames'''
subframes = [frame for frame in list_of_frames if

len(frame.iloc[0]) >= col_index+1]
# subframes accounts for unequal n numbers
columns = [strip_nans(frame.iloc[:,col_index]) for frame in subframes]
each_max = [max(column) for column in columns]
return(max(each_max))

def make_intervals(start, stop, step):
''' basically just makes a range, but I think it will be easier to
read the code this way'''
return(np.arange(start, stop, step))

def get_kde(a_list):
''' takes a list and returns the kernel density estimation'''
stripped_list = strip_nans(a_list)
return(st.gaussian_kde(stripped_list))

def get_kdes_from_frames(list_of_frames, col_index):
''' takes a list of frames and column index and returns the density
estimation for each'''
output = []
subframes = [frame for frame in list_of_frames if

len(frame.iloc[0]) >= col_index+1]
# subframes accounts for unequal n numbers
for frame in subframes:

column = frame.iloc[:,col_index]
output += [get_kde(column)]

return(output)

def kde_to_values(kde, intervals):
''' takes a density estimation and a list of intervals and returns
the value for each interval'''
return([float(kde(interval)) for interval in intervals])

def get_estimations_for_column(list_of_frames, col_index):
''' takes a list of frames, a column index and a list of intervals,
and returns the estimated value of each interval in a data frame
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based on the kde of the inputs'''
intervals = make_intervals(0, get_max(list_of_frames, col_index), 0.1)
kdes = get_kdes_from_frames(list_of_frames, col_index)
values = [kde_to_values(kde, intervals) for kde in kdes]
return(pd.DataFrame(values).transpose())

def get_y_values(means):
'''returns the y_values to plot the curve, going from 0 to the maximum

in increments of 0.1'''
return(np.arange(0, len(means)/10, 0.1))

def get_95CI(a_list):
'''Takes a list of values and returns the 95% confidence interval for
the mean'''
return(st.t.interval(0.95, len(a_list)-1, loc=np.mean(a_list),

scale=st.sem(a_list)))

def get_CIs(estimates_list):
''' Takes a list of lists and returns the 95% confidence interval for the

mean in each'''
return([get_95CI(estimate) for estimate in estimates_list])

def get_CI_curves(estimates):
'''takes the curve for the mean distribution and returns the curves for
either end of the 95% confidence interval at each point along the mean
curve'''
CIs = estimates.apply(get_95CI, 1)
lower = [CI[0] for CI in CIs]
upper = [CI[1] for CI in CIs]
return(lower, upper)

def get_curves_for_column(frames_list, col_index):
''' returns a dictionary containing the mean curve, upper CI curve,
lower CI curve and y_values for a given column in a set of frames'''
estimates = get_estimations_for_column(frames_list, col_index)
means = np.mean(estimates, 1)
lengths = get_y_values(means)
CI_curves = get_CI_curves(estimates)
lower_curves = CI_curves[0]
upper_curves = CI_curves[1]
return{"lengths":lengths, "means":means, "lowers":lower_curves,

"uppers":upper_curves}

def get_all_curves(frames_list):
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''' returns a dictionary containing the mean curve, upper CI curve,
lower CI curve and y_values for every column in a set of frames'''
all_curves = []
for index, value in enumerate(frames_list[0]):

all_curves += [get_curves_for_column(frames_list, index)]
return(all_curves)

def flip_set(curveset, x_lim):
''' takes a curveset (upper, lower CIs and means) and returns the same
set but reflected in the vertical axis'''
new_curveset = {}
new_curveset["lengths"] = curveset["lengths"]
for name, values in curveset.items():

if name != "lengths":
new_curveset[name] = [x_lim - x for x in values]

return(new_curveset)

def get_reflected_curves(list_of_curves, x_lim):
''' takes curvesets (upper, lower CIs and means) and returns the same
sets but reflected in the vertical axis'''
newcurves = []
for curve_set in list_of_curves:

newcurves += [flip_set(curve_set, x_lim)]
newcurves += [curve_set]

return(newcurves)

def get_medians_and_stdevs(frames):
''' returns the median and standard deviation for every column in every
frame in a list of data frames'''
medians = []
medians += [list(frame.median()) for frame in frames]
median_frame = pd.DataFrame(medians)
mean_medians = median_frame.mean()
stdevs = median_frame.std()
return(mean_medians, stdevs)

def length_ttests(frames):
''' performs a one sample, two-tailed t test comparing the median value
of every column in a data frame with the first column, and does this over
every frame in the input list'''
medians = []
medians += [list(frame.median()) for frame in frames]
median_frame = pd.DataFrame(medians)
p_values = []
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for i in range(1, len(median_frame.iloc[0])):
column = median_frame.iloc[:,i]
column = strip_nans(column)
p_values += [st.ttest_ind(median_frame.iloc[:,0], column)[1]]

return(p_values)

def exp_func(x, a, b, c):
return a * np.exp(-b * x) + c

def duplicate_values(values, list_of_lengths):
'''duplicates each value in a list to allow it to be plotted as a scatter
plot'''
final_values = []
for index, value in enumerate(list_of_lengths):

final_values += [list(itertools.repeat(values[index], value))]
return(final_values)

def get_asterisk_positions(subplots, frames, y_lim):
'''Returns the x and y positions above the centre of each violin so the
asterisks can be plotted.'''
xs = []
ys = []
for value, subplot in enumerate(subplots):

if value %2 != 0:
continue

else:
xs += [subplot.get_position().get_points()[1,0]]
ys += [subplot.get_position().get_points()[1,1]]
#ys will be the same across the entire plot,so this isn't
#necessarily that helpful...

return(xs, ys)

def set_violin_params():
'''aesthetics for the violin plot'''
rc = {"axes.spines.left" : False,

"axes.spines.right" : False,
"axes.spines.bottom" : True,
"axes.spines.top" : False,
"xtick.bottom" : False,
"xtick.labelbottom" : False,
"ytick.labelleft" : True,
"ytick.left" : False}

plt.rc('ytick', labelsize=14)
plt.rcParams.update(rc)
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def set_bar_params():
'''aesthetics for the bar and scatter plots and histograms'''
rc = {"axes.spines.left" : True,
"axes.spines.right" : False,
"axes.spines.bottom" : True,
"axes.spines.top" : False,
"xtick.bottom" : False,
"xtick.labelbottom" : True,
"ytick.labelleft" : True,
"ytick.left" : True}

plt.rc('ytick', labelsize=14)
plt.rcParams.update(rc)

def plot_violins(files, x_lim, y_lim, x_title, y_title, x_labs, ast_height,
figheight = 5, axis_fontsize = 16, tick_fontsize = 14,
axis_weight = 2, dpi = 300, make_stats = True):

# takes a group of csv files containing lengths of filamentous virions
and plots a violin plot showing the distribution of virion lengths
for each condition. Assumes each column in the csv files is a unique
condition, and each of the files has the columns in the same order.

#imports the data
frames = get_data_frames(files)

#calculates the density distributions for all the samples
curves = get_all_curves(frames)

#reflects the curves in the vertical axis to make violins
newcurves = get_reflected_curves(curves, x_lim)

#calculates and plots the mean and standard deviation of the median
filament lengths. If make_stats is True, compares each condition to
the first condition with a two sample t-test and plots asterisks
corresponding to statistical significance

medians, stdevs = get_medians_and_stdevs(frames)
if make_stats:

p_values = [1] + length_ttests(frames)
asterisks = p_to_asterisks(p_values)

set_violin_params() #Hide all the boxes around the plots
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fig, axs = plt.subplots(1, len(newcurves), sharex=True, sharey=True, dpi
= dpi)

fig.set_figheight(figheight)
fig.set_figwidth(len(x_labs)*2) # keeps the widths of the violins

consistent between plots
plt.ylim(0, y_lim)
plt.xlim(0, x_lim)
#plot all the curves
for index, curve_set in enumerate(newcurves):

axs[index].plot(curve_set["means"], curve_set["lengths"], color =
"black",
linewidth = 0.8)

axs[index].fill_betweenx(curve_set["lengths"], curve_set["lowers"],
curve_set["uppers"], alpha = 0.2, color = "gray")

axs[index].spines['bottom'].set_linewidth(axis_weight)
axs[index].tick_params(axis='both', which='major',

labelsize=tick_fontsize)
#each violin plot is 2 plots back-to-back. Therefore only the even

numbered plots need the labels
if index % 2 == 0:

axs[index].errorbar(x_lim, medians[index//2], yerr =
stdevs[index//2],
capsize = 6, color = "black", marker = '_')

axs[index].set_xlabel(x_labs[index//2], fontsize = tick_fontsize)
axs[index].xaxis.set_label_coords(1, -0.025)

else:
axs[index].errorbar(0, medians[index//2], yerr = stdevs[index//2],

capsize = 6, color = "black", marker = '_')
#label the x axis
fig.text(0.5, -0.05, x_title, ha='center', fontsize = axis_fontsize)
#label up the y axis on the first plot
axs[0].spines['left'].set_visible(True)
axs[0].spines['left'].set_linewidth(axis_weight)
axs[0].set_ylabel(y_title, fontsize = axis_fontsize)
fig.subplots_adjust(hspace=0, wspace=0) #remove gaps between subplots
asterisk_coords = get_asterisk_positions(axs, frames, y_lim)
if make_stats:

for i, asterisk in enumerate(asterisks):
fig.text(asterisk_coords[0][i], ast_height, asterisk, ha =

"center",
fontsize = 12)

def calculate_parameters(df, multiple_values = True):
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''' Takes a series of data frames and calculates various summary
statistics for plotting'''

df["means"] = [np.mean(x) for x in df["values"]]
df["stdevs"] = [np.std(x) for x in df["values"]]
df["max"] = [max(x) for x in df["values"]]
if multiple_values:

df["p_values"] = [st.ttest_1samp(x,1)[1] for x in df["values"]]
df["asterisks"] = p_to_asterisks(df["p_values"])

lengths = [len(x) for x in df["values"]]
df["scatter_values"] = duplicate_values(df["conditions"], lengths)
df["medians"] = [np.median(x) for x in df["values"]]
return(df)

def transpose_nested_list(nested_list):
'''if the nested+list were a dataframe, this returns a transposed data
frame in the form of a nested_list'''
transposed_frame = pd.DataFrame(nested_list).transpose()
transposed_list = pd.Series.tolist(transposed_frame)
return([strip_nans(x) for x in transposed_list])

def normalised_counts_from_file_names(file_names):
'''import files of length data, return a nested list of the number of
filaments in each condition normalised to the first column'''
frames = get_data_frames(file_names)
counts = get_counts(frames)
normalised_counts = [normalise_to_first(x) for x in counts]
transposed_counts = transpose_nested_list(normalised_counts)
return(transposed_counts)

def counts_from_file_names(file_names):
'''import files of length data, return a nested list of the number of
filaments in each condition'''
frames = get_data_frames(file_names)
counts = get_counts(frames)
print(counts)
transposed_counts = transpose_nested_list(counts)
return(transposed_counts)

def plot_bar(df, show_points = True, y_lim = 1.2, y_min = 0,
make_stats=True,

dpi = 600, figheight =5, figwidth = 12,
x_title = "X", y_title = "Y", axis_fontsize = 12,
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tick_fontsize = 10, axis_weight = 2, edgecolor = "black",
x_min = 0):

'''Takes a data frame and plots the values as a bar chart. Can also
compare each condition to the first condition with a t-test and plot
asterisks to indicate the significance'''

set_bar_params()
fig, ax = plt.subplots(nrows = 1, dpi = dpi)
fig.set_figheight(figheight)
ax.set_ylabel(y_title,

fontsize = axis_fontsize)
fig.text(0.5, -0.05, x_title, ha='center', fontsize = axis_fontsize)
plt.setp(ax.spines.values(), linewidth=axis_weight)
plt.tick_params(axis='both', which='major', labelsize=tick_fontsize)
plt.ylim(y_min, y_lim)
fig.set_figwidth(len(df["means"])*2)
plt.xlim(x_min, len(df["means"]) - 0.5)
ax.bar(df["conditions"], df["means"], yerr = df["stdevs"], capsize = 10,

color = "none", edgecolor = edgecolor, linewidth = 2)
asterisk_xs = range(0, len(df["conditions"]))
#plot individual points
if show_points:

ax.scatter(combine_lists(df["scatter_values"]),
combine_lists(df["values"]), color = "none",

edgecolor='black')
#plot significance asterisks
if make_stats:

for i, asterisk in enumerate(df["asterisks"]):
ax.text(asterisk_xs[i], max(df["max"][1:len(df["max"])]) + 0.1,

asterisk, ha = "center", fontsize = 12)

def plot_scatter(df, show_points = True, y_lim = 1.2,make_stats=True,
dpi = 600, figheight =5, figwidth = 12,
x_title = "X", y_title = "Y", axis_fontsize = 12,
tick_fontsize = 10, axis_weight = 2, extra_x_space = 1,
line_type = "Linear", y_min = 0, x_min = 0):

'''Takes a data frame and plots the values as a scatter chart. Can
also compare each condition to the first condition with a t-test
and plot asterisks to indicate the significance. Fits a linear or
a polynomial regression line by least squares'''

set_bar_params()
df["conditions"] = [float(x) for x in df["conditions"]]
df["scatter_values"] = [[float(x) for x in z] for z in

df["scatter_values"]]
fig, ax = plt.subplots(nrows = 1, dpi = dpi)
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fig.set_figheight(figheight)
ax.set_ylabel(y_title,

fontsize = axis_fontsize)
#ax.set_xlabel(x_title, fontsize = axis_fontsize)
fig.text(0.5, -0.05, x_title, ha='center', fontsize = axis_fontsize)
plt.setp(ax.spines.values(), linewidth=axis_weight)
plt.tick_params(axis='both', which='major', labelsize=tick_fontsize)
plt.tick_params(axis = "x", length = 1)
plt.ylim(y_min, y_lim)
fig.set_figwidth(figwidth)
plt.xlim(x_min, max(df["conditions"]) + extra_x_space) # keeps width

proportional to the number of conditions
ax.errorbar(df["conditions"], df["means"], yerr = df["stdevs"], marker =

"_",
markersize='15', capsize = 10, linewidth = 2,
color = "black", linestyle='None')

if line_type == "linear":
z = np.polyfit(df["conditions"], df["means"], 1)
p = np.poly1d(z)
plt.plot(df["conditions"], p(df["conditions"]),"--", color = "black")

elif line_type == "exponential":
popt, pcov = curve_fit(exp_func, list(df["conditions"]),

list(df["means"]), maxfev = 1600)
print("a = %s , b = %s, c = %s" % (popt[0], popt[1], popt[2])) #

prints the equation of the line in case you want to use it for
something

many_xs = np.arange(0, max(df["conditions"]), 0.01) # create the
points to plot the curve with

plt.plot(many_xs, exp_func(many_xs, *popt), "--", color = "black")
asterisk_xs = df["conditions"]
if make_stats:

for i, asterisk in enumerate(df["asterisks"]):
ax.text(asterisk_xs[i], max(df["max"][1:len(df["max"])]) + 0.1,

asterisk, ha = "center", fontsize = 12)
if show_points:

ax.scatter(combine_lists(df["scatter_values"]),
combine_lists(df["values"]), color = "none",

edgecolor='black')

def plot_hist(counts, minimum, maximum, interval, xlab, ylab,
dpi = 600, axis_fontsize = 12, tick_fontsize = 10,
figheight = 8, figwidth = 10, y_lim = 12):

'''Plots a histogram from a list of values, with maximum, minimum, and
interval values specified by the user'''
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set_bar_params()
fig, ax = plt.subplots(nrows = 1, dpi = dpi)
fig.set_figheight(figheight)
fig.set_figwidth(figwidth)
ax.hist(counts, bins = np.arange(minimum, maximum, interval), #arange to

align xticks with bins
edgecolor = "black", color = "white",
linewidth = 2)

ax.set_xlabel(xlab, fontsize = axis_fontsize)
ax.set_ylabel(ylab, fontsize = axis_fontsize)
ax.tick_params(axis='both', which='major', labelsize=tick_fontsize)
plt.setp(ax.spines.values(), linewidth=2)
plt.ylim(0, y_lim)
ax.spines["top"].set_color("none")
ax.spines["right"].set_color("none")
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AllFilamentAnalysisPlots.py

"""
Created on Fri Jun 21 14:59:32 2019
@author: Jack Hirst

Imports csv files from the ImageJ macros and CSVCombiner and generates the
summary graphs at the end of the confocal analysis pipeline. Also can
generate bar charts or histograms from manually entered data

"""
import pandas as pd
import os
import numpy as np
import FilamentAnalysisFunctions as iff
import scipy.stats as st

#os.chdir("")

'''1: plot concentration of filaments and violin plots of their length
distribution'''

#not strictly necessary, but presets let you change between conditions
faster

presets = {
#key :[file_list, x_label, xlabels, continuous x axis?]
#egs here, these will need to be altered depending on the experiment
"pip": [["pipette1", "pipette2", "pipette3"], "Pipette actions",

["0", "5", "10", "30"], True],
"cla": [["clarification1", "clarification2", "clarification3"], " ",

["Unclarified", "Clarified"], False]
}

'''csv files should be formatted as a column of filament lengths for each
condition, with the title of the condition as the very first value in the

column'''

#select the conditions
condition = "pip"
preset = presets[condition]
files = preset[0]
x_title = preset[1]
conditions = preset[2]
continuous_x = preset[3]
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#set the plot aesthetics
dpi = 600
axis_fontsize = 20
tick_fontsize = 18
plot_height = 5
bar_y_lim = 1
axis_weight = 1.5
extra_bar_x = 0.5
extra_scatter_x = 0.1

mf = pd.DataFrame()
mf["conditions"] = conditions
mf["values"] = iff.normalised_counts_from_file_names(files)
mf = iff.calculate_parameters(mf, multiple_values=True)

#plot the graphs
iff.plot_violins(files, x_lim = 1.1, y_lim = 40, x_title = x_title,

make_stats=True,
y_title = "Length of filament �(m)", x_labs =

mf["conditions"],
ast_height = 0.9, dpi = dpi, axis_fontsize= axis_fontsize,
tick_fontsize= tick_fontsize, figheight = plot_height,

axis_weight = axis_weight)

if continuous_x:
iff.plot_scatter(mf, x_title=x_title, y_title = "Observed filament

concentration\n(normalised to untreated)", dpi = dpi, axis_fontsize=
axis_fontsize,

tick_fontsize= tick_fontsize, figheight = plot_height,
y_lim=bar_y_lim,

extra_x_space=extra_scatter_x, line_type="linear")
else:

iff.plot_bar(mf, x_title=x_title, y_title = "Observed filament
concentration\n(normalised to untreated)",

dpi = dpi, axis_fontsize= axis_fontsize, make_stats=True,
tick_fontsize= tick_fontsize, figheight = plot_height,

y_lim=bar_y_lim,
axis_weight = axis_weight)

'''2: plot infectious titres'''

titre_data = [ #normalised data for plaque assays
[1,1,1,1,1],
[0.95, 0.71, 0.83, 0.57, 0.69],
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[0.66, 1.14, 0.55, 0.78],
[2.2, 1.03, 0.97, 0.36, 0.98],
[1, 0.33, 1.05],
]

mf = pd.DataFrame()
mf["conditions"] = conditions
mf["values"] = titre_data
mf = iff.calculate_parameters(mf)

iff.plot_bar(mf,x_title=x_title, dpi = dpi, axis_fontsize= axis_fontsize,
tick_fontsize= tick_fontsize, figheight = plot_height,

y_lim=2,
y_title = "Infectious titre (pfu)\n(normalised to untreated)"
)

print(mf["p_values"])

'''3: Plot the eccentricities of fitted ellipse to the filaments. These
require csv files with columns "Condition", "Major", "Minor" which can be
partially generated using the imageJ macro "Eccentricity Analysis" (also in
the Github repository)'''

os.chdir("")
#using freezing as an example, takes repeats from each repeat and pools the

same
#conditions from each
frozen_files = ["frozen1", "frozen2", "frozen3"]
unfrozen_files = ["unfrozen1", "unfrozen2", "unfrozen3"]
conditions = ["Unfrozen", "Frozen"]
frozen_frames = iff.get_data_frames(frozen_files)
unfrozen_frames = iff.get_data_frames(unfrozen_files)

def get_all_eccentricities(frames):
eccs = []
for frame in frames:

eccentricities = [iff.calculate_eccentricity(major,minor) for
major,minor

in zip(frame["Major"], frame["Minor"])]
eccs += eccentricities

return(eccs)

frozen_eccs = get_all_eccentricities(frozen_frames)
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unfrozen_eccs = get_all_eccentricities(unfrozen_frames)

kinky_data = [unfrozen_eccs, frozen_eccs]

kinky_data = [[iff.mean_eccentricity_of_frame(x) for x in unfrozen_frames],
[iff.mean_eccentricity_of_frame(x) for x in frozen_frames]]

mf = pd.DataFrame()
mf["conditions"] = conditions
mf["values"] = kinky_data
mf = iff.calculate_parameters(mf)

iff.plot_bar(mf,x_title=x_title, dpi = dpi, axis_fontsize= axis_fontsize,
tick_fontsize= tick_fontsize, figheight = plot_height,

y_lim=1,
y_min = 0.75, y_title = "Mean eccentricity of fitted

ellipses",
edgecolor = "none")

p_values = []
for i in range(1, len(mf["values"])):

p_values += [st.ttest_ind(mf["values"][0], mf["values"][i])]
print(p_values)
print("")

''' 4: Plot histograms of how length and concentrations vary across several
samples'''
#raw mean values for each condition, drawn from the same population (n = 3)
val_medians = [3.430500, 3.425833, 3.722500, 3.392167, 3.686833, 3.448833,

3.538667, 3.541333, 3.768833, 3.604667, 3.285167, 3.839333, 3.608333,
3.706500, 3.174167, 3.683667, 3.430667, 3.634667, 3.324000, 3.609167,
3.563333, 3.569000, 3.246167, 3.673000]

val_counts = [244.00,252.00,270.67, 278.67, 283.00, 298.67, 277.00, 275.33,
291.50, 283.33, 258.00, 270.50, 271.67, 329.00, 259.33, 229.00, 220.00,
268.67, 288.00, 227.33, 325.33, 309.00, 266.50, 242.00]

#normalise the values to the plate mean
val_counts = val_counts/np.mean(val_counts)
val_medians = val_medians/np.mean(val_medians)

iff.plot_hist(val_medians, 0.75, 1.4, 0.05, y_lim = 12,
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xlab = "Median filament length\n(normalised to plate mean)",
ylab = "Frequency", figheight = plot_height, axis_fontsize =

axis_fontsize,
tick_fontsize = tick_fontsize)

iff.plot_hist(val_counts, 0.75, 1.4, 0.05, y_lim = 12,
xlab = "Filament concentration\n(normalised to plate mean)",
ylab = "Frequency", figheight = plot_height, axis_fontsize =

axis_fontsize,
tick_fontsize = tick_fontsize)
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A.2.2 CSVCombiner.py

"""
Created on Thu Apr 18 11:28:49 2019
@author: Jack Hirst

Allows the user to navigate to a folder and combine every column with a
specific title of every csv file in that folder into a new single csv
file.

"""
import os
import glob
import csv

currentDirectory = "C:/"
outputDirectory = "C:/"

target = "Length" #Means every column entitled "Length" will be added to
the new file

def findPenultimate(text, pattern):
'''Returns the penultimate instance of some text from a string'''
return text.rfind(pattern, 0, text.rfind(pattern))

def findnth(haystack, needle, n):
'''Returns the nth instance of some text from a string'''
parts= haystack.split(needle, n+1)
if len(parts)<=n+1:

return -1
return len(haystack)-len(parts[-1])-len(needle)

def goUp():
'''Moves the current working directory up one level'''
directory = os.getcwd()
newDirectory = directory[0:directory.rfind("\\")+1]
os.chdir(newDirectory)
print(newDirectory)

def listContents(contents):
'''Prints the contents of the current directory'''
for index, content in enumerate(contents):

print(index, content)

def goDown():
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'''Moves the current working directory down one level, allowing the user
to select which directory'''

contents = next(os.walk('.'))[1]
listContents(contents)
newFolderIndex = input("Enter the number of the folder you like to go

to: ")
newDirectory = os.getcwd() + "\\" + contents[int(newFolderIndex)] + "\\"
os.chdir(newDirectory)
print(newDirectory)

def goSideways():
goUp()
goDown()

def getRegularCSVTitle(directory):
'''extracts the title of the current directory'''
final = directory.rfind("\\")
title = directory[final+1:len(directory)] + ".csv"
return(title)

def equilibrateLengths(listOfLists):
'''Takes a list of lengths and adds blank values to each until all lists

are the same length'''
maxLength = len(max(listOfLists, key=len))
newList = []
for iList in listOfLists:

newList = newList + [iList + [None] * (maxLength - len(iList))]
return(newList)

def CSVColumnToList(columnOfInterest):
'''Moves through every csv file in a folder, and stores every value from

every column with a particular title in a list'''
lengthList = []
fileList = glob.glob("*csv")
for file in fileList:

print("processing " + file)
if os.stat(file).st_size > 2: #avoid empty files

with open (file, "r") as csvfile:
myReader = csv.reader(csvfile, delimiter=',')
headers = next(myReader)
columnIndex = headers.index(columnOfInterest)
for row in myReader:

if len(row) > 0:
lengthList = lengthList + [row[columnIndex]]
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return(lengthList)

def combineCSVs(columnOfInterest):
'''Moves through every csv file in a folder and stores every value

from every column with a particular title in a new csv file with
the title of the folder'''

lengths = CSVColumnToList(columnOfInterest)
currentDirectory = os.getcwd()
title = "tidied " + getRegularCSVTitle(currentDirectory)
print("Creating " + os.getcwd() + "\\" + title)
with open (title, "w", newline = "") as outputFile:

myWriter = csv.writer(outputFile, delimiter = ',')
myWriter.writerow([columnOfInterest])
for length in lengths:

myWriter.writerow([length])

def getCompiledCSVTitle(directory):
'''extracts the name of the folder being processed, which should be one

complete experiment'''
final = directory.rfind("\\")
pen = findPenultimate(directory, "\\")
pretitle = directory[pen:final] + ".csv"
newpen = findnth(pretitle, " ", 2) + 1
title = pretitle[newpen:len(pretitle)]
return(title)

def combineConditions(keyword, outputDirectory):
'''Moves through every csv file in a folder and stores every value from

every column with a particular title in a new csv file with the title
of the folder. Combines these new csv files into another new csv
file, where each file is included as one column'''

combinedLengths = []
filesUsed =[]
startDirectory = os.getcwd() + "\\"
myDirectories = next(os.walk('.'))[1]
outputTitle = getCompiledCSVTitle(startDirectory)
for i in myDirectories:

filesUsed += [i]
lengths = []
os.chdir(startDirectory + i)
tidyFile = glob.glob("*" + keyword + "*")
with open(tidyFile[0], "r") as csvfile:

myReader = csv.reader(csvfile, delimiter = ',')
next(myReader) #Skip the header row...
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for row in myReader:
lengths += row

combinedLengths += [lengths]
extendedLengths = equilibrateLengths(combinedLengths)
os.chdir(outputDirectory)
print("Saving final compilation as " + os.getcwd() + "\\" + outputTitle)
with open(outputTitle, 'w', newline='') as outputFile:

myWriter = csv.writer(outputFile, delimiter = ',')
myWriter.writerow(filesUsed)
for i in range(0, len(extendedLengths[0])):

myRow = []
for j in extendedLengths:

myRow = myRow + [j[i]]
myWriter.writerow(myRow)

os.chdir(startDirectory) #return to start directory

def processFolder(columnOfInterest, keyword, outputDirectory):
'''Starts with an experiment directory, that contains subdirectories for

each experiment condition, and each subdirectory contains a series of
csv files containing length data for the filaments in a micrograph.
Returns a single csv file, with each experimental condition as a
column and each column populated with lengths from the relevant
micrographs'''

myDirectories = next(os.walk('.'))[1]
startDirectory = os.getcwd() + "\\"
for i in myDirectories:

os.chdir(startDirectory + i)
combineCSVs(columnOfInterest)

os.chdir(startDirectory)
combineConditions(keyword, outputDirectory)

os.chdir(currentDirectory)
print("Current directory: " + currentDirectory)

#Simple user interface to navigate through files and process folders
while True:

print("q to quit. up to move the directory up a level. down to move the
directory down a level. side to move up then down. p to process a
folder")

myInput = input()
if myInput == "q":

break
if myInput == "up":

goUp()
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if myInput == "down":
goDown()

if myInput == "side":
goSideways()

if myInput == 'p':
processFolder(target, "tidied", outputDirectory)
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A.2.3 PTMAnalyser.py

# -*- coding: utf-8 -*-
"""
Created on Thu Jul 16 15:21:30 2020

@author: Jack Hirst

Imports a csv containing a list of proteins, modification sites, and the
abundance of modified and unmodified residues at those sites. Returns a
graph for each protein showing the proportion of modified residues in
user specified groups

"""

import csv
import os
import pandas as ps
import matplotlib.pyplot as plt
from Bio import SeqIO
import numpy as np

#specific to the sample - here are my groups of sample types
mock_f3 = ["Sample 1"]
mock_f7 = ["Sample 2"]
mock_f10 = ["Sample 3"]
virus_f3 = ["Sample 4", "Sample 5", "Sample 6"]
virus_f7 = ["Sample 7", "Sample 8", "Sample 9"]
virus_f10 = ["Sample 10", "Sample 11", "Sample 12"]

all_samples = []
for i in range(0,12):

all_samples += ["Sample " + str(i+1)]

def titles_to_mod_unmod(a_list):
'''takes a list of column titles and returns a list with "modified" and
"unmodified" appended to each:'''
new_list = []
for i in a_list:

new_list += [i + " modified", i + " unmodified"]
return(new_list)

#this is currently blunt - need to check residue AND modification
mod_filters = ["Oxidation (M)", "Carbamidomethylation", "Deamidation (NQ)"]
inclusion_filter = ["Ubiquitin"]
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#import initial, unfiltered data
os.chdir("C:/Users/jackh/OneDrive - University of Glasgow/Data/"

"FP Filament Purification/FP Proteomics/PEAKS PTM Analysis")
raw_frame = ps.read_csv("2020 07 15 all proteins ptm.csv")

#remove common ms mutations
#mod_frame = raw_frame[raw_frame["Modifications"].isin(mod_filters)==False]
mod_frame =

raw_frame[raw_frame["Modifications"].isin(inclusion_filter)==True]

#remove anything not detected twice in virus_f3 AND virus_f10
#(Because this is PTMs, the protein needs to be present in both to compare)
f3_filter = titles_to_mod_unmod(virus_f3)
f10_filter= titles_to_mod_unmod(virus_f10)

def combine_mod_unmod(a_list):
new_list = []
for i in range(0, len(a_list), 2):

new_list += [a_list[i] + a_list[i+1]]
return(new_list)

indices_to_keep = []
for index, row in mod_frame.iterrows():

f3 = row[f3_filter]
combined_f3 = combine_mod_unmod(f3)
if np.count_nonzero(combined_f3)<2:

continue
else:

f10 = row[f10_filter]
combined_f10 = combine_mod_unmod(f10)
if np.count_nonzero(combined_f10)<2:

continue
else:

indices_to_keep += [index]

vir_frame = mod_frame.ix[indices_to_keep]

#convert the separate modified and unmodified columns to % modified
for sample in all_samples:

vir_frame[sample + " % modified"] = (vir_frame[sample + "
modified"]*100)/(vir_frame[sample + " unmodified"]+vir_frame[sample
+ " modified"])

#vir_frame = vir_frame.drop(titles_to_mod_unmod([sample]), 1)
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#get the list of viral proteins
viral_proteins = []
for sequence in SeqIO.parse("udorn_proteome_3.fasta", "fasta"):

viral_proteins += [sequence.name]

#replace infinities with 100%
vir_frame = vir_frame.replace(np.inf, 100)

#get a better label for the modifications for the graphs
vir_frame["Labels"] = vir_frame["Protein Position"] +

vir_frame["Modifications"]

cutoff = 1 #at least one set of samples must have higher than this %, and
so filters out all nearly unmodified results which aren't that
interesting

#take means of the repeats
vir_frame["Fraction 3 Mean"] = vir_frame.loc[: , "Sample 4 %

modified":"Sample 6 % modified"].mean(axis = 1)
vir_frame["Fraction 7 Mean"] = vir_frame.loc[: , "Sample 7 %

modified":"Sample 9 % modified"].mean(axis = 1)
vir_frame["Fraction 10 Mean"] = vir_frame.loc[: , "Sample 10 %

modified":"Sample 12 % modified"].mean(axis = 1)
vir_frame = vir_frame[(vir_frame.loc[: , "Fraction 3 Mean":"Fraction 10

Mean"] > cutoff).any(axis=1)]

vir_frame = vir_frame[(vir_frame.loc[: , "Fraction 3 Mean":"Fraction 10
Mean"] > cutoff).any(axis=1)]

vir_frame["Fraction 3 std"] = vir_frame.loc[: , "Sample 4 %
modified":"Sample 6 % modified"].std(axis = 1)

vir_frame["Fraction 7 std"] = vir_frame.loc[: , "Sample 7 %
modified":"Sample 9 % modified"].std(axis = 1)

vir_frame["Fraction 10 std"] = vir_frame.loc[: , "Sample 10 %
modified":"Sample 12 % modified"].std(axis = 1)

#split the frames up into distinct proteins
unique_proteins = set(vir_frame["Protein Description"])
unique_frames = []

for protein in unique_proteins:
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unique_frames += [vir_frame.loc[vir_frame["Protein Description"] ==
protein]]

#plot graphs
for frame in unique_frames:

if len(frame) > 0:
title = list(frame["Protein Description"])[0]
errors = frame.loc[: , "Fraction 3 std":"Fraction 10 std"]
means = frame.loc[: , "Fraction 3 Mean":"Fraction 10 Mean"]
labels = frame["Labels"]
bar_width = 15
r1 = np.arange(len(labels))*bar_width*3.5
r2 = [x + bar_width for x in r1]
r3 = [x + bar_width for x in r2]
fig, ax = plt.subplots()
#means.plot.bar(yerr = errors, capsize = 4, ax = ax, rot = 0)
ax.bar(r1, means.iloc[:,0], yerr = errors.iloc[:,0], color =

"lightcoral", width = bar_width)
ax.bar(r2, means.iloc[:,1], yerr = errors.iloc[:,1], color =

"orange", width = bar_width)
ax.bar(r3, means.iloc[:,2], yerr = errors.iloc[:,2], color =

"olive", width = bar_width)
ax.set_xticks(r2)
ax.set_xticklabels(labels, rotation = 45)
ax.set_ylim(0, 100)
ax.set_title(title, loc="left")
fig.set_figwidth(len(labels))
#break

'''
#separate the viral and host proteins
virus_frame = vir_frame[vir_frame["Protein"].isin(viral_proteins)]
host_frame = vir_frame[vir_frame["Protein"].isin(viral_proteins)==False]

virus_frame.to_csv("virus_ptms.csv", index = False)
host_frame.to_csv("host_ptms.csv", index = False)
'''
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A.3 R Scripts

A.3.1 Major-minor axis plot.R

rm(list = ls())
library(ggplot2)
library(reshape2)

theme_set(
theme_light() + theme(legend.position = "top")

)

#setwd("")
myFile <- read.csv("YOURFILENAME.csv")
head(myFile)

gg <- ggplot(myFile, aes(x=Major, y = Minor))
gg +
facet_wrap(˜ Condition, nrow = 3) +
geom_point(size = 1, alpha = 0.2) +
coord_cartesian(xlim = c(0, 30), ylim = c(0, 10), expand = (0.5)) +
labs(x="Major axis (µm)", y="Minor axis (µm)", expand = FALSE) +
theme(
strip.text.x = element_text(size = 12, color = "black", face = "bold"),
axis.text=element_text(size=14),
axis.title=element_text(size = 14),
panel.grid.minor = element_blank()

)
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