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Abstract 10 

 11 

Clinical isolates of influenza virus produce pleomorphic virus particles, including extremely 12 

long filamentous virions. In contrast, strains of influenza that have adapted to laboratory 13 

growth typically produce only spherical virions. As a result, the filamentous phenotype has 14 

been overlooked in most influenza virus research. Recent advances in imaging and improved 15 

animal models have highlighted the distinct structure and functional relevance of filamentous 16 

virions. In this review we summarise what is currently known about these strikingly 17 

elongated virus particles and discuss their possible roles in clinical infections. 18 

 19 

Introduction 20 

 21 

Influenza viruses are serious human and animal pathogens which have been intensively 22 

studied for decades. Despite such close attention, one of the most striking features of 23 

influenza infections is typically overlooked. Although influenza viruses are often described as 24 

producing spherical virions, natural infections are characterised by the additional presence of 25 

filaments: extremely elongated virions which can reach microns in length. 26 

 27 

This oversight can be explained by the ease with which influenza viruses adapt to laboratory 28 

culture, a trait which has allowed so many other advances in their study. Passage in 29 

embryonated chicken eggs, which has been used to produce many commonly studied strains 30 

of influenza virus, rapidly selects against the production of filaments (Fig 1) (Choppin, 1963; 31 

Hayase et al., 1995; Seladi-Schulman et al., 2013). Filaments are also less physically robust 32 

during laboratory purification methods than spherical virions, further complicating their 33 
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characterisation (Ada & Perry, 1958; Burnet & Lind, 1957; Roberts et al., 1998; Valentine & 34 

Isaacs, 1957; Vijayakrishnan et al., 2013). As a result, although influenza filaments have 35 

been recognised since 1946 (Mosley & Wyckoff, 1946), their study has until recently been 36 

sporadic. 37 

 38 

It is now clear that mixtures of spherical and filamentous virions can be produced by 39 

influenza A, B and C viruses (Chu et al., 1949; Mosley & Wyckoff, 1946; Nishimura et al., 40 

1990). Filament production has been repeatedly observed with low-passage clinical and 41 

veterinary influenza A virus isolates (Basu et al., 2012; Choppin et al., 1960; Chu et al., 42 

1949; Elton et al., 2013; Hayase et al., 1995; Itoh et al., 2009; Kilbourne & Murphy, 1960; 43 

Lang et al., 1968; Seladi-Schulman et al., 2013; Shortridge et al., 1998) as well as in lung 44 

sections from a fatal human case (Nakajima et al., 2010). A similar mixture of filaments and 45 

spherical virions has been observed for other orthomyxoviruses: in a low-passage isolate 46 

from a fatal human thogotovirus infection (Kosoy et al., 2015) and for infectious salmon 47 

anaemia viruses in tissue cultures and the tissues of infected fish (Crane & Hyatt, 2011; 48 

Kibenge et al., 2001; Koren & Nylund, 1997). This suggests that the ability to produce 49 

filaments may be a general feature of the orthomyxovirus family. 50 

 51 

Many observations of filament structure have been limited by the need to use electron 52 

microscopy (EM) methods such as negative staining, metal shadowing and ultrathin 53 

sectioning of resin embedded material. Although informative these depend on heavy metal 54 

contrasting agents, and often chemical fixation, and are therefore prone to artefacts including 55 

sample deformation and shrinkage. Following the development of cryo EM, it has been 56 

possible to determine the structure of filaments to higher resolution in a close-to-native 57 

environment without sample preparation artefacts (Calder et al., 2010; Vijayakrishnan et al., 58 

2013; Wasilewski et al., 2012). This has shown that filaments have a distinctive and highly 59 

ordered ultrastructure. 60 

 61 

The importance of filaments in natural infections is highlighted by recent experimental 62 

studies with influenza A viruses in animal models. These showed that despite being selected 63 

against in egg passage, filament production is selected for during serial intranasal passage of 64 

a highly laboratory-adapted spherical strain in guinea pigs (Seladi-Schulman et al., 2013). 65 

Furthermore, filament formation correlates with transmissibility between co-housed guinea 66 

pigs and by respiratory droplets in ferrets (Campbell et al., 2014a; Lakdawala et al., 2011). 67 
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Taken together with the many observations of recently-isolated strains producing filaments, 68 

these data indicate that the filamentous phenotype is an important but neglected feature of 69 

natural influenza infections. 70 

 71 

In this review we summarise seven decades of work on influenza virus filaments, with a 72 

particular emphasis on recent structural and molecular biology studies. We also discuss 73 

possible functions of this often neglected trait in the virus lifecycle.  74 

 75 

 76 

Filament Structure  77 

 78 

Influenza infections do not produce virions of a single, well-defined size. However, the 79 

virions produced by laboratory-adapted ‘spherical’ influenza viruses have broadly consistent 80 

dimensions. The majority (typically 65-75%) are spherical (axial ratio < 1.2), with a mean 81 

outer diameter of 120 nm (Harris et al., 2006; Yamaguchi et al., 2008). Irregularly-shaped 82 

virions are often observed (Almeida & Waterson, 1967a; b; Harris et al., 2006; Ruigrok et al., 83 

1986; Stevenson & Biddle, 1966; Wrigley, 1979), but it appears that many of these result 84 

from damage during ultracentrifugation, storage and sample preparation for electron 85 

microscopy (Noda, 2011; Sugita et al., 2011). ‘Spherical’ strains also produce a minority of 86 

well-preserved but elongated virions, which for the most part are still less than 250 nm in 87 

length – too short to be described as filaments (Calder et al., 2010; Harris et al., 2006; 88 

Wasilewski et al., 2012; Yamaguchi et al., 2008). These intermediate-length virions, which 89 

often appear to be ellipsoidal, capsular or kidney-bean shaped, have been described as 90 

bacilliform (Vijayakrishnan et al., 2013).  91 

 92 

Influenza viruses that retain their natural morphology produce not only spherical and 93 

bacilliform virions, but also a class of highly elongated virions, or filaments (Figs 1, 2) 94 

(Ada et al., 1958; Calder et al., 2010; Roberts et al., 1998; Vijayakrishnan et al., 2013). 95 

These striking structures are typically more than 250 nm in length and can reach many 96 

microns (Fig 3). Filaments reaching or exceeding 30 μm in length have been reported (Cox 97 

et al., 1980; Roberts et al., 1998), though their exact range of size is hard to determine as 98 

they are fragile (Burnet & Lind, 1957; Valentine & Isaacs, 1957), comparatively hard to 99 

purify (Ada et al., 1958; Sugita et al., 2011), prone to aggregation (Cox et al., 1980) and 100 

are hard to capture complete when cutting thin sections for transmission EM. The 101 
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proportion of filaments in a given sample varies widely and depends on the virus strain 102 

used, tissues infected and the handling of virions (Bourmakina & Garcia-Sastre, 2003; 103 

Rossman et al., 2012; Seladi-Schulman et al., 2013; Vijayakrishnan et al., 2013). 104 

 105 

During the budding of filamentous influenza A and C viruses cord-like associations of 106 

multiple filaments have often been observed (Beale et al., 2014; Bialas et al., 2014; Bruce et 107 

al., 2010; Elton et al., 2013; Morgan et al., 1956; Muraki et al., 2007; Muraki et al., 2004; 108 

Nishimura et al., 1990; Simpson-Holley et al., 2002). End-to-end association of filaments has 109 

also been reported (Calder et al., 2010; Vijayakrishnan et al., 2013), though it is unclear if 110 

this is due to separate filaments associating, concatemers of filaments arising from 111 

incomplete budding, or a single filament fragmenting. 112 

 113 

Filaments can be distinguished from spherical virions not just by their great length, but 114 

because their width, around 80 nm, is less than that of spherical virions (Fig 3a; Morgan et 115 

al., 1956; Vijayakrishnan et al., 2013). Infectious salmon anaemia virus, another 116 

orthomyxovirus, also produces narrower filamentous and wider spherical virions (Koren & 117 

Nylund, 1997). Bacilliform virions have an intermediate width of around 95 nm (Calder et 118 

al., 2010; Harris et al., 2006; Vijayakrishnan et al., 2013; Wasilewski et al., 2012; 119 

Yamaguchi et al., 2008), and show an inverse correlation between length and diameter (Fig 120 

3b) (Vijayakrishnan et al., 2013). Particles can therefore be categorised based on their axial 121 

ratio (< 1.2 for spherical virions, > 1.2 for bacilliform virions and filaments) and length (> 122 

250 nm for filaments; Fig 3). Particle dimensions do not provide sharp distinctions between 123 

these categories but they are useful, as closer examination shows that each category of virion 124 

has a characteristic composition and structure. 125 

  126 

Filament Composition 127 

 128 

Viral Components 129 

Haemagglutinin (HA) and neuraminidase (NA) are the two major viral glycoproteins present 130 

in the envelope of influenza virus. HA binds to sialic acid, the viral receptor, and is required 131 

for entry of the virus into the host cell. NA mediates the release of viral progeny from the cell 132 

by cleaving sialic acid from cell surface proteins. The glycoproteins have a characteristic 133 

fringe-like appearance in electron micrographs of virions (Fig 2) and tomography shows that 134 

both spherical virions and filaments incorporate an abundance of HA along with smaller 135 
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quantities of NA (Calder et al., 2010; Harris et al., 2006). NA forms clusters, which in 136 

bacilliform and filamentous virions tend to be at the pole proximal to the budding site on the 137 

host cell surface, at the opposite end of the virion to the viral genome (Fig 3a; Calder et al., 138 

2010; Chlanda et al., 2015; Harris et al., 2006; Murti & Webster, 1986; Wasilewski et al., 139 

2012). It is possible that this clustering of NA may play a role in the formation of cord-like 140 

bundles of budding filaments – with NA sequestered at the poles, sufficient sialic acid may 141 

remain attached to surface proteins along the length of the filaments to allow HA on adjacent 142 

filaments to bind. The viral glycoproteins appear to be more regularly distributed on 143 

filaments than on spherical virions, suggesting interactions with a more ordered matrix layer 144 

beneath (Wasilewski et al., 2012).  145 

 146 

The matrix layer, which is bound to the internal surface of the viral membrane, is made of the 147 

M1 protein. M1 multimerises to form a helical matrix, the organisation of which appears to 148 

influence virion morphology (Calder et al., 2010). Multimerised M1 can form lattices with a 149 

range of curvatures: along the length of filaments it forms a rigid cylindrical helix, whereas in 150 

spherical particles and at the poles of filaments it appears to form a less-ordered spherical 151 

spiral (Calder et al., 2010). The poles of filaments sometimes form enlarged oval structures. 152 

Where these enlarged structures have a diameter greater than 200 nm they are termed 153 

Archetti bodies (Fig 2c) (Archetti, 1955; Vijayakrishnan et al., 2013). Archetti bodies retain a 154 

contiguous matrix layer and can sometimes contain coils of M1-like material that are not 155 

membrane-associated (Vijayakrishnan et al., 2013). Similar coils are observed within 156 

filaments as their structure transforms and becomes disorganised at low pH (Calder et al., 157 

2010), a change which mimics the fragmentation of filaments in acidifying endosomes during 158 

viral entry (Rossman et al., 2012), suggesting that Archetti bodies may arise from a partial 159 

breakdown of filament structure. 160 

 161 

The genome of influenza viruses consists of segments of viral RNA bound to the viral 162 

polymerase proteins (PB2, PB1 and PA/P3) and nucleoprotein (NP). It can be clearly 163 

visualised in spherical virions as a complex of rod-shaped segments, the longest spanning the 164 

internal diameter of the virion (Fig 3a; Calder et al., 2010; Noda et al., 2006). Studies of 165 

mutant viruses suggest that genome packaging is not strictly necessary for virion assembly, 166 

although it can make assembly more efficient (Gavazzi et al., 2013; Hutchinson et al., 2008), 167 

and in practice most virions do not have a full complement of functionally active genome 168 

segments (Brooke et al., 2014; Brooke et al., 2013; Heldt et al., 2015). Images of the genome 169 
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have been obtained in bacilliform virions (Fig 2a) and occasionally in filaments, particularly 170 

shorter ones (Fig 2b) (Calder et al., 2010; Noda et al., 2006; Vijayakrishnan et al., 2013; 171 

Wasilewski et al., 2012). In such cases, the viral genome appears to remain associated with 172 

one pole of the virion (Calder et al., 2010; Vijayakrishnan et al., 2013; Wasilewski et al., 173 

2012) – the distal tip when virions bud from the cell membrane (Fig 3a; Noda et al., 2006). 174 

The rod-shaped genome segments associate with the virion pole through their tips, and in 175 

filaments they appear to remain closely associated in a parallel array (Calder et al., 2010; 176 

Vijayakrishnan et al., 2013). In spherical virions this ordered clustering of genome segments 177 

can also be observed, though disordered arrangements of the genome appear to be more 178 

common (Harris et al., 2006). 179 

 180 

At present the efficiency with which filaments package the viral genome is unclear. Early 181 

observations suggested that filaments might incorporate more viral genome, and be more 182 

infectious, than spherical virions (Ada & Perry, 1958; Ada et al., 1958; Ada et al., 1957; 183 

Burleigh et al., 2005; Roberts et al., 1998), a hypothesis consistent with the greater resistance 184 

of filament-containing stocks to ultraviolet inactivation (Smirnov et al., 1991), and recalling 185 

the polyploid filamentous virions of Ebola virus (Beniac et al., 2012). However, these 186 

observations could also be explained by the tendency of multiple filaments to form cord-like 187 

bundles. Other negative data do not support the hypothesis that filaments can package 188 

multiple copies of the genome: clear images of the genome have only been obtained in a 189 

minority of longer filaments, multiple copies of the genome have not been clearly visualised 190 

within a single virion (Morgan et al., 1956; Vijayakrishnan et al., 2013), and fragmentation 191 

of filaments using a number of methods does not increase the infectious titre (Ada & Perry, 192 

1958; Burnet & Lind, 1957; Donald & Isaacs, 1954; Valentine & Isaacs, 1957). 193 

 194 

The ion channel M2 has not been detected by immunofluorescence in filaments, suggesting 195 

that it is not an abundant component (Rossman et al., 2010a). However, its presence can be 196 

inferred as an M2-binding antibody causes filaments to fragment, while an M2 inhibitor 197 

allows filaments to resist fragmentation at low pH (Rossman et al., 2010a; Rossman et al., 198 

2012). NS1 and NEP are known to be present at low levels in spherical virions (Hutchinson 199 

et al., 2014), but their presence in filaments has not been assessed. 200 

 201 

Host Components 202 
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All influenza virions incorporate membrane from the host cell. As with spherical virions, the 203 

envelopes of filaments are resistant to low-temperature nonionic detergent extraction and 204 

contain material with a low buoyant density, implying the incorporation of lipid rafts 205 

(Simpson-Holley et al., 2002). Cholesterol also appears to be important for filament stability 206 

(Rossman et al., 2010a). Spherical virions incorporate a substantial quantity of host-encoded 207 

proteins, resembling those incorporated into exosomes (Hutchinson et al., 2014; Shaw et al., 208 

2008). It is reasonable to assume that filaments also incorporate such host proteins – quite 209 

possibly more than spherical virions, due to their larger membrane area and internal volume – 210 

but this has not been assessed in detail. Fibrillar material, which does not have the appearance 211 

of the viral genome, has been observed inside filamentous particles but its identity is still 212 

unclear (Vijayakrishnan et al., 2013). 213 

 214 

 215 

Filament Formation 216 

 217 

General Requirements for Virion Formation 218 

All influenza virions are formed at the cell surface in a concerted process which requires both 219 

viral and host components (Fig 3a; Hutchinson & Fodor, 2013; Noda et al., 2006; Rossman 220 

& Lamb, 2011). Viral glycoproteins accumulate at the apical plasma membrane and are 221 

individually sufficient to cause budding when over-expressed (Chen et al., 2007; Chlanda et 222 

al., 2015). M1 is neither necessary nor sufficient for the production of virus-like particles, but 223 

it does appear to be required for the production of infectious virions (Chen et al., 2007). This 224 

may be due to its interactions with genome segments: genome packaging increases the 225 

efficiency of budding, though the importance of this appears to depend on cell type 226 

(Hutchinson et al., 2008). Finally, abscission of the budded virion is mediated by M2 in an 227 

ESCRT-independent process (Rossman et al., 2010b). While defects in normal virion 228 

assembly can produce irregular virions which superficially resemble filaments – for example 229 

the elongated and distended virions resulting from mutations in the cytoplasmic tails of NA 230 

or HA (Jin et al., 1997; Mitnaul et al., 1996) or the beads-on-string structures due to M2 231 

scission mutants (Rossman et al., 2010b) – ‘well-formed’ filaments appear to result from a 232 

process which involves a number of host and viral determinants. 233 

 234 
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Host Determinants of Filament Formation 235 

Virions require host processes to assemble and interfering with these processes can impair 236 

filament formation. Drugs targeting the actin cytoskeleton, depletion of Rab11-family 237 

interacting protein 3 (FIP3, which regulates actin dynamics and membrane trafficking) and 238 

cholesterol depletion have all been shown to specifically reduce filament formation, while 239 

depletion of or mutation of Rab11 (a GTPase involved in endocytic recycling) affects both 240 

spherical and filamentous particle production (Bruce et al., 2010; Roberts et al., 1998; 241 

Rossman et al., 2010a; Simpson-Holley et al., 2002). It has been posited that all of these 242 

processes affect the supply of lipid-raft enriched membrane required to form the extensive 243 

surfaces of filaments. In addition, mutation of an LC3-interacting region (LIR) in the viral 244 

M2 protein, a motif which allows interaction with autophagosomal membranes via LC3, or 245 

depletion of ATG16L1, which is required for LC3 activation, reduces filament formation and 246 

decreases the stability of filamentous virions. This suggests that autophagosomal membranes 247 

are recruited to support filament formation (Beale et al., 2014). 248 

 249 

Even without active intervention, some cell lines are less permissive to filament formation 250 

than others. The same strain of virus can have different morphologies in different cell lines 251 

(Al-Mubarak et al., 2015; Bialas et al., 2012; Itoh et al., 2009; Lakdawala et al., 2011), 252 

though whether a particular cell line is permissive for filaments can vary between different 253 

strains of the virus (Al-Mubarak et al., 2015). Generally, polarised cell types are more 254 

permissive to filament formation compared to nonpolarised cells, consistent with a role for 255 

the cytoskeleton in determining viral morphology (Roberts et al., 1998). 256 

 257 

Viral determinants of filament formation 258 

Filament formation is a heritable trait. Spherical virions purified from filament-forming 259 

stocks can form filamentous progeny (Chu et al., 1949) and the selection against filament 260 

formation during passage in embryonated chicken eggs can be slowed by passaging only the 261 

minimal amount of virus necessary for an infection, thereby excluding low-frequency 262 

mutants from the stock (Burnet & Lind, 1957). Although viral genes clearly contribute to 263 

filament formation the trait is complex. There appear to be multiple pathways to filament 264 

formation, with some loci relevant only in particular genetic backgrounds while others 265 

suppress filament formation in genotypes which would normally support it. A summary of 266 

loci in influenza A virus genes known to affect filament formation is given in Table 1. 267 

 268 
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Unsurprisingly, considering its role in maintaining virion structure (Calder et al., 2010), the 269 

majority of mutations affecting filament formation have been mapped to M1. Reverse-genetic 270 

studies using reassortant viruses showed that the M1 gene of influenza A/Udorn/301/72 virus 271 

(Udorn), one of the few strains to retain filament-forming ability after laboratory passage 272 

(Roberts et al., 1998), can confer filament-forming ability on spherical strains such as the 273 

influenza A/WSN/33 (WSN) or A/Puerto Rico/8/1934 (PR8) viruses (Bourmakina & Garcia-274 

Sastre, 2003; Noton et al., 2007). Reciprocally, the M1 gene from the spherical WSN strain 275 

abrogated filament production by the normally filament-forming  influenza A/Victoria/3/75 276 

virus (Elleman & Barclay, 2004). While most studies of filament formation have considered 277 

influenza A viruses, a key role for M1 has also been identified in an influenza C virus 278 

(Muraki et al., 2007). 279 

 280 

To date, mapping filament determinants in M1 has not produced a clear mechanistic model of 281 

filament formation. Difficulties in interpretation arise from the multiple structural roles of 282 

M1, which include membrane binding, homo-oligomerisation and interactions with other 283 

viral proteins (Burleigh et al., 2005), as well as from the overlap of the M1 gene with other 284 

viral genes, notably for the ion channel M2. For example M1 residue 41 was one of the first 285 

residues to be experimentally associated with filament formation (Campbell et al., 2014b; 286 

Roberts et al., 1998; Zebedee & Lamb, 1989); it is also known to have mutated during 287 

adaptation of the WSN strain, which is now spherical, to mouse brain passage (Ward, 1995). 288 

However, mutations affecting this position have also been shown to create a splice-variant 289 

form of the M2 protein, whose role in morphology remains to be determined (Wise et al., 290 

2012). 291 

 292 

One mechanism underlying filament formation can be inferred from studies of helix six, a 293 

basic alpha helix in M1. Scanning alanine mutagenesis shows that a number of residues in 294 

this region are required for the production of regularly-shaped virions and one mutation, M1 295 

K102A, confers filament-forming abilities on spherical viruses (Burleigh et al., 2005). This 296 

mutation, which is adjacent to a proposed M1-M1 interaction site (Harris et al., 2001), causes 297 

M1 in virions to form a helix with similar symmetry to that observed in the filamentous 298 

Udorn strain, emphasising the importance of an ordered M1 helix in maintaining filament 299 

structure (Calder et al., 2010). 300 

 301 
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Other loci influencing filament formation have been mapped to the HA, NP, NA and M2 302 

proteins (Table 1). Most strikingly, an appropriate NA can enhance filament formation in a 303 

laboratory-adapted virus and even induce limited filament formation when overexpressed 304 

alone (Campbell et al., 2014a; Chlanda et al., 2015). The influence of these proteins on 305 

filament formation has generally been attributed to altered interactions with M1 (Bialas et al., 306 

2014; Chen et al., 2008; Liu et al., 2002) or by their influence on processes upstream of 307 

virion assembly. For example, it has been suggested that mutations in M2 and NA influence 308 

filament production by altering the recruitment of lipid rafts required for the virion membrane 309 

(Enami & Enami, 1996; Jin et al., 1997; Mitnaul et al., 1996; Rossman et al., 2010a; Zhang 310 

et al., 2000). 311 

 312 
 313 
Filament Function 314 

 315 

Decades of observational work, and more recent experimental studies in animal transmission 316 

models (Campbell et al., 2014a; Lakdawala et al., 2011; Seladi-Schulman et al., 2013), 317 

clearly show that filament-forming viruses have a selective advantage in natural influenza 318 

infections. While it is possible that filament production itself is a ‘spandrel’ – a conspicuous 319 

by-product of some underlying trait (Gould & Lewontin, 1979) – the more obvious 320 

explanation is that filaments act directly to increase viral fitness in their natural hosts. 321 

However, the particular functions of filaments have been difficult to determine due to the 322 

difficulty in completely separating spherical and bacilliform virions from filaments during 323 

analysis, and as filaments do not typically provide an advantage in embryonated eggs or in 324 

the tissue culture systems most suited to detailed functional studies. Despite these difficulties, 325 

a number of properties of filaments have been identified which suggest functional roles. 326 

 327 

The Costs of Making Filaments 328 

Filamentous strains have a clear selective disadvantage in embryonated chicken eggs (Seladi-329 

Schulman et al., 2013). This may be due to the specific constraints of egg passage. For 330 

example, virions grown in eggs incorporate a different profile of host proteins to those grown 331 

in mammalian cells, notably by utilising different members of the tetraspanin family of 332 

membrane proteins (Hutchinson et al., 2014). It is possible that these egg-specific proteins, 333 

which are relatively abundant in virions, may increase the costs of filament production. 334 

 335 
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Alternatively, it may be that filaments have intrinsic costs which are not compensated for 336 

during laboratory passage. This also applies to passage in tissue cultures, in which the rate at 337 

which filamentous strains replicate varies, but does not typically exceed that of spherical 338 

strains. Filaments require a greater amount of membrane and viral proteins to form each 339 

virion and to the route of filament entry is different to that of spherical virions. Although 340 

filaments have receptor binding activity (Ada et al., 1958; Burnet & Lind, 1957; Chu et al., 341 

1949; Donald & Isaacs, 1954; Seladi-Schulman et al., 2014), they are too large to enter cells 342 

through the canonical clathrin-mediated endocytic pathway that can take up spherical and 343 

bacilliform virions. Instead, filaments undergo delayed uptake through macropinocytosis, and 344 

break apart into smaller fragments as endosomal acidification triggers conformational 345 

changes in the virion (Rossman et al., 2012; Sieczkarski & Whittaker, 2005). The 346 

comparative efficiency of this process is unclear. While these issues may account for some of 347 

the fitness cost of filaments in laboratory culture, the structure of filaments suggests two 348 

advantages which may overcome these costs during a natural infection. 349 

 350 

Filaments May Be More Robustly Infectious 351 

Firstly, some studies suggest that filaments may have higher specific infectivities than 352 

spherical virions (Ada & Perry, 1958; Ada et al., 1958; Ada et al., 1957; Burleigh et al., 353 

2005; Roberts et al., 1998). As discussed above, the implication that this is due to packaging 354 

multiple genomes is contentious, but the same effect could also be achieved by the 355 

frequently-observed association of individual filaments into higher-order cord-like structures 356 

(Beale et al., 2014; Bialas et al., 2014; Bruce et al., 2010; Elton et al., 2013; Morgan et al., 357 

1956; Muraki et al., 2007; Muraki et al., 2004; Nishimura et al., 1990; Simpson-Holley et al., 358 

2002). Physically associating multiple genomes, in a single particle or a cluster of particles, is 359 

unlikely to be advantageous in the high-multiplicity infections that characterise laboratory 360 

growth and (presumably) foci of infection within the host. However, it would be expected to 361 

increase the efficiency of low-multiplicity infections during the spread of viruses within and 362 

between hosts, given that virions typically lack at least one functional gene segment (Brooke 363 

et al., 2013; Heldt et al., 2015). Redundant copies of the genome may also provide some 364 

resistance to ultraviolet inactivation during between-host passage (Smirnov et al., 1991). 365 

Packaging additional genomes which lack a full complement of functional segments even 366 

raises the intriguing possibility of variable gene dosage for each segment within the context 367 

of a high-multiplicity infection (Brooke et al., 2014). 368 

 369 
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Secondly, it has recently been noted that influenza genomes can pass directly between cells 370 

though an actin-dependent, NA-independent process without packaging into virions (Mori et 371 

al., 2011; Roberts et al., 2015). Although this has not been demonstrated for filamentous 372 

influenza viruses, it is plausible that filaments could enhance cell-associated spread and 373 

provide an advantage in natural infections, for example by evading mucociliary clearance. 374 

However, direct transmission of a filamentous influenza virus has not been demonstrated. 375 

 376 

Filaments May be an Adaptation to Spread Through Mucus 377 

Influenza virions bind to sialic acid, which is cleaved by the viral NA. This neuraminidase 378 

activity is required during the initiation and within-host spread of an infection, to prevent 379 

virions being sequestered by sialic acid moieties on the mucins in respiratory mucus, as well 380 

as on the surfaces of infected cells when new virions are produced (Chlanda et al., 2015; 381 

Cohen et al., 2013; Matrosovich et al., 2004; Yang et al., 2014). Filaments appear to have an 382 

elevated NA activity, which would potentially enhance infectivity in natural hosts (Campbell 383 

et al., 2014a; Campbell et al., 2014b; Seladi-Schulman et al., 2014). Surprisingly, this 384 

activity is increased by mutations in M1 that allow filament formation, even when NA itself 385 

is unaltered (Campbell et al., 2014a; Campbell et al., 2014b; Seladi-Schulman et al., 2014). It 386 

is unclear whether this is due to the clustering of NA at the tips of filaments (Calder et al., 387 

2010; Chlanda et al., 2015) or to the abundance of NA in filaments, which has not been 388 

determined. 389 

 390 

There are only limited data available on the relative stability of filaments and spherical 391 

virions within mucus. Filaments do appear to be fragile during laboratory manipulations, but 392 

despite this they appear to be no more susceptible to heat inactivation than spherical strains 393 

(Beale et al., 2014; Seladi-Schulman et al., 2014). They can be bound by antibodies (Chu et 394 

al., 1949), but they appear to be no more susceptible to neutralisation than spherical virions in 395 

in vitro assays (Seladi-Schulman et al., 2014). Conversely, it has been suggested that non-396 

infectious filaments may serve as an immune decoy by sequestering IgA antibodies away 397 

from smaller particles during infection (Vijayakrishnan et al., 2013). 398 

 399 

Finally, as well as being a barrier to infection and within-host spread, mucus is ultimately the 400 

vehicle for between-host spread. Longer filaments would be able to extend through the low-401 

viscosity periciliary layer, which coats the airway epithelium to a depth of around 7 μm 402 

(Button et al., 2012; Fahy & Dickey, 2010), potentially providing more efficient access to the 403 
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gel-like airway mucus beyond and increasing the likelihood of their respiratory transmission. 404 

Respiratory transmission of influenza genomes in ferrets occurs most efficiently in large (> 4 405 

μm) droplets of mucus. While the same distribution between droplet sizes is observed for 406 

both filamentous and spherical strains, it is notable that these droplets are large enough to 407 

contain intact filaments (Lakdawala et al., 2011). 408 

 409 

 410 

Conclusion 411 

 412 

Influenza viruses naturally exhibit a range of morphologies from small spherical particles to 413 

extremely long filamentous structures. It appears that filament production may be a common 414 

feature of orthomyxoviruses as it has been observed in influenza A, B and C viruses as well 415 

as in thogotovirus and infectious salmon anaemia virus. It is also notable that a number of 416 

unrelated respiratory viruses can form filamentous virions, including respiratory syncytial 417 

virus and certain paramyxoviruses (Compans et al., 1966; Liljeroos et al., 2013; Shaikh et al., 418 

2012; Yao & Compans, 2000), although other respiratory viruses form exclusively spherical 419 

virions. 420 

 421 

For influenza viruses filament formation is a heritable trait which is selected for in natural 422 

transmission. Despite this, long filaments have often been neglected in laboratory studies, and 423 

the reason for their production remains uncertain. Recent technical advances have allowed 424 

the structure of filaments to be analysed in detail and the conditions which select for them to 425 

be studied in a laboratory setting. This has strengthened the case for filaments as a class of 426 

well-formed viral structures which provide functional benefits during natural influenza 427 

infections. What these benefits are though remains uncertain, and in clarifying them we will 428 

need to fundamentally revise our models of how influenza virus genomes are transmitted 429 

outside of a laboratory setting. 430 

 431 

 432 

Acknowledgements 433 

 434 

We thank Dr Jeremy Rossman (University of Kent) for helpful comments on a draft of this 435 

manuscript. BD is funded by a Wellcome Trust studentship [105399/Z/14/Z]; EF is funded by 436 

an MRC programme grant [MR/K000241/1]; SV, DB and ECH are funded by core MRC 437 



14 
 

funding to the MRC-University of Glasgow Centre for Virus Research and ECH is funded by 438 

an MRC Career Development Award [MR/N008618/1]. The funders had no role in study 439 

design, data collection and analysis, decision to publish, or preparation of the manuscript. 440 

  441 



15 
 

Tables 442 

 443 

Table 1: Influenza A virus mutations known to influence filament production. 444 

 445 

Segment 

(gene) 

Residues Phenotype Context Reference 

7 

(M1) 

R95K 

E204D  

 

Reduces 

filament 

formation 

WSN with Ud M1 gene; 

residues changed to match 

WSN. 

(Bourmakina & 

Garcia-Sastre, 

2003) 

A41V Reduces 

filament 

formation 

Ud, selected for resistance to 

an anti-M2 antibody. 

(Roberts et al., 

1998) 

P41A Reduces 

filament 

length 

SNP04 and PR8:SPN04 

reassortants 

(Campbell et al., 

2014b) 

V41A+K95R+T2

18A 

Confers 

filamentous 

morphology 

Vic with WSN M1 gene; 

residues changed to match 

Ud. 

(Elleman & 

Barclay, 2004) 

S85N  

N231D 

Confers 

filamentous 

morphology 

PR8 with Miami M1 gene; 

residues changed to match 

Nkt. 

(Elton et al., 

2013) 

K102A Confers 

filamentous 

morphology 

WSN (Burleigh et al., 

2005) 

7 

(M2) 

S71A+M72A+R7

3A 

Reduces 

filament 

formation 

Ud (Rossman et al., 

2012) 

5 

(NP) 

R214K and I217S 

F253I 

Reduces 

filament 

formation 

WSN with Aichi M1 gene; 

NP residues changed to 

match Aichi.  

(Bialas et al., 

2014) 

 446 

Morphology (filamentous or spherical) is as originally defined in the cited studies. 447 
Abbreviations: Aichi: A/Aichi/2/68; Miami: A/equine/Miami/63; Nkt: 448 
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A/equine/Newmarket/11/03; PR8: A/PR8/34; SPN04: A/swine/Spain/53207/2004; Udorn: 449 
A/Udorn/72; Vic: A/Victoria/3/75; WSN: A/WSN/33. 450 
 451 

  452 
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Figures 453 

 454 

Figure 1: Filamentous influenza virions are lost on laboratory passage. 455 

 456 
Filamentous influenza virions are clearly visible after two passages of the clinical isolate 457 

influenza A/Rockefeller Institute/1/1957 (H2N2) virus in embryonated chicken eggs (a) but 458 

are lost following twelve passages (b). Electron micrographs © Choppin et al., 1960. 459 

Originally published in THE JOURNAL OF EXPERIMENTAL MEDICINE. 112:945-52. 460 

 461 

  462 
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Figure 2: Bacilliform and filamentous influenza virions at high resolution. 463 

 464 
Electron tomograms of influenza virions, showing slices (left panels) and segmented images 465 

(right panels) of (a) a transverse section of a bacilliform virion, (b) a longitudinal section of 466 

the tip of a filamentous virion and (c) a longitudinal section of an Archetti body at the end of 467 

a filamentous virion. Images were manually segmented and coloured to show viral 468 

glycoproteins (green), membrane and associated matrix (purple), genome (brown) and 469 

putative free M1 sheets (yellow). Tomograms were obtained as part of a previous study 470 

(Vijayakrishnan et al., 2013) and manually segmented using Amira (TGS). 471 

 472 

  473 
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Figure 3: Dimensions of influenza virions. 474 

 475 
The dimensions of influenza virions, shown (a) as a schematic of budding and released 476 

virions, with typical sizes indicated, and (b) as measurements of purified influenza 477 

A/Udorn/72 virions. For (a) it should be noted that the incorporation of NS1 and NEP has so 478 

far only been examined in spherical virions, and their general incorporation is inferred from 479 

this. For (b) measurements of 96 virions were taken by cryoelectron microscopy (data 480 

replotted from Vijayakrishnan et al., 2013). Open circles indicate filaments which extended 481 

beyond the field of view and so are longer than measured. Spherical virions (s) are 482 

distinguished from bacilliform virions (b) by having an axial ratio less than 1.2 (dashed line); 483 

filaments (f) are distinguished from bacilliform virions by having a length greater than 250 484 

nm (solid line).  485 

  486 
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