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Abstract

Many viruses form highly pleomorphic particles. In influenza, virion structure is of interest

not only in the context of virus assembly, but also because pleomorphic variations may cor-

relate with infectivity and pathogenicity. We have used fluorescence super-resolution

microscopy combined with a rapid automated analysis pipeline, a method well-suited to the

study of large numbers of pleomorphic structures, to image many thousands of individual

influenza virions; gaining information on their size, morphology and the distribution of mem-

brane-embedded and internal proteins. We observed broad phenotypic variability in filament

size, and Fourier transform analysis of super-resolution images demonstrated no general-

ized common spatial frequency patterning of HA or NA on the virion surface, suggesting a

model of virus particle assembly where the release of progeny filaments from cells occurs in

a stochastic way. We also showed that viral RNP complexes are located preferentially within

Archetti bodies when these were observed at filament ends, suggesting that these struc-

tures may play a role in virus transmission. Our approach therefore offers exciting new

insights into influenza virus morphology and represents a powerful technique that is easily

extendable to the study of pleomorphism in other pathogenic viruses.

Author summary

Viruses are significant human pathogens. In influenza, virus structure and morphology

has been linked to pathogenicity; however commonly used methods to study virus struc-

ture are often low through-put, or lack the resolution required to resolve virus particle fea-

tures. In addition, influenza filaments are frequently understudied due to their fragile

nature and loss of filamentous morphology during viral passage. In order to address this,

we have developed a fluorescence super-resolution microscopy and rapid automated anal-

ysis pipeline to image many thousands of individual influenza virions at a time, gaining

information on their size, morphology and protein distribution. Using this method we
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were able to show that there is no specific alternation of the surface glycoproteins in fila-

ments, and that neuraminidase-enriched Archetti bodies preferentially house viral ribo-

nucleoprotein complexes. Our findings offer new insights into influenza virus particle

assembly and virus transmission, and further, our versatile methods have the potential to

contribute towards multiple areas of virus research.

Introduction

Viral disease results in significant illness and deaths in humans each year, and thus represents

a large healthcare and economic burden to countries around the world. The COVID-19 pan-

demic has resulted in the deaths of millions of people, while annual influenza epidemics can

result in up to 650,000 respiratory deaths per year [1], with significantly more during intermit-

tent influenza pandemics. Despite the high mortality and morbidity associated with viruses,

many aspects of their structure and morphology are poorly understood, in part due to their

pleomorphic nature and small size, which represent a challenge when it comes to imaging and

studying them via conventional means.

Influenza virus particles are highly pleomorphic [2], ranging in size from spherical virions

~ 100 nm in diameter [3] to filaments of a similar width but reaching many micrometers in

length. Similar pleomorphism has been seen for many other viruses, such as Respiratory Syn-

cytial Virus (RSV) [4], Ebola [5], measles [6], human parainfluenza virus type 2 (HPIV2) [7]

and Newcastle Disease Virus [8]. Filamentous strains of influenza have frequently been over-

looked in virus research, both because laboratory-passaged viruses tend to be spherical (with a

filamentous morphology more typical of clinical isolates) and also because ultracentrifugation

and other purification and storage procedures tend to damage filaments [9]. Filamentous virus

structure is of interest as it has been linked to increased pathogenicity [10–12], resistance to

neutralizing antibodies [13] and penetration through host mucus barriers [14], as well as offer-

ing insights into virus assembly and mechanisms of infection [15].

Influenza virus particles are surrounded by a lipid bilayer, in which two surface glycopro-

teins, the hemagglutinin (HA) and neuraminidase (NA), as well as the M2 protein, are embed-

ded [16]. The M2 protein has ion channel activity, which results in acidification and

subsequent uncoating of the viral genome when viruses are internalized into host cells. In

addition to ion channel activity, the M2 protein plays a role in virus assembly by binding to

M1 [17]. Electron micrographs of spherical viruses have suggested that there are ~375 surface

protein spikes, of which approximately one seventh are NA and the rest are HA [16,18]. The

distributions of the HA and NA glycoproteins over the virion surface are not entirely random;

with studies showing that small clusters of NA are formed within the more abundant HA [16],

that NA has a tendency to cluster at one of the poles of filaments [14,16,19–21] and that HA

and NA proteins may alternate on the filament surface [14]. Beneath the lipid bilayer lies the

structural matrix protein M1—in filaments, this has been observed to have a helical structure

[21] and has been implicated as a major determinant of the pleomorphic structure of influenza

[22]. Other studies have suggested that the M2 protein may also play a role in filament forma-

tion [23,24], and treatment of influenza A virus-infected cells with an M2-specific antibody

has been shown to result in loss of filament formation [25].

Inside the M1 core lies the viral genome, which is comprised of 8 viral RNA segments, each

of which is bound by multiple nucleoproteins (NP) and the RNA polymerase (formed of the

subunits PB1, PB2 and PA) to make ribonucleoprotein (RNP) complexes. Imaging work has

suggested that RNP complexes cluster at one end of filamentous virus particles [14,19–21,26].
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Some filamentous virions have been observed to have large bulges at one end known as Arche-

tti bodies [27]; previous electron microscopy images have indicated that these bulges do not

appear to contain RNPs [20] and their exact purpose in viral replication remains unknown.

The imaging of viruses by conventional fluorescence microscopy is limited as virus particles

are generally smaller than the ~ 250 nm resolution limit of optical microscopy for visible light,

making it impossible to gain detailed information on the shape, size and protein organisation

of individual virions. Electron microscopy (EM), and more recently cryo-EM, are excellent

methods for high-resolution imaging of virus structure, but can be comparatively low through-

put, time consuming, and offer limited molecular identification. The pleomorphy of many

viruses also precludes visualization by procedures that rely on averaging many identical parti-

cles, and as a result, it remains challenging to measure protein distributions and abundance at

the single-virus level across an entire population. To overcome those limitations and facilitate

the high-throughput acquisition of images of filamentous influenza virions, we used direct sto-

chastic optical reconstruction microscopy (dSTORM) [28], a technique that allows the location

of molecules to be determined with a resolution of less than 20 nm and offers an exciting alter-

native for virus imaging [29,30]. This method is compatible with immunostaining, allowing us

to specifically label multiple viral proteins within virions.

In this study, we have combined dSTORM imaging methodology with rapid automated

analysis software to carry out a high-throughput and high-resolution analysis of thousands of

virions at a time. We have used these tools to investigate the structure and organization of

influenza H3N2 A/Udorn/72; a strain which exhibits both spherical and filamentous morphol-

ogy. We found that length analysis provided a useful way of characterizing virions: filaments

longer than ~ 230 nm formed a broad size distribution, while smaller particles formed two dis-

tinct populations, likely corresponding to spherical and elongated virions. In contrast to previ-

ous analyses [26], axial ratio analysis did not reveal distinctive populations. We also

investigated the arrangement of viral proteins; demonstrating that no generalized spatial fre-

quency patterning of HA or NA on the virion surface occurs, and observed that RNPs are pref-

erentially located at filament ends when Archetti bodies are present. Our analysis pipeline is

versatile and can be adapted for use on multiple other pathogens, as demonstrated by its appli-

cation to SARS-CoV-2. The ability to gain nanoscale structural information from many thou-

sands of viruses in just a single experiment is valuable for the study of virus assembly

mechanisms, host cell interactions and viral immunology, and should be able to contribute to

the development of viral vaccines, anti-viral strategies and diagnostics.

Results

High-throughput imaging of influenza using super-resolution microscopy

In order to establish a rapid, robust and high-throughput method of imaging virus particles we

used influenza A/Udorn/72, an influenza strain with a well-characterized spherical and fila-

mentous phenotype [20]. We initially immobilised virus particles for fluorescence imaging by

non-specifically biotinylating the virus surface and incubating particles on the surface of a

pegylated glass slide, however this method did not result in many immobilized particles (S1A

Fig), was not consistent, and required time-consuming slide preparation. To address these

issues, we investigated virus immobilisation via coating the glass with the positively-charged

linear polymers poly-L-lysine (S1B Fig) or chitosan (S1C Fig). Both chitosan and poly-L-lysine

immobilised virus particles well and with low background, however poly-L-lysine was chosen

for subsequent experiments due to its long-term stability and ease of preparation. Virus sam-

ples were dried directly onto glass coverslips pre-coated with poly-L-lysine, a process which

took approximately 10 minutes (Fig 1A). We found that drying of the virus did not visibly
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Fig 1. High-throughput imaging of influenza using super-resolution microscopy. A) Schematic of the labelling protocol. Virus samples were dried directly

onto glass coverslips pre-coated with poly-L-lysine before being fixed, permeabilised and stained with antibodies using a standard immunofluorescence

protocol. B) A representative field of view (FOV) of a widefield image of labelled A/Udorn/72 influenza, imaged in the green channel. Scale bar 10 μm. C) A

representative FOV of a widefield image of a virus negative sample, imaged in the green channel. Scale bar 10 μm. D) The corresponding dSTORM image of

the FOV in B), where HA is labelled in green and NA is labelled in red. Scale bar 10 μm. E-G) Zoomed in images from D) showing individual filaments and

spherical particles. Scale bar 5 μm.

https://doi.org/10.1371/journal.ppat.1011484.g001
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affect filament appearance and that a combination of drying the sample and using poly-L-

lysine increased the number of immobilized viruses on the slide surface and the accessibility of

long filaments to antibody staining (S2A–S2D Fig). Immobilised viruses were fixed, permeabi-

lised and stained with antibodies using a standard immunofluorescence protocol (see meth-

ods). Whilst post-permeabilisation staining and fixation resulted in a slightly higher particle

count per field-of-view, we chose to fix first, permeabilise and then immunostain as this

allowed us to work with fixed, inactivated viruses from the outset of the experiment and still

resulted in a high particle count (S2E Fig).

Next, we imaged the immobilized virus particles using a widefield total internal reflection

fluorescence (TIRF) microscope. A/Udorn/72 virions were dual-stained using polyclonal anti-

HA and anti-NA primary antibodies and secondary antibodies labelled with Alexa546 (green)

and Alexa647 (red) respectively (Fig 1B). A single field-of-view (FOV; measuring 50 x 80 μm)

showed examples of multiple viruses, including large numbers of spherical particles and fila-

ments of a wide range of different lengths (Fig 1B). A negative control consisting of media

from non-infected cells showed that the labelling was specific (Fig 1C). A long acquisition

(10,000 frames) of the FOV was taken to generate a super resolution image, which showed the

virus particles at high-resolution, revealing the spatial organization of HA and NA on the sur-

face of both spherical particles and filaments (Fig 1D-1F). Multiple FOVs of the same sample

can be imaged in this way, providing high-resolution information on thousands of spherical

influenza virions and hundreds of filaments in each run. Taken together, this approach allows

us to efficiently, rapidly and easily immobilize and image large numbers of virus particles at

high-resolution, in order to gain structural information on large virus populations.

Length analysis of long filaments using diffraction-limited microscopy

images

Our initial images showed a population of elongated virus particles with large variability in length,

ranging from approximately 250 nm to several microns. Due to the large size of the viral filaments

(larger than the diffraction limit), we initially performed a high-throughput length analysis of mul-

tiple filaments using widefield images containing diffraction-limited signals. Multiple images of

A/Udorn/72 virus labelled with an anti-HA antibody were taken and a rapid automated analysis

pipeline was used to measure filament length (Fig 2A). We adjusted and binarized each image to

pick out the virus filaments (Fig 2B, 2C and 2D), using a lower threshold of 234 nm to exclude

any signals less than 2 pixels in size. Morphological closing operations were used to fully connect

the virus particles if there were regions without labelled protein and then a skeletonization opera-

tion [31] which reduced the particles to the simplest shape to give the shape of the filaments was

applied. Morphological closing operations have a risk of merging particles but, in general, we

observed that filaments were not abundant enough in each FOV to be merged together, the

lengths of the resulting skeletons were therefore taken as the lengths of the virus filaments [32,33].

This process was completed on 486 individual FOVs, allowing the lengths of 46,872 fila-

mentous particles to be measured. The resulting histogram was fitted with a single exponential

function (Fig 2E). Repeating the process on 243 FOVs negative for virus showed that any back-

ground signal due to spurious noise or background labelling was negligible (Fig 2F and 2G)

and could be subtracted from the histogram of viral lengths. The resulting length distribution

revealed that there were significantly more filaments of shorter lengths (<1000 nm), with the

frequency of filaments decreasing at longer length scales. This is consistent with previous

observations that filaments are fragile [9] and can break or fracture at longer lengths; alterna-

tively, length may be limited by the greater amount of membrane and viral proteins required

to form each filament compared to a spherical particle. The large variability in filament lengths
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and lack of distinctive sub-populations of filamentous virions of a particular size also suggests

a model of virus particle assembly where membrane scission and the release of progeny fila-

ments from cells occurs in a stochastic way, as suggested previously [14].

Size and shape analysis of virions using dSTORM

Having completed a comprehensive length analysis of long virions we next considered how to

do this for smaller virus particles (specifically, those that fall into the spherical, ellipsoidal/

Fig 2. Widefield imaging and automated length analysis of A/Udorn/72 reveals that filaments fit a single

distribution. A) A pipeline for analyzing filamentous Udorn particles uses multiple widefield images, which are

adjusted and binarised before being skeletonized to get a measure of filament length. Scale bar 5 μm. B, C&D) Zoomed

in skeletons from A). E) Widefield images of A/Udorn/72 virus stained with an antibody against the HA protein were

analysed using the pipeline in A). The resulting frequency distribution of the lengths of 46,872 filamentous particles, fit

with a double exponential (red line; equation above plot). F) Histogram from the analysis of 243 virus-negative FOVs

demonstrates that the background was negligible. G) Zoomed in histogram of F).

https://doi.org/10.1371/journal.ppat.1011484.g002
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bacilliform and short filament (<600 nm) categories). The small size of these viruses precluded

the use of widefield images to get accurate length data, and so we turned to super-resolution

images to obtain their size distribution. A/Udorn/72 virus was immobilized, stained and

imaged using dSTORM as described above; the DBSCAN clustering algorithm [34] was used

to cluster the resulting localisations in each FOV, and a best-fit ellipse was fitted to each cluster

(Fig 3A). The best-fit ellipses were used to give the major and the minor axis lengths of the

clusters, which were taken as a measure of virus particle size and the results were plotted as

histograms.

This process was completed on 46 individual FOVs, allowing the size of 41,754 particles to

be measured. By repeating the process on virus-negative FOVs, the data was corrected for

noise or background (S3 Fig). The resulting histogram of the major axis length was fitted using

a triple log-normal function, chosen to take into account the two distinctive virion populations

as well as a minor third distribution representing the small amount of background signal still

Fig 3. Super-resolution imaging and size analysis of spherical virus particles. A) A pipeline for analyzing spherical

and bacciliform particles using multiple super-resolution images. Super-resolution localisations are clustered using

DBSCAN and each cluster is fitted with an ellipse. Particle dimensions are extracted using the major and minor

diameters of each ellipse. Scale bars 1 μm. B) A histogram of the major axis lengths shows that influenza virions stained

for the HA protein fall into two distinct populations, centered at 75.1nm and 162.4 nm. C) Representative particles

from the population centered at 75.1 nm. Scale bar 100 nm. D) Representative particles from the population centered

at 162.4 nm. Scale bar 100 nm. E) Histogram of the major/minor axis ratio of influenza particles shows a single

distribution. F) Representative super-resolution images of SARS-CoV-2 virions dual-labelled with anti-spike and anti-

nucleocapsid primary antibodies and secondary antibodies labelled with Alexa647 (red) and Alexa546 (green)

respectively. Scale bar 100 nm. G) A histogram of the spike protein major axis lengths fitted with a Gaussian function

shows that SARS-CoV-2 virions fall into a single population, centered at 94.0 nm. H) Analysis of the nucleocapsid

protein also falls into a single population centered at 81.8 nm.

https://doi.org/10.1371/journal.ppat.1011484.g003
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remaining (Fig 3B). This analysis revealed two distinct populations of virions (Fig 3C and 3D),

centered at ~ 75 nm (54.6% of the total particles) and ~ 160 nm (44.2% of the total particles),

likely corresponding to spherical and elongated virions respectively. The third distribution,

representing 1.2% of all particles, was centered at ~ 40 nm; the extremely small size of this dis-

tribution suggests that our clustering methods and subtraction of data points from virus-nega-

tive experiments were sufficient to remove most non-specific localisations. We plotted the

precision error in individual localisations for the super-resolution images used in this analysis,

which gave a median error of 7.4 nm in the x and 7.2 nm in the y direction, too small to make

any meaningful difference to our results (S4 Fig).

EM images of virus particles have previously been categorized based on their axial ratio

(<1.2 for spherical virions, >1.2 for bacilliform virions and filaments), as well as length. We

therefore plotted the major/minor axis histogram from the measured particles fitted with a sin-

gle exponential function (Fig 3E), as well as the major axis against minor axis (S5A and S5B

Figs). Rather than being able to distinguish two distinct axial ratio populations (of greater than

and less than 1.2), we observed a single population. This suggests that when analysing large

numbers of virions (many thousands compared to a few hundred via EM) a much larger vari-

ability in particle shape may be captured, thus suggesting that a greater heterogeneity in virus

shape than previously thought may occur.

In order to demonstrate the versatility of our imaging and analysis pipelines, we carried out

similar experiments on the SARS-CoV-2 virus, the causative agent of the COVID-19 pan-

demic. Fixed SARS-CoV-2 virions were dual-labelled for the spike (red) and nucleocapsid

(green) proteins (Fig 3F); multiple co-localised particles were observed, corresponding to dou-

ble-labelled virions. An averaged image of a virion made from summing localisations from

44,293 dual-coloured virus particles showed that there was a small alignment offset present

between the two channels. The distribution of this composite image shows no bias in any

direction, but, as viruses could be imaged in all orientations, it does not necessarily reflect the

distribution of individual spike proteins (S6 Fig). Super-resolution localisations for each virion

were clustered and each cluster fitted with an ellipse to extract particle dimensions. Analysis of

the spike protein localisations showed that virions fell into a single population centered at ~ 94

nm (Fig 3G), in keeping with an expected size for SARS-CoV-2 virus particles [35–38], while

the major/minor axis histogram showed a tighter distribution of virion axial ratio than that

found for influenza, in keeping with observations that SARS-CoV-2 forms largely spherical

particles (S5C and S5D Figs). Repeating the analysis for the nucleocapsid protein revealed a

distribution centered around ~82 nm, as expected from an internally labelled structure within

the virion (Fig 3H), and the distribution (S5E Fig) measured from virions dual-labelled for the

envelope (red) and nucleocapsid (green) (S5F Fig) was centered at ~83 nm, which is slightly

larger than the nucleocapsid. All together, these results are in keeping with previous observa-

tions on the size and distribution of SARS-CoV-2 virus particles and demonstrate the general

applicability of our analysis pipeline to multiple other viruses.

Surface protein organization through Fourier transform analysis of super

resolution images

The distributions of the HA and NA glycoproteins over the virion surface are not entirely ran-

dom; indeed, when we stained filaments for either HA (Fig 4A) or NA (Fig 4B) the resulting

super-resolution images showed a non-uniform distribution of protein signals. We therefore

used intensity analysis and Fourier transforms to investigate the patterning of surface proteins

on a large number of filaments. A/Udorn/72 was immobilised, labelled and imaged using

dSTORM; the filaments were fit with skeletons as above and the intensity profiles of filaments
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were found by fitting the skeleton with a polynomial, finding the normal, summing the inten-

sity over the normal and plotting this over the length of the filament (Fig 4C). Finally, the over-

all patterning was shown by summing the normalised Fourier transforms of all of the

filaments, in order to form an average distribution of the patterning.

We started by analyzing the frequency distribution of the HA protein. The resulting distri-

bution showed no peaks apart from the high signal at close to 0 nm-1 which is due to the spatial

frequency of the filament as a whole (Fig 4D). This suggests that there is no set frequency at

which HA proteins are located along influenza virions, which in turn suggests that the surface

virion proteins are not patterned deterministically. A modest ‘bump’ at low frequencies

(<0.005 nm-1) may suggest that individual filaments can contain patterning at a certain spatial

frequency, however these frequencies can only be seen in long filaments—the peak suggests

patterning on the length scale of>300 nm—and so this is likely to be an artefact of undersam-

pling of longer filaments. Similar analysis was conducted for the NA protein (Fig 4E), which

Fig 4. Analysis of the frequency distribution of influenza surface proteins. A&B) Representative super-resolution

images of filaments labelled with A) HA antibody and B) NA antibody. Scale bars 1 μm. C) A pipeline for analyzing

influenza filament surface protein distribution using multiple super-resolution images. Super-resolution images are

skeletonized, fitted with quadratics along the skeletons, the normal is found before the intensity across this normal is

summed, and finally a Fourier transform is taken and summed across filaments. D) The frequency distribution of the

HA proteins from 1,067 filaments from 8 FOVs. The frequency spectrum for HA has no distinctive peaks, suggesting

that there is no common spatial patterning of HA across filaments. E) The frequency spectrum for NA also has no

distinctive peaks, suggesting that there is no common spatial patterning of NA across filaments.

https://doi.org/10.1371/journal.ppat.1011484.g004
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showed no obvious peaks at all, suggesting that no generalized NA spatial patterning on influ-

enza filaments occurs.

To confirm our observation that no spatial frequency arrangement of the surface proteins

occurs, filamentous virions with a length of 500 nm and a diameter of 80 nm were simulated

through Monte Carlo methods (S7 Fig). Initially, points corresponding to the HA and NA pro-

teins were positioned randomly on a cylinder with hemispherical caps; by projecting these

localisations into two dimensions and randomly fitting points with a normal distribution

around the protein positions, simulated dSTORM images could be built up (Fig 5A). For com-

parison, we simulated dSTORM images of filaments with a forced frequency of protein alter-

nation, representing filaments with a deterministic protein placement (Fig 5B). The relative

positioning of the surface proteins in our simulations was confirmed by plotting the HA inten-

sity profiles of representative simulated filaments with either randomly distributed HA and

NA, or with alternating HA and NA (Fig 5C and 5D). Next, we investigated the spatial pattern-

ing of these simulated filaments by computing the sum of the Fourier transforms of the histo-

grams of protein location along 1000 randomly distributed, and 1000 alternating, simulated

filaments. The frequency distribution for filaments with completely randomly chosen points

(Fig 5E) was similar to the distributions obtained from experimental data for the HA and NA

proteins (Fig 4D and 4E), with no peaks and a broad spread of frequencies at low numbers.

The plot for simulations with a forced alternation of 0.01 nm-1 however, showed a peak at 0.01

nm-1 and a further small peak of the harmonic at 0.02nm-1 (Fig 5F). We also showed that the

model was capable of detecting alternations smaller than the filament length and also pattern-

ing at multiple frequencies (S8 Fig), which again differed from the patterns observed in the

experimental data. Together, our data suggests that no deterministic spatial patterning of the

HA and NA glycoproteins occurs over a large population of filaments.

Single-molecule FISH reveals single RNP complexes at the ends of

filaments

Previous work has shown that NA has a tendency to cluster at one of the poles of influenza fila-

ments; however, while tomograms of Udorn virions suggested that NA clusters at the end of

the virion opposite to the end where the RNPs are attached [21], a recent analysis using high-

throughput fluorescence microscopy to visualize endogenously labelled NA within filaments

revealed a tendency for NA to colocalize with NP, in turn suggesting that NA localization is

linked to the location of the viral genome [14]. We confirmed previous observations that NA

was enriched at one of the filament poles by measuring the intensity profiles of fluorescence

signals from immunostained HA (green) and NA (red) in filaments budding out of infected

cells (Fig 6A). Budding filaments were clearly defined in the green channel (corresponding to

labelled HA), whilst an overlay of the red and green signals showed filaments with largely con-

tinuous HA signal punctuated with infrequent clusters of NA (Fig 6B). Using data from both

channels as a guide, intensity profiles were measured by drawing a line from the tip of each fil-

ament to just before the signal broadened at the cell membrane. The averaged intensity of the

HA signal from 34 filaments showed approximately 20% variation in signal intensity, but no

polar enrichment (Fig 6C), however, the averaged intensity traces of the NA signal showed a

roughly 2-fold enrichment at the filament ends furthest from the cell membrane (Fig 6D). Two

of the filaments had large bulges at the tip which we identified as Archetti bodies (S9A Fig).

Intensity profiles of these individual filaments showed a strong enrichment of NA signal at the

Archetti body (S9B Fig); however, we confirmed that exclusion of these two filaments from

our analysis still resulted in stronger NA signal at the filament tip (S9C Fig).
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Fig 5. Filamentous virion simulations and analysis of alternation on simulated dSTORM images. A&B)

Representative simulated dSTORM images of filamentous influenza particles with A) random protein placement and

B) 0.01 nm-1 frequency alternating protein placement. HA is shown as green and NA as red, on a filament of 500 nm in

length and 80 nm in width. Scale bars 50 nm. C) Intensity profile for a representative simulated filament with

randomly distributed HA and NA. D) Same as C) but for filaments with alternating HA/NA. E) The sum of the

Fourier transforms of the intensity plots of 1000 simulated filaments with randomly distributed HA and NA,

suggesting no common patterning exists. F) Same as E) but for filaments with alternating HA/NA. The peak at

0.01nm-1 and harmonic at 0.02nm-1 confirm that protein patterning can be detected using this method.

https://doi.org/10.1371/journal.ppat.1011484.g005
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Electron microscopy images of bacilliforms and short filaments of influenza have suggested

that the RNPs that contain the viral RNA cluster at one end of the virus interior, however clear

images of the genome have only been obtained in a minority of longer filaments (reviewed in

[9]). In order to clarify the location of RNPs within filaments we used single-molecule fluores-

cence in situ hybridization (smFISH) to specifically label the influenza NA segment RNA [39]

combined with antibody labelling against the HA protein to outline the filament shape.

smFISH uses an array of fluorescently labelled DNA probes that bind to several sites on the

viral RNA, thereby accumulating several fluorescent dye molecules on a viral RNA, making it

visible as a bright spot. A/Udorn/72 virus was immobilized and stained for HA (green) before

being incubated overnight with Quasar 670 (red)-labelled FISH probes. Widefield images of

Fig 6. NA is enriched at the tip of budding influenza filaments. A) Diffraction limited images of filamentous A/Udorn/72 stained with for HA (green; left)

and NA (red; right) budding out of infected cells. Scale bars 10 μm. B) Zoomed in merged image of filament highlighted in white box in A). Scale bar 1 μm. C)

Normalised averaged intensity traces of the HA signal from 34 filaments showing a uniformly distributed distribution along the filament length. D) Normalised

averaged intensity traces of the NA signal showing a ~2-fold enrichment at the filament ends furthest from the cell membrane.

https://doi.org/10.1371/journal.ppat.1011484.g006
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the sample showed multiple long filaments of up to several microns in length (green), which

were then overlaid with super-resolution localisations from the FISH probes against the NA

gene segment (red) (Fig 7A and 7B). Some red localisations not affiliated with virus filaments

were observed; we speculate that these are background signal or signal from free RNA not

associated with virus particles. 83 filaments were imaged in total, of which 15 were manually

Fig 7. RNA is located at one end of influenza filaments. A&B) Diffraction limited images of filamentous A/Udorn/

72 stained with an anti-HA antibody (green) overlaid with super-resolution localisations from an array of FISH probes

against the NA gene segment (red). Scale bars 1 μm. White boxes denote Archetti bodies. C) Top: Raw intensity traces

(grey) of the HA signal from 68 filaments, with the average intensity profile shown as a green line. Bottom: Normalised

average HA intensity from 68 filaments. D) Same as C) but for the red super-resolution signal corresponding to NA

RNA from the 68 filaments. E) Top: Raw intensity traces (grey) of the RNA signal from 14 filaments with a visible

Archetti body, with the average intensity profile shown as a green line. Bottom: Normalised average RNA intensity

from the 14 filaments. F) Same as E) but for the RNA signal from 54 filaments with no visible Archetti body.

https://doi.org/10.1371/journal.ppat.1011484.g007
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discarded as they overlapped with other filaments. Out of the remaining 68 filaments, 14

(20.1%) of these showed a distinctive bulbous shape at one end in the green channel, corre-

sponding to Archetti bodies (Fig 7A; white boxes), while the remaining filaments had no visi-

ble bulge at the end (Fig 7B).

In order to determine the position of the RNA in each filament, a line was drawn along the

axis of the filaments (using the green HA signal to approximate the filament outline) and the

intensity profiles of the line in both the green and red channels was measured. The averaged

intensity of the HA signal from all 68 filaments analysed was uniformly distributed over the

length of the filaments (Fig 7C), however the averaged intensity traces of the super-resolution

signal corresponding to NA RNA from the 68 filaments showed distinct peaks with a tendency

to be located towards the filament ends (Fig 7D). This trend was only obvious for filaments

that had Archetti bodies (Figs 7E and S11A), compared to those without (Figs 7F and S11B);

and all filaments with Archetti bodies had a FISH signal corresponding to viral RNA within

the structure, suggesting that Archetti bodies may house RNPs within influenza filaments. The

average RNA intensity profile from 23 out of the 54 non-Archetti filaments that had peaks

higher than an arbitrary background threshold of 10 did not show any obvious peak at either

end of the filament (S11C Fig), and even when the analysis was altered so that all filaments

were re-orientated to line up the largest peaks on one side (S11D Fig) there was only a small

peak in RNA signal at one end of the filaments. We are therefore unable to conclusively state

where RNPs are located within filaments lacking an Archetti body, and speculate that either

RNPs don’t have a polarised location in non-Archetti filaments or that some imaged filaments

may have lost their Archetti bodies containing RNPs. Together, our results suggest that NA-

enriched Archetti bodies may play a role in housing RNPs and potentially in virus

transmission.

Discussion

The small size and pleomorphic nature of viruses precludes their visualization by single-parti-

cle averaging methods or conventional fluorescence imaging, making it difficult to measure

protein distributions at the single-virus level across an entire population. In this work, we have

shown that a combination of super-resolution imaging and high-throughput analysis of virus

particles allows for the structural features of multiple virions to be examined at a time. Using

the highly pleomorphic influenza strain A/Udorn/72 as a proof of principle, we imaged thou-

sands of filamentous and spherical virions, allowing the features of a large population of virus

particles to be ascertained at high-resolution.

Large viral filaments that measured over 250nm in length were analysed using widefield

microscopy; analysis of the size distribution of>40,000 filamentous virus in this way showed a

broad range of filament sizes. The exact binding epitopes of the antibodies used are unknown,

however for HA (the most abundant viral protein on the virus surface and hence the protein

most likely to be affected by high density steric hindrance), we observed uninterrupted HA sig-

nal along the entire length of the imaged filaments (e.g. Figs 2, 4, and 7), giving us confidence

that our results aren’t being affected by epitope accessibility issues. The frequency of filaments

decreased with length, suggesting that long filaments are easily broken or that production of

longer filaments may be restricted by the need for the large amounts of viral protein required

to form each filament compared to a spherical particle. Virion size at short length scales was

investigated using super resolution microscopy, where the analysis revealed two distinct size

distributions, in keeping with previous observations that influenza forms both spherical and

bacilliform particles [8]. The second distinctive population observed is unlikely to correspond

to aggregated virus as further populations (corresponding to higher order virus groupings or
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aggregated virus) in a range of larger sizes were not observed, and we also saw no evidence of

virus aggregation in the SARS-CoV-2 experiments, further supporting our conclusion that the

two influenza distributions correspond to distinct virion populations. We weren’t able to dis-

tinguish between these two populations using their axial ratio, instead observing just a single

population of viruses, perhaps because our analysis of such a large number of virions captured

a greater heterogeneity in particle shape than previously observed.

Our super resolution method of choice in this study was dSTORM, a single-molecule locali-

zation microscopy technique that exploits the ability of photoswitchable fluorophores,

attached to antibodies that bind to specific viral protein targets, to stochastically blink. As the

number of fluorophores that are in the ‘on’ state is carefully controlled, only a sparse subset is

imaged at any one time; hence signals from individual fluorophores can be spatially discrimi-

nated. dSTORM achieves super-resolution via the precise localization of the signals emitted

from individual molecules by fitting a Gaussian profile, which allows the reconstruction of an

image with a localization precision below the diffraction limit. We have identified a number of

possible sources of error in this methodology that may contribute to small overestimates or

underestimates in our analyses: i) the use of antibodies, which can add an additional linkage

error between reporter and epitope which has been estimated to be 10–15 nm [40], ultimately

limiting measurement accuracy; ii) the localization error from the Gaussian fit to each localisa-

tion during super-resolution image reconstruction, which we calculated to be around 7 nm in

our experiments (S4 Fig); and iii) the fitting error from the ellipse fitted to localization clusters

to estimate virion size, which may be an underestimate due to the labelling density being

greater in the center of a cluster than around the exterior. In a typical dSTORM reconstruction

we observed 51±14 HA localisations/nm and 21±13 NA localisations/nm for spherical parti-

cles, and 9.8±1.2 HA localisations/nm and 4.1±0.5 NA localisations/nm for filaments (an HA:

NA ratio of ~2.4:1 for both spheres and filaments). A previous study suggested an HA:NA

ratio of 7:1 per spherical particle [16], suggesting that the labelling efficiency of HA in our

experiments could be relatively low, possibly due to steric hindrance of antibody binding. Cau-

tion is needed when trying to link dSTORM localisations to protein number however, as the

blinking nature of the dyes on the secondary antibodies gives rise to multiple localisations per

target, multiple secondary antibodies may bind per target, different antibodies bind to their

targets with different efficiencies, and it is unclear whether the surface distribution of glyco-

proteins and the resulting steric hindrance of antibody binding may differ between spheres

and filaments. In spite of these potential sources of error the average sizes that we obtained

from our analysis of many thousands of influenza and SARS-CoV-2 particles were in agree-

ment with data obtained through other imaging techniques, confirming that fluorescence

super resolution microscopy offers an excellent choice for the rapid and specific study of large

numbers of pleomorphic structures without particle averaging.

Our analysis demonstrated large variability in filament length, as well as a lack of distinctly

sized sub-populations within a filamentous virus population. In influenza, the initiation of

virus budding is thought to be initiated by clustering of HA and NA in lipid raft domains on

the cell surface, followed by recruitment of M1 which serves as a docking site for the RNPs just

below the plasma membrane [41]. Elongation of the budding virion is caused by polymeriza-

tion of the M1 protein, and the viral M2 protein is thought to localize at the periphery of the

budding virus through interactions with M1 [41]. Finally, membrane scission, mediated by

M2, leads to release of the budding virus [42]. Localising M2 within filamentous virions repre-

sents an important target for future studies. The regulation of filament formation is not fully

understood, but appears to be a complex process driven by at least M1 and M2, and possibly

other viral or cellular proteins. Our analysis suggests a model of virus particle assembly where

the release of progeny filaments from cells occurs in a stochastic way, leading to filaments of a
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wide range of lengths. This model is supported by previous observations that influenza pro-

duces virions with a broad variation in size and a stochastic protein composition [14], which

led to the suggestion that phenotypic variability may contribute to virus survival under stress

conditions such as in the presence of antiviral NA inhibitor drugs [43]. Electron microscopy

images of influenza virions allow NA and HA spikes on the viral surface to be distinguished by

length and density, leading to the observation that HA and NA separate into distinct clusters.

Our large-scale analysis showed however that there isn’t a common spatial frequency pattern-

ing of HA and NA amongst filaments, suggesting that HA/NA patterning isn’t driven deter-

ministically and further supporting our hypothesis that filament phenotype is broadly variable.

NA has been shown previously to preferentially cluster at the filament pole, either at the

same [14] or the opposite [21] end to the RNPs, perhaps to facilitate virus scission and release

or directional virus movement. Our analysis confirmed that there was an enrichment of NA

signal at the filament tip of budding viral filaments, which has also been suggested to be the

location of the RNPs [14,19–21,26]. Interestingly, we also observed a strong NA enrichment in

the small number of Archetti bodies found at budding filament tips. In addition, our smFISH

analysis showed that RNP complexes were located preferentially at the filament pole within

Archetti bodies, in filaments with obvious Archetti bodies at the tip. We believe it is unlikely

that the enhanced RNA signals detected in Archetti bodies were due to increased accessibility

of FISH probes, as it has been previously show that Archetti bodies have a “contiguous matrix

layer” and probes are therefore no more likely to be able to bind at these sites [26]. Together,

these results suggest that NA-rich Archetti bodies may play a role in housing RNPs, however,

further work is needed elucidate their potential role in virus transmission.

In this work, we have shown that high-resolution microscopy and rapid automated analysis

software can be used to gain structural information at the single-virus level on thousands of

virions at a time. Although this study introduces these methods on two well-studied viral spe-

cies with available antibodies against the major viral proteins, there could be general applica-

bility of the techniques to less-well studied virus types, and so our methods may also be useful

for future studies of virus assembly and budding, cell-to-cell transmission and virus pathogen-

esis, or the development of viral diagnostic strategies that rely on virus morphology for

identification.

Methods

Virus strains

The influenza strain H3N2 A/Udorn/72 (Udorn) was grown in Madin-Darby Canine Kidney

(MDCK) cells as described previously [44]. To produce filament-containing stocks for analy-

sis, confluent MDCK cells were infected at a multiplicity of infection of 0.001 and incubated at

37˚C in serum-free media (Dulbecco’s Modified Eagle Medium, Gibco) supplemented with

2 μg/mL TPCK-treated trypsin (Sigma) for 24 hours. Supernatants were harvested and clari-

fied at 4000 rpm for 5 minutes at room temperature to remove cell debris before being used

without any further purification or concentration steps. 0.2% formaldehyde was added and the

supernatant was stored at 4˚C to prevent filament degradation. SARS-CoV-2 was grown in

Vero E6 cells and collected as above. The virus was inactivated by addition of 4% formaldehyde

before use [37] and stored at -80˚C.

Virus immobilization

Unless otherwise specified, viruses were immobilized using poly-L-lysine. Coverslips

(25x65mm, thickness number 1, VWR) were heated in a furnace at 500˚C for 1 hour to burn

off any dust. A silicone gasket (Grace Bio-Labs, USA) was added to the glass slide and 0.01%
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poly-L-Lysine (Sigma) solution was added to the wells for 30 minutes. The excess was removed

and the chambers were washed three times with MilliQ water and the slide allowed to dry. As

an alternative chitosan was used in place of poly-L-lysine (0.015% chitosan powder (Sigma) in

0.1M ethanoic acid).

For specific immobilisation of viruses via biotinylation, passivated microscope slides were

prepared by washing in acetone and Vectabond solution (Vector Laboratories) before being

incubated with NHS-PEG:Biotin-NHS-PEG in an 80:1 ratio. 0.5 mg/mL neutravidin was incu-

bated for 10 minutes at room temperature on the slide shortly before virus was added. Viruses

were biotinylated by incubation in a 1 mg/mL Sulfo-NHS-LC-Biotin (ThermoFisher) for 3

hours at 37˚C before being fixed and immunolabelled as described below.

Sample preparation

Virus was incubated in the wells at 45˚C until the well was dry. Immobilised virus was fixed

with 4% formaldehyde (Thermo Scientific) in phosphate buffered saline (PBS) for 10 minutes

at room temperature, before being permeabilised in 0.5% Triton-X-100 (MP Biomedicals) for

15 minutes. The sample was blocked to prevent non-specific binding with 10% donkey serum

(Sigma) and 0.1% Tween-20 in PBS for 1 hour at room temperature. Primary antibodies were

diluted in blocking buffer and incubated with the sample for 1 hour, followed by washing in

PBS and labelling with secondary antibodies (Invitrogen). A final washing step was carried out

and samples were stored in PBS at 4˚C until imaging. For super resolution imaging, the PBS

was replaced with a STORM imaging buffer comprising an enzymatic oxygen scavenging sys-

tem consisting of 1 mg/mL glucose oxidase and 40 μg/mL catalase, 10% glucose and 0.05 M

mercaptoethylamine (MEA) in 1x PBS. Multiple independent repeats, with different virus

preparations, were taken over different days.

A/Udorn/72 virions were labelled with the mouse anti-HA primary antibody Hc83x (a kind

gift from Stephen Wharton, Francis Crick Institute) and goat anti-NA and anti-M1 (a kind gift

from Jeremy Rossman, University of Kent). SARS-CoV-2 virions were labelled with the human

anti-spike antibody EY6A [45] (a kind gift from Tiong Tan and Alain Townsend, University of

Oxford) and a SARS-CoV-2 nucleocapsid antibody (GTX632269) from Genetex. Secondary

antibodies labelled with either Alexa647 or Alexa 546 were purchased from Invitrogen.

For fluorescence in situ hybridisation, the samples were immunostained for HA as

described above, then fixed again with 4% formaldehyde in PBS for 10 minutes, washed with

2x saline sodium citrate (SSC) and subsequently permeabilized with 0.5% Triton X-100 in PBS

for 10 min. After washing with 2x SSC, the surface was blocked with blocking buffer (2x SSC,

10% formamide, 10% dextran sulfate, 0.02% RNase free-BSA, 0.2 mg/ml E. coli tRNA, 1%

RNasin Plus) for 30 minutes at 37˚C. The sample was then incubated with 1 μM FISH probes

(Stellaris LGC; 48 probes designed against the NA gene segment and labelled with Quasar 670)

in blocking buffer for 1-3h at 37˚C. After hybridization, the sample was washed thrice with 2x

SSC, 10% formamide, 1% RNasin Plus and then washed three times with 2x SSC before being

imaged.

Imaging

All fluorescence imaging experiments were performed on a commercially available Nanoima-

ger fluorescence microscope (Oxford Nanoimaging). The sample was imaged using total inter-

nal reflection fluorescence (TIRF) microscopy. The laser illumination was focused at an angle

of 53˚ with respect to the default position. Images of a field of view (FOV) measuring 80 x

50 μm were taken with an exposure time of 30 ms. For super resolution imaging the laser

intensities were gradually increased up to a maximum of 780 kW/cm2 for both the green (532
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nm) and red (647 nm) lasers, and movies of between 5,000 and 15,000 frames were taken. The

red channel was imaged first, followed by the green channel.

Drift correction was computed using the inbuilt Nanoimager software, which uses phase

correlation between consecutive frames containing a minimum threshold number of localisa-

tions to find a translative offset between the two images. In the event that the minimal localiza-

tion threshold isn’t reached for some later frames in very long acquisitions, there may still be

the appearance of minor drift in some clusters in the image. Channel mapping was also com-

puted using the inbuilt Nanoimager software. This uses a mapping file generated from images

of a Tetraspek microsphere bead sample which fluoresces in both the red and green channels.

The channel offset is found from the phase correlation shift between the two channels and

then, using a maximum distance, the software finds colocalised localisations in the channels

that do not colocalise with multiple localisations in the other channel. Finally, the mapping

matrix is found using least squares minimisation for up to the second order (i.e. 1, x, y, xy, x2,

y2) in the x and y coordinates of the green channel for all colocalised localisations.

Filament length analysis

Images were saved as.tif files, opened in ImageJ and each FOV was cropped so that just the sin-

gle channel in which the HA protein was labelled was used. The images were adjusted using

the MATLAB imadjust function and binarized using the MATLAB imbinarize function with a

threshold of 0.001. The background of the resulting black and white image was removed using

the bwpropfilt MATLAB function and the resulting image was closed, skeletonized [31] and

labelled using the MATLAB bwmorph, bwskel and bwlabel functions respectively. Any skele-

tons of less than 234nm (2 pixels) long were excluded from the analysis, as were overlapping

skeletons (due to overlapping filaments dried onto the slide). Results were plotted as a histo-

gram and fitted with a bi-exponential function, detailed on the graph.

Spherical size analysis

Each FOV was drift corrected, and super-resolution localisations were extracted in each frame using

the inbuilt Nanoimager software. The localisations were exported and analysed further in Matlab.

Localisations were clustered using the sklearn library implementation of the DBScan clustering algo-

rithm with a minimum cluster size of 200 and an epsilon of 30nm [34], thereby excluding large or

odd shaped particles. Very small clusters resulting from sub-division of larger particles during the

clustering analysis (potentially due to uneven labelling) were filtered out by background subtraction.

The clusters were fit using the confidence_ellipse library method of fitting a confidence ellipse to a

set of points with 2.0 as the standard deviation of the ellipse. This algorithm uses the covariance of a

set of points, the Pearson coefficient and the mean of the points to fit an ellipse to a set of points.

The major and minor axes of the ellipse were taken as the size of the viral particles.

Averaged STORM images

Colocalised clusters between channels were found by clustering and fitting best fit ellipses to

the data. The position of localisations in these clusters were taken with reference to either the

centroid of one cluster or the centroid of the cluster that a localisation belonged to. These were

plotted on heat maps with a pixel size of 3 nm and overlaid in ImageJ.

Protein distribution and spatial frequency analysis

FOVs with multiple filaments (> 615 nm) labelled with the protein of interest (HA or NA)

were skeletonized as in the filament length analysis. For each pixel in the skeleton of filaments,
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a fit line was produced (using the MATLAB polyfit function) using the next 5 points in each

direction from the pixel of interest. From this quadratic, the normal was found and the inten-

sity of the pixels in the normal were summed. After iterating this over the skeleton, the calcu-

lated line profile of each filament were Fourier transformed using the MATLAB fft function

and the resulting distributions across all filaments were summed to produce the average fre-

quency spectrum for that surface protein [46].

Virion simulation

dSTORM images of viruses were simulated using a Monte Carlo method with the probability

of a protein being placed equally across the virion and an exclusion distance of 20nm. Fila-

ments were modelled as cylinders with hemispherical caps. After projecting the simulated fila-

ments into 2D, localisations were randomly placed with a normal distribution about the

protein location with a standard deviation of 7.4nm (derived from the localization precision of

our data) and the image was coloured as a STORM image [47]. Alternating proteins were

placed by choosing the random number for the protein location along the filament body from

probability distributions derived from the functions |sin(kx/2)| and |cos(kx/2)|.

NA intensity analysis

Supernatant containing both floating cells and virus was harvested from MDBK cells infected

with A/Udorn/72 virus was spun onto 8-well plates (Thermo Scientific) at 5000 RPM for 5

minutes to immobilise the sample onto glass. Samples were stained for HA and NA and

imaged as described above. Using data from both channels as a guide, a line was drawn in FIJI

from the tips of filaments to just before the filament broadened at the cell membrane, with a

width slightly greater than the filament width. The lengths of the filaments and intensity profile

were normalised (0–1) per filament and summed.

FISH image analysis

The inbuilt Nanoimager software was used to create dual-colour images of diffraction-limited

green fluorescence and super-resolution localisations of red fluorescence of the filaments. To

create the intensity along the filament figures, movies recorded at 30 ms exposure with 1000

frames were projected in FIJI to make a single summation image. In FIJI, a line was taken

along the axis of the filaments measuring the intensity in the green and red emission channels

of the microscope. Filaments containing Archetti bodies were orientated with the Archetti

bodies at one end, while filaments without were measured from left to right on the screen,

assuming they randomly orientate themselves on the surface. The background intensity (the

first value in the intensity line) was subtracted to produce the raw intensity of the fluorescence,

the length in pixels was normalised (0–1), and graphs plotted for all lines.

Supporting information

S1 Fig. Immobilisation methods for filamentous viruses. A) A virus negative control (top)

or an A/Udorn/72 virus sample (bottom), were immobilized via a specific biotin/PEG linkage.

Virus particles were biotinylated by incubation with 1 mg/mL Sulfo-NHS-LC-Biotin (Thermo-

Fisher) for 3 hours at 37˚C before being immobilised on a pegylated slide. The virus was

labelled with an anti-Udorn primary antibody and an Alexa647 secondary antibody and

imaged on a widefield TIRF microscope. Scale bars 10 μm. B) A virus sample was incubated

on a slide pre-treated with 0.01% poly-L-lysine. C) A virus sample was incubated on a slide
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pre-treated with 0.015 mg/mL chitosan in 0.1 M acetic acid.

(JPG)

S2 Fig. Optimization of immobilization and sample preparation for imaging viruses. A) A

virus negative control (top) or an A/Udorn/72 virus sample (bottom), were incubated on a

slide pre-treated with 0.01% poly-L-lysine at 4˚C for 10 minutes. The excess sample was

removed from the well and the immobilized virus was fixed and labelled with an anti-Udorn

primary antibody and an Alexa647 secondary antibody before being imaged on a widefield

TIRF microscope. Scale bars 10 μm. B) As in A) but the slide was not pre-treated with poly-L-

lysine and the samples were dried directly onto glass coverslips by heating at 45˚C for 10 min-

utes. C) As in A) but the samples were dried directly onto glass coverslips by heating at 45˚C

for 10 minutes. D) dSTORM reconstructions of Udorn-stained influenza filaments either

dried directly onto glass coverslips by heating at 45˚C for 10 minutes or incubated on the cov-

erslips at room temperature for 10 minutes. Scale bars 0.5 μm. E) Plot of number of particles

detected per diffraction-limited field-of-view (FOV) under different fixation and permeabiliza-

tion conditions.

(JPG)

S3 Fig. Virus-negative FOV and histograms for the size analysis of spherical and bacilli-

form influenza particles. A) A representative super-resolution image of a virus-negative sam-

ple virus stained with an antibody against the HA protein. Scale bar 10 μm. B) Super-

resolution localisations were clustered and each cluster fitted with an ellipse to extract particle

dimensions. A histogram of the major axis lengths shows that background signal is negligible.

C) Zoomed in histogram of B).

(PNG)

S4 Fig. Histograms of the localisation precisions of the data from Fig 3. A) Each FOV was

drift corrected, and a Gaussian function was fitted to each detected localization in every frame

of the acquisition, using the inbuilt Nanoimager software. The fitting error (or localization

precision) in the x direction of each localization was exported and plotted as a histogram, pro-

viding a median error of 7.4 nm. B) Plot of the localisation precision in the y direction, provid-

ing a median error of 7.2 nm.

(JPG)

S5 Fig. Super-resolution imaging and size analysis of influenza and SARS-CoV-2 virus par-

ticles. A) A plot of the major axis against minor axis for the influenza HA protein. B) A heat-

map of the major axis against minor axis for the influenza HA protein. C) A plot of the major

axis against minor axis for the SARS-CoV-2 spike protein. D) Histogram of the major/minor

axis ratio of spike localisations shows a single distribution. E) Analysis of the envelope protein

also falls into a single population centered at 83.0 nm. F) Representative super-resolution

images of SARS-CoV-2 virions dual-labelled with anti-envelope and anti-nucleocapsid pri-

mary antibodies. Scale bar 100 nm.

(JPG)

S6 Fig. The averaged dSTORM structure of the SARS-CoV-2 virion. A) The average struc-

ture when centering spike protein localisations on the centroid of nucleocapsid protein. B)

The average structure when centering all proteins on their own centroid and aligning these

centres. Scale bars 30 nm

(JPG)

S7 Fig. Summary of the dSTORM simulation method. Input parameters of virion size, num-

ber of localisations and localization precision were used for Monte Carlo simulations to create

PLOS PATHOGENS Imaging of pleomorphic influenza viruses to study morphology and protein distribution

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011484 June 30, 2023 20 / 25

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011484.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011484.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011484.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011484.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011484.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011484.s007
https://doi.org/10.1371/journal.ppat.1011484


simulated dSTORM images of filamentous virions. Filaments were modelled as cylinders with

hemispherical caps. After projecting the simulated filaments into 2D, localisations were ran-

domly placed with a normal distribution about the protein location with a standard deviation

of 7.4nm and the image was coloured as a STORM image. Scale bar 20 nm.

(JPG)

S8 Fig. Protein patterning analysis can pick up alternations smaller than the filament

length and also patterning at multiple frequencies. A) Frequency distribution from 500 nm

simulated filaments with protein frequency patterning at 0.024 nm-1; the limit of visible fre-

quencies occurs when the length scales are on the order of half of filament lengths. B) The fre-

quency distribution from 1000 nm simulated filaments with protein frequency patterned at

0.007 nm-1 and 0.033 nm-1 show patterning at multiple frequencies can be seen. A small peak

from a harmonic of the 0.007 nm-1 frequency is also observed.

(JPG)

S9 Fig. NA is enriched in Archetti bodies as well as at the tip of non-Archetti budding

influenza filaments. A) Diffraction limited image of A/Udorn/72 filaments stained with for

HA (green) and NA (red) budding out of an infected cell. White line denotes a filament with

an Archetti body (arrow) at the tip. Scale bar 1 μm. B) Intensity trace of the NA signal from the

filament highlighted in A), showing higher NA signal at the Archetti body at the tip. C) Nor-

malised averaged intensity traces of the NA signal from filaments without obvious Archetti

body structures at the tip, showing an enrichment at the filament ends furthest from the cell

membrane.

(JPG)

S10 Fig. Diffraction limited images of filamentous A/Udorn/72 stained with an anti-HA anti-

body (green; left panels), super-resolution localisations from an array of FISH probes against

the NA gene segment (red; middle panels), and merged images (right panels). White boxes

denote Archetti bodies. Scale bars 1 μm.

(JPG)

S11 Fig. HA and RNA intensity traces along filaments. A) Top: Raw intensity traces (grey)

of the HA signal from 14 filaments with a visible Archetti body, with the average intensity pro-

file shown as a green line. Bottom: Normalised average RNA signal from the 14 filaments,

showing peak in intensity of the HA signal in Archetti bodies. B) Same as A) but for the HA

signal from 54 filaments with no visible Archetti body. C) Top: Raw intensity traces (grey) of

the RNA signal from 23 filaments with intensity peaks above an arbitrary background thresh-

old of 10, with the average intensity profile shown as a red line. Bottom: Normalised average

RNA intensity from the 23 filaments. D) Same as C) but for the RNA signal from all non-

Archetti filaments that have been re-orientated to line up the largest peaks on one side.

(JPG)

Acknowledgments

Special thanks to Dr. Edward Hutchinson and Dr. Jack Hirst from the University of Glasgow

for fruitful discussions. We also thank Stephen Wharton, The Francis Crick Institute, Dr. Jer-

emy Rossman, University of Kent and Tiong Tan, Lisa Schimanski, Pramila Rijal and Prof.

Alain Townsend, University of Oxford, and Kuan-Ying A. Huang, Chang Gung Memorial

Hospital, Taiwan, for their generous gifts of antibodies. Many thanks also to Dr. Rebecca

Moore and Prof. William James from the Sir William Dunn School of Pathology, University of

PLOS PATHOGENS Imaging of pleomorphic influenza viruses to study morphology and protein distribution

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011484 June 30, 2023 21 / 25

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011484.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011484.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011484.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011484.s011
https://doi.org/10.1371/journal.ppat.1011484


Oxford, for providing SARS-CoV-2. The authors gratefully acknowledge the Micron

Advanced Bioimaging for their support & assistance in this work.

Author Contributions

Conceptualization: Andrew McMahon, Thorben Cordes, Nicole C. Robb.

Formal analysis: Andrew McMahon, Rebecca Andrews, Danielle Groves.

Funding acquisition: Achillefs N. Kapanidis, Nicole C. Robb.

Investigation: Andrew McMahon, Rebecca Andrews, Danielle Groves.

Methodology: Andrew McMahon.

Project administration: Nicole C. Robb.

Resources: Nicole C. Robb.

Software: Andrew McMahon, Sohail V. Ghani.

Supervision: Achillefs N. Kapanidis, Nicole C. Robb.

Writing – original draft: Andrew McMahon, Nicole C. Robb.

Writing – review & editing: Nicole C. Robb.

References
1. Organisation WHO. Influenza (Seasonal) 2018 [17/02/2020]. Available from: https://www.who.int/news-

room/fact-sheets/detail/influenza-(seasonal).

2. Noda T. Native morphology of influenza virions. Front Microbiol. 2011; 2:269. Epub 2012/02/01. https://

doi.org/10.3389/fmicb.2011.00269 PMID: 22291683; PubMed Central PMCID: PMC3249889.

3. Bouvier NM, Palese P. The biology of influenza viruses. Vaccine. 2008;26 Suppl 4:D49-53. Epub 2009/

02/21. https://doi.org/10.1016/j.vaccine.2008.07.039 PMID: 19230160; PubMed Central PMCID:

PMC3074182.

4. Ke Z, Dillard RS, Chirkova T, Leon F, Stobart CC, Hampton CM, et al. The Morphology and Assembly

of Respiratory Syncytial Virus Revealed by Cryo-Electron Tomography. Viruses. 2018; 10(8). Epub

2018/08/22. https://doi.org/10.3390/v10080446 PMID: 30127286; PubMed Central PMCID:

PMC6116276.

5. Bharat TA, Noda T, Riches JD, Kraehling V, Kolesnikova L, Becker S, et al. Structural dissection of

Ebola virus and its assembly determinants using cryo-electron tomography. Proc Natl Acad Sci U S A.

2012; 109(11):4275–80. Epub 2012/03/01. https://doi.org/10.1073/pnas.1120453109 PMID:

22371572; PubMed Central PMCID: PMC3306676.

6. Nakai M, Imagawa DT. Electron microscopy of measles virus replication. J Virol. 1969; 3(2):187–97.

Epub 1969/02/01. https://doi.org/10.1128/JVI.3.2.187-197.1969 PMID: 5774139; PubMed Central

PMCID: PMC375751.

7. Yao Q, Compans RW. Filamentous particle formation by human parainfluenza virus type 2. J Gen Virol.

2000;81(Pt 5):1305–12. Epub 2000/04/18. https://doi.org/10.1099/0022-1317-81-5-1305 PMID:

10769073.

8. Laine RF, Goodfellow G, Young LJ, Travers J, Carroll D, Dibben O, et al. Structured illumination micros-

copy combined with machine learning enables the high throughput analysis and classification of virus

structure. Elife. 2018;7. Epub 2018/12/14. https://doi.org/10.7554/eLife.40183 PMID: 30543181;

PubMed Central PMCID: PMC6331195.

9. Hirst JC, Hutchinson EC. Single-particle measurements of filamentous influenza virions reveal damage

induced by freezing. 2019; 100(12):1631–40. https://doi.org/10.1099/jgv.0.001330 PMID: 31553305

10. Seladi-Schulman J, Steel J, Lowen AC. Spherical influenza viruses have a fitness advantage in embryo-

nated eggs, while filament-producing strains are selected in vivo. J Virol. 2013; 87(24):13343–53. Epub

2013/10/04. https://doi.org/10.1128/JVI.02004-13 PMID: 24089563; PubMed Central PMCID:

PMC3838284.

11. Lakdawala SS, Lamirande EW, Suguitan AL jr, Wang W, Santos CP Vogel L, et al. Eurasian-origin

gene segments contribute to the transmissibility, aerosol release, and morphology of the 2009

PLOS PATHOGENS Imaging of pleomorphic influenza viruses to study morphology and protein distribution

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011484 June 30, 2023 22 / 25

https://www.who.int/news-room/fact-sheets/detail/influenza-(seasonal)
https://www.who.int/news-room/fact-sheets/detail/influenza-(seasonal)
https://doi.org/10.3389/fmicb.2011.00269
https://doi.org/10.3389/fmicb.2011.00269
http://www.ncbi.nlm.nih.gov/pubmed/22291683
https://doi.org/10.1016/j.vaccine.2008.07.039
http://www.ncbi.nlm.nih.gov/pubmed/19230160
https://doi.org/10.3390/v10080446
http://www.ncbi.nlm.nih.gov/pubmed/30127286
https://doi.org/10.1073/pnas.1120453109
http://www.ncbi.nlm.nih.gov/pubmed/22371572
https://doi.org/10.1128/JVI.3.2.187-197.1969
http://www.ncbi.nlm.nih.gov/pubmed/5774139
https://doi.org/10.1099/0022-1317-81-5-1305
http://www.ncbi.nlm.nih.gov/pubmed/10769073
https://doi.org/10.7554/eLife.40183
http://www.ncbi.nlm.nih.gov/pubmed/30543181
https://doi.org/10.1099/jgv.0.001330
http://www.ncbi.nlm.nih.gov/pubmed/31553305
https://doi.org/10.1128/JVI.02004-13
http://www.ncbi.nlm.nih.gov/pubmed/24089563
https://doi.org/10.1371/journal.ppat.1011484


pandemic H1N1 influenza virus. PLoS Pathog. 2011; 7(12):e1002443. Epub 2012/01/14. https://doi.

org/10.1371/journal.ppat.1002443 PMID: 22241979; PubMed Central PMCID: PMC3248560.

12. Campbell PJ, Danzy S, Kyriakis CS, Deymier MJ, Lowen AC, Steel J. The M segment of the 2009 pan-

demic influenza virus confers increased neuraminidase activity, filamentous morphology, and efficient

contact transmissibility to A/Puerto Rico/8/1934-based reassortant viruses. J Virol. 2014; 88(7):3802–

14. Epub 2014/01/17. https://doi.org/10.1128/JVI.03607-13 PMID: 24429367; PubMed Central PMCID:

PMC3993553.

13. Li T, Li Z, Deans EE, Mittler E, Liu M, Chandran K, et al. The shape of pleomorphic virions determines

resistance to cell-entry pressure. Nat Microbiol. 2021; 6(5):617–29. Epub 2021/03/20. https://doi.org/

10.1038/s41564-021-00877-0 PMID: 33737748.

14. Vahey MD, Fletcher DA. Influenza A virus surface proteins are organized to help penetrate host mucus.

Elife. 2019;8. Epub 2019/05/16. https://doi.org/10.7554/eLife.43764 PMID: 31084711; PubMed Central

PMCID: PMC6516830.

15. Dadonaite B, Vijayakrishnan S, Fodor E, Bhella D, Hutchinson EC. Filamentous influenza viruses. J

Gen Virol. 2016; 97(8):1755–64. Epub 2016/07/02. https://doi.org/10.1099/jgv.0.000535 PMID:

27365089; PubMed Central PMCID: PMC5935222.

16. Harris A, Cardone G, Winkler DC, Heymann JB, Brecher M, White JM, et al. Influenza virus pleiomorphy

characterized by cryoelectron tomography. Proc Natl Acad Sci U S A. 2006; 103(50):19123–7. Epub

2006/12/06. https://doi.org/10.1073/pnas.0607614103 PMID: 17146053; PubMed Central PMCID:

PMC1748186.

17. Chen BJ, Leser GP, Jackson D, Lamb RA. The influenza virus M2 protein cytoplasmic tail interacts with

the M1 protein and influences virus assembly at the site of virus budding. J Virol. 2008; 82(20):10059–

70. Epub 2008/08/15. https://doi.org/10.1128/JVI.01184-08 PMID: 18701586; PubMed Central PMCID:

PMC2566248.

18. Hutchinson EC, Charles PD, Hester SS, Thomas B, Trudgian D, Martinez-Alonso M, et al. Conserved

and host-specific features of influenza virion architecture. Nat Commun. 2014; 5:4816. Epub 2014/09/

17. https://doi.org/10.1038/ncomms5816 PMID: 25226414; PubMed Central PMCID: PMC4167602.

19. Chlanda P, Schraidt O, Kummer S, Riches J, Oberwinkler H, Prinz S, et al. Structural Analysis of the

Roles of Influenza A Virus Membrane-Associated Proteins in Assembly and Morphology. J Virol. 2015;

89(17):8957–66. Epub 2015/06/19. https://doi.org/10.1128/JVI.00592-15 PMID: 26085153; PubMed

Central PMCID: PMC4524094.

20. Wasilewski S, Calder LJ, Grant T, Rosenthal PB. Distribution of surface glycoproteins on influenza A

virus determined by electron cryotomography. Vaccine. 2012; 30(51):7368–73. Epub 2012/10/16.

https://doi.org/10.1016/j.vaccine.2012.09.082 PMID: 23063838; PubMed Central PMCID:

PMC3532595.

21. Calder LJ, Wasilewski S, Berriman JA, Rosenthal PB. Structural organization of a filamentous influenza

A virus. Proc Natl Acad Sci U S A. 2010; 107(23):10685–90. Epub 2010/05/26. https://doi.org/10.1073/

pnas.1002123107 PMID: 20498070; PubMed Central PMCID: PMC2890793.

22. Bourmakina SV, Garcia-Sastre A. Reverse genetics studies on the filamentous morphology of influenza

A virus. J Gen Virol. 2003; 84(Pt 3):517–27. Epub 2003/02/27. https://doi.org/10.1099/vir.0.18803-0

PMID: 12604801.

23. Rossman JS, Jing X, Leser GP, Balannik V, Pinto LH, Lamb RA. Influenza virus m2 ion channel protein

is necessary for filamentous virion formation. J Virol. 2010; 84(10):5078–88. Epub 2010/03/12. https://

doi.org/10.1128/JVI.00119-10 PMID: 20219914; PubMed Central PMCID: PMC2863831.

24. McCown MF, Pekosz A. Distinct domains of the influenza a virus M2 protein cytoplasmic tail mediate

binding to the M1 protein and facilitate infectious virus production. J Virol. 2006; 80(16):8178–89. Epub

2006/07/29. https://doi.org/10.1128/JVI.00627-06 PMID: 16873274; PubMed Central PMCID:

PMC1563831.

25. Kolpe A, Arista-Romero M, Schepens B, Pujals S, Saelens X, Albertazzi L. Super-resolution micros-

copy reveals significant impact of M2e-specific monoclonal antibodies on influenza A virus filament for-

mation at the host cell surface. Sci Rep. 2019; 9(1):4450. Epub 2019/03/16. https://doi.org/10.1038/

s41598-019-41023-5 PMID: 30872764; PubMed Central PMCID: PMC6418112.

26. Vijayakrishnan S, Loney C, Jackson D, Suphamungmee W, Rixon FJ, Bhella D. Cryotomography of

budding influenza A virus reveals filaments with diverse morphologies that mostly do not bear a genome

at their distal end. PLoS Pathog. 2013; 9(6):e1003413. Epub 2013/06/12. https://doi.org/10.1371/

journal.ppat.1003413 PMID: 23754946; PubMed Central PMCID: PMC3675018.

27. Archetti I. Appearances associated with filamentous forms of influenza viruses. Arch Gesamte Virus-

forsch. 1955; 6(1):29–35. Epub 1955/01/01. https://doi.org/10.1007/BF01242050 PMID: 14388678.

PLOS PATHOGENS Imaging of pleomorphic influenza viruses to study morphology and protein distribution

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011484 June 30, 2023 23 / 25

https://doi.org/10.1371/journal.ppat.1002443
https://doi.org/10.1371/journal.ppat.1002443
http://www.ncbi.nlm.nih.gov/pubmed/22241979
https://doi.org/10.1128/JVI.03607-13
http://www.ncbi.nlm.nih.gov/pubmed/24429367
https://doi.org/10.1038/s41564-021-00877-0
https://doi.org/10.1038/s41564-021-00877-0
http://www.ncbi.nlm.nih.gov/pubmed/33737748
https://doi.org/10.7554/eLife.43764
http://www.ncbi.nlm.nih.gov/pubmed/31084711
https://doi.org/10.1099/jgv.0.000535
http://www.ncbi.nlm.nih.gov/pubmed/27365089
https://doi.org/10.1073/pnas.0607614103
http://www.ncbi.nlm.nih.gov/pubmed/17146053
https://doi.org/10.1128/JVI.01184-08
http://www.ncbi.nlm.nih.gov/pubmed/18701586
https://doi.org/10.1038/ncomms5816
http://www.ncbi.nlm.nih.gov/pubmed/25226414
https://doi.org/10.1128/JVI.00592-15
http://www.ncbi.nlm.nih.gov/pubmed/26085153
https://doi.org/10.1016/j.vaccine.2012.09.082
http://www.ncbi.nlm.nih.gov/pubmed/23063838
https://doi.org/10.1073/pnas.1002123107
https://doi.org/10.1073/pnas.1002123107
http://www.ncbi.nlm.nih.gov/pubmed/20498070
https://doi.org/10.1099/vir.0.18803-0
http://www.ncbi.nlm.nih.gov/pubmed/12604801
https://doi.org/10.1128/JVI.00119-10
https://doi.org/10.1128/JVI.00119-10
http://www.ncbi.nlm.nih.gov/pubmed/20219914
https://doi.org/10.1128/JVI.00627-06
http://www.ncbi.nlm.nih.gov/pubmed/16873274
https://doi.org/10.1038/s41598-019-41023-5
https://doi.org/10.1038/s41598-019-41023-5
http://www.ncbi.nlm.nih.gov/pubmed/30872764
https://doi.org/10.1371/journal.ppat.1003413
https://doi.org/10.1371/journal.ppat.1003413
http://www.ncbi.nlm.nih.gov/pubmed/23754946
https://doi.org/10.1007/BF01242050
http://www.ncbi.nlm.nih.gov/pubmed/14388678
https://doi.org/10.1371/journal.ppat.1011484


28. Rust MJ, Bates M, Zhuang X. Sub-diffraction-limit imaging by stochastic optical reconstruction micros-

copy (STORM). Nat Methods. 2006; 3(10):793–5. Epub 2006/08/10. https://doi.org/10.1038/nmeth929

PMID: 16896339; PubMed Central PMCID: PMC2700296.

29. Touizer E, Sieben C, Henriques R, Marsh M, Laine RF. Application of Super-Resolution and Advanced

Quantitative Microscopy to the Spatio-Temporal Analysis of Influenza Virus Replication. Viruses. 2021;

13(2). Epub 2021/02/06. https://doi.org/10.3390/v13020233 PMID: 33540739; PubMed Central

PMCID: PMC7912985.

30. Arista-Romero M, Pujals S, Albertazzi L. Towards a Quantitative Single Particle Characterization by

Super Resolution Microscopy: From Virus Structures to Antivirals Design. Front Bioeng Biotechnol.

2021; 9:647874. Epub 2021/04/13. https://doi.org/10.3389/fbioe.2021.647874 PMID: 33842446;

PubMed Central PMCID: PMC8033170.

31. Sonka M, Hlavac V, Boyle R. Image processing, analysis, and machine vision. Fourth edition, Interna-

tional edition. ed. Australia: Cengage Learning; 2015. xxxv, 870 pages, 16 unnumbered pages of

plates p.

32. Wearne SL, Rodriguez A, Ehlenberger DB, Rocher AB, Henderson SC, Hof PR. New techniques for

imaging, digitization and analysis of three-dimensional neural morphology on multiple scales. Neurosci-

ence. 2005; 136(3):661–80. Epub 2005/12/14. https://doi.org/10.1016/j.neuroscience.2005.05.053

PMID: 16344143.

33. Xiong Y, Kabacoff C, Franca-Koh J, Devreotes PN, Robinson DN, Iglesias PA. Automated characteriza-

tion of cell shape changes during amoeboid motility by skeletonization. BMC Syst Biol. 2010; 4:33.

Epub 2010/03/26. https://doi.org/10.1186/1752-0509-4-33 PMID: 20334652; PubMed Central PMCID:

PMC2864235.

34. Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O, et al. Scikit-learn: Machine

Learning in Python. J Mach Learn Res. 2011; 12:2825–30. WOS:000298103200003.

35. Ke Z, Oton J, Qu K, Cortese M, Zila V, McKeane L, et al. Structures and distributions of SARS-CoV-2

spike proteins on intact virions. Nature. 2020; 588(7838):498–502. Epub 2020/08/18. https://doi.org/10.

1038/s41586-020-2665-2 PMID: 32805734; PubMed Central PMCID: PMC7116492.

36. Liu C, Mendonca L, Yang Y, Gao Y, Shen C, Liu J, et al. The Architecture of Inactivated SARS-CoV-2

with Postfusion Spikes Revealed by Cryo-EM and Cryo-ET. Structure. 2020; 28(11):1218–24 e4. Epub

2020/10/16. https://doi.org/10.1016/j.str.2020.10.001 PMID: 33058760; PubMed Central PMCID:

PMC7557167.

37. Lyonnais S, Henaut M, Neyret A, Merida P, Cazevieille C, Gros N, et al. Atomic force microscopy analy-

sis of native infectious and inactivated SARS-CoV-2 virions. Sci Rep. 2021; 11(1):11885. Epub 2021/

06/06. https://doi.org/10.1038/s41598-021-91371-4 PMID: 34088957; PubMed Central PMCID:

PMC8178396.

38. Yao H, Song Y, Chen Y, Wu N, Xu J, Sun C, et al. Molecular Architecture of the SARS-CoV-2 Virus.

Cell. 2020; 183(3):730–8 e13. Epub 2020/09/28. https://doi.org/10.1016/j.cell.2020.09.018 PMID:

32979942; PubMed Central PMCID: PMC7474903.

39. Hepp C, Shiaelis N, Robb NC, Kapanidis AN. Viral detection and identification in 20 minutes by rapid

single-particle fluorescence in-situ hybridization of viral RNA. MedRxiv. 2021. https://doi.org/10.1101/

2021.06.24.21257174

40. Fruh SM, Matti U, Spycher PR, Rubini M, Lickert S, Schlichthaerle T, et al. Site-Specifically-Labeled

Antibodies for Super-Resolution Microscopy Reveal In Situ Linkage Errors. ACS Nano. 2021. Epub

2021/06/30. https://doi.org/10.1021/acsnano.1c03677 PMID: 34184536; PubMed Central PMCID:

PMC8320235.

41. Rossman JS, Lamb RA. Influenza virus assembly and budding. Virology. 2011; 411(2):229–36. Epub

2011/01/18. https://doi.org/10.1016/j.virol.2010.12.003 PMID: 21237476; PubMed Central PMCID:

PMC3086653.

42. Rossman JS, Jing X, Leser GP, Lamb RA. Influenza virus M2 protein mediates ESCRT-independent

membrane scission. Cell. 2010; 142(6):902–13. Epub 2010/09/21. https://doi.org/10.1016/j.cell.2010.

08.029 PMID: 20850012; PubMed Central PMCID: PMC3059587.

43. Vahey MD, Fletcher DA. Low-Fidelity Assembly of Influenza A Virus Promotes Escape from Host Cells.

Cell. 2019; 176(1–2):281–94 e19. Epub 2018/12/07. https://doi.org/10.1016/j.cell.2018.10.056 PMID:

30503209; PubMed Central PMCID: PMC6476638.

44. Robb NC, Taylor JM, Kent A, Pambos OJ, Gilboa B, Evangelidou M, et al. Rapid functionalisation and

detection of viruses via a novel Ca(2+)-mediated virus-DNA interaction. Sci Rep. 2019; 9(1):16219.

Epub 2019/11/09. https://doi.org/10.1038/s41598-019-52759-5 PMID: 31700064; PubMed Central

PMCID: PMC6838052.

PLOS PATHOGENS Imaging of pleomorphic influenza viruses to study morphology and protein distribution

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011484 June 30, 2023 24 / 25

https://doi.org/10.1038/nmeth929
http://www.ncbi.nlm.nih.gov/pubmed/16896339
https://doi.org/10.3390/v13020233
http://www.ncbi.nlm.nih.gov/pubmed/33540739
https://doi.org/10.3389/fbioe.2021.647874
http://www.ncbi.nlm.nih.gov/pubmed/33842446
https://doi.org/10.1016/j.neuroscience.2005.05.053
http://www.ncbi.nlm.nih.gov/pubmed/16344143
https://doi.org/10.1186/1752-0509-4-33
http://www.ncbi.nlm.nih.gov/pubmed/20334652
https://doi.org/10.1038/s41586-020-2665-2
https://doi.org/10.1038/s41586-020-2665-2
http://www.ncbi.nlm.nih.gov/pubmed/32805734
https://doi.org/10.1016/j.str.2020.10.001
http://www.ncbi.nlm.nih.gov/pubmed/33058760
https://doi.org/10.1038/s41598-021-91371-4
http://www.ncbi.nlm.nih.gov/pubmed/34088957
https://doi.org/10.1016/j.cell.2020.09.018
http://www.ncbi.nlm.nih.gov/pubmed/32979942
https://doi.org/10.1101/2021.06.24.21257174
https://doi.org/10.1101/2021.06.24.21257174
https://doi.org/10.1021/acsnano.1c03677
http://www.ncbi.nlm.nih.gov/pubmed/34184536
https://doi.org/10.1016/j.virol.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/21237476
https://doi.org/10.1016/j.cell.2010.08.029
https://doi.org/10.1016/j.cell.2010.08.029
http://www.ncbi.nlm.nih.gov/pubmed/20850012
https://doi.org/10.1016/j.cell.2018.10.056
http://www.ncbi.nlm.nih.gov/pubmed/30503209
https://doi.org/10.1038/s41598-019-52759-5
http://www.ncbi.nlm.nih.gov/pubmed/31700064
https://doi.org/10.1371/journal.ppat.1011484


45. Zhou D, Duyvesteyn HME, Chen CP, Huang CG, Chen TH, Shih SR, et al. Structural basis for the neu-

tralization of SARS-CoV-2 by an antibody from a convalescent patient. Nat Struct Mol Biol. 2020; 27

(10):950–8. Epub 2020/08/02. https://doi.org/10.1038/s41594-020-0480-y PMID: 32737466.

46. Altman Yair (2021). export_fig (https://github.com/altmany/export_fig/releases/tag/v3.16), GitHub.

Retrieved September 16, 2021.

47. Prasobhkumar P. P. (2021). scaleBar (https://www.mathworks.com/matlabcentral/fileexchange/79400-

scalebar), MATLAB Central File Exchange. Retrieved September 16, 2021.

PLOS PATHOGENS Imaging of pleomorphic influenza viruses to study morphology and protein distribution

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011484 June 30, 2023 25 / 25

https://doi.org/10.1038/s41594-020-0480-y
http://www.ncbi.nlm.nih.gov/pubmed/32737466
https://github.com/altmany/export_fig/releases/tag/v3.16
https://www.mathworks.com/matlabcentral/fileexchange/79400-scalebar
https://www.mathworks.com/matlabcentral/fileexchange/79400-scalebar
https://doi.org/10.1371/journal.ppat.1011484

