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Collective spread of aggregated viral particles may have beneficial effects on viral capability to survive in the external 

environment, to counteract immune responses, and to successfully colonize host cells.  Here we ask whether SARS-

Cov-2 particles, responsible for COVID-19, display collective clustering behavior.  Looking at microphotographs and 

movies of SARS-Cov-2 particles emerging from the surface of cultured cells, we describe single virions that tend to 

aggregate in progressively larger globular assemblies, until a network-like appearance is achieved.  When SARS-Cov-2 

particles stick into each other, the squeezing of single virions leads to improved viral package in host’s fluids.  We 

discuss how these findings might explain both the ability to spread of SARS-Cov-2 and the clinical severity of COVID-

19 in humans, paving the way to novel therapeutic strategies to mechanically disrupt collective clustering.   
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Viruses may spread not just as single particles, but also as collective aggregates composed either of multiple naked 

virions, or virion-containing protein structures, polyploid capsids, extracellular lipid vesicles (Segredo-Otero and 

Sanjuán, 2019).  For example, HTLV-1–infected T lymphocytes transiently store viral particles as carbohydrate-rich 

extracellular assemblies that recall bacterial biofilms (Pais-Correia et al., 2010; Vidakovic et al., 2018).  These 

assemblies, held together and attached to cell surfaces by virally-induced extracellular matrix components and cellular 

linker proteins, allow virus spread from cell to cell (see also: Millen et al., 2019). Thoulouze and Alcover (2011) 

proposed that these structures at the surface of T cells from HTLV-1-infected patients, reminiscent of bacterial biofilms, 

could stand for “viral communities” with enhanced infectious capacity and improved spread compared with “free” viral 

particles. 

Viral aggregates have been termed “collective infectious units” (CIU), because they might give rise to social-like virus-

virus interactions that contribute to increase infection capabilities and reservoirs (Andreu-Moreno and Sanjuán, 2020). 

Although genetic complementation in CIU does not seem to improve viral fitness and diversity (Segredo-Otero and 

Sanjuán, 2019), cooperative interactions might produce favorable outcomes, such as collective dissemination, immunity 

evasion, labor division, and joint delivery of multiple viral genome copies to target cells which favor co-infections 

(Sanjuán 2017).  Indeed, increasing the cellular multiplicity of infection may provide short-term benefits to viruses, 

such as overwhelming antiviral responses, avoiding stochastic loss of viral components, or complementing the genetic 

defects detectable in different genome copies (Sanjuán and Thoulouze, 2019).  Virion-virion binding and subsequent 

packaging of multiple viral genomes inside the same collective infectious unit permits to deliver multiple viral genomes 
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to the same cell simultaneously, with potential implications for viral pathogenesis, antibody escape, and antiviral 

resistance (Leeks et al., 2019; Cuevas et al., 2020). 

Our aim is to investigate whether SARS-Cov-2 particles are able to stick together through virion-virion binding and to 

form aggregates that could stand for CIU.  Clues from the literature support our hypothesis.  It is noteworthy that many 

animal viruses, including SARS-Cov-2, are enveloped in a lipid bilayer taken up from host’s cellular membranes: 

because viral surface proteins bind to these membranes to initiate infection, it has been hypothesized that free virions 

may also be capable of interacting extracellularly with the envelopes of other virions (Cuevas et al., 2020).  Vesicular 

stomatitis virus (VSV) displays features in common with SARS-Cov-2: both are single RNA viruses and both spread 

with saliva.  It has been demonstrated that free VSV particles can spontaneously aggregate into multi-virion topological 

clusters, in which sociable particles have proximity to each other in a form of proximal convergence (Di Concilio A, 

Naimpally SA, 1987; Peters and Guadagni, 2016).  This allowing speeding of early infection stages in different cell 

types and co-transmission of diverse viral genetic variants to the same target cell (Andreu-Moreno and Sanjuán, 2020). 

A topological cluster is a collection of particles that are close to each other (Leader, 1959).  In purified virions, this 

process is driven by protein-lipid interactions probably involving the VSV surface glycoprotein and phosphatidylserine 

(Cuevas et al., 2020).  It is noteworthy that episodic VSV assemblies spontaneously aggregate in the presence of saliva: 

this feature could increase viral loads and favour infection spreading from a host to another.  This might be valid not 

just in case of VSV, but also of SARS-Cov-2.  

 

 

 

MATERIALS AND METHODS 

 

We examined free-available microscopic images of SARS-Cov and SARS-COV-2 emerging from the surface of 

cultured cells.  Concerning the SARS-Cov pictures, we assessed transmission electron microscope (TEM) images from 

Groneberg et al. (2005) and ultra-high resolution scanning electron microscopies of the three-dimensional features of 

SARS-Cov purified from the culture supernatant of Vero E6 cells (Lin et al., 2004). 

Concerning the SARS-Cov-2 pictures, we assessed TEM images of virions emerging from the surface of lab cultured 

cells produced by NIAID’s Rocky Mountain Laboratories in Hamilton, Montana:  

https://www.flickr.com/photos/niaid/albums/72157712914621487.    

 

Furthermore, we examined the movie made available by the Peter Doherty Institute for Infection and Immunity.  

Indeed, their scientists have successfully grown SARS-Cov-2 from patient samples: 

https://www.youtube.com/watch?v=qTt3P5V8M1A&feature=youtu.be.  

 

 

 

RESULTS  

 

We evalauted the microscopic appearance of SARS-Cov and SARS-Cov-2 at different magnifications.  Figure 1 

depicts available images of SARS-Cov and SARS-Cov-2 particles. A large number of virus particles were found either 

isolated or in aggregates, where single virions tend to squeeze.  The description provided by Lin et al. (2004) for SARS-

Cov particles fully matches the findings detectable in SARS-Cov-2 images: some of the round virus particles of both 

the coronaviruses tightly adhere with their projections sticking into each other, forming a mosaic patch that leads 

virions to squeeze and lose their spherical shape.  Figure 2A illustrates the temporal progression of SARS-Cov-2 

particles growth in supernatant: note how, with time passing, virions tend to aggregate in small clusters that 

progressively tend to fill the whole available liquid space with net-like propagations.  These propagations are easily 

detectable in the video available at: https://www.youtube.com/watch?v=qTt3P5V8M1A&feature=youtu.be.  

Figure 2B shows collective aggregates of SARS-Cov-2 particles emerging from surfaces of cultured cells.  When the 

virions exit the host cells, single particles tend at first to aggregate in spherical assemblies, then to develop 

interconnected network-like branches and nodes.  
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Figure 1.  Interaction of coronavirus particles at different magnifications.  The black and white pictures illustrate the 

appearance of SARS-Cov particles and their interface. Modified from Lin et al. (2004) and Groneberg et al. (2005). The 

coloured pictures illustrate the appearance of SARS-Cov-2 particles and their interface.  The virions isolated from a 

patient emerge from the surface of lab cultured cells.  Modified from: 

https://www.flickr.com/photos/niaid/49534865371/in/photostream/.  The arrows point to the adhesion 

surfaces between different virions. 
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Figure 2.  Collective arrangements of multiple SARS-Cov-2 particles.  Figure 2A:  movie frames illustrating the 

temporal outcomes of virion production and growth in the supernatant of infected cultured cells. Modified from: 

https://www.youtube.com/watch?v=qTt3P5V8M1A&feature=youtu.be.  Note the progressive crowding of 

virion particles, that congregate in small clusters converging in bigger ones with time passing. Figure 2B: scanning 

electron microscope images showing SARS-CoV-2 virions emerging from the surface of cultured infected cells. Note 

how small clusters tend to converge and give rise to larger net-like aggregates of numerous particles.  Modified from: 

https://www.flickr.com/photos/niaid/albums/72157712914621487. 
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CONCLUSIONS 

 

Examining available microscopic images of coronaviruses, we found clues pointing towards the occurrence of (possibly 

transient) SARS-Cov-2 aggregates, in which virions tend to be amassed in multiparticular complexes.  Collective spread 

of viruses may occur through widely different mechanisms, including virion aggregation driven by specific extracellular 

components, cloaking inside lipid vesicles, encasement in protein matrices, extracellular viral assemblies that resemble 

bacterial biofilms, virion binding to microbes and dendritic cells (Sanjuán 2017; Segredo-Otero and Sanjuán, 2019).  

Concerning SARS-Cov-2, the assessed images point towards a peculiar mechanism of particles aggregation: virion-

virion interaction, which leads to the formation of progressively growing globular viral assemblies.  We hypothesize 

that such aggregates might contribute to COVID-19 spread rates and SARS-Cov-2’s cell-to-cell spread.   It is well 

known that individual virions typically fail to infect cells (Sanjuán, 2018).  The causes/implications of low single-virion 

infectivity are unclear.  In principle, this could be due to intrinsic genetic and/or structural defects, but also to host 

infection barriers that limit early viral proliferation (Sanjuán, 2018).  Nevertheless, viral particles’ collective dispersal 

may impact the outcome of the infection, independent of transmission bottlenecks.  In touch with this hypothesis, 

Andreu-Moreno and Sanjuán (2020) found that saliva-driven aggregation has a dual effect on VSV fitness: whereas 

aggregation tends to increase infectivity in the short term, virion assemblies are highly susceptible to invasion by 

noncooperative defective variants after a few viral generations. 

The ability to build particles assemblies and achieve collective dynamical behavior may provide invaluable advantages 

to SARS-Cov-2.  To provide an example, non-overlapping spheres within a three-dimensional Euclidean space are 

subjected to constrained arrangements.  This leads to the geometrical issue of the sphere packing problem, that aims to 

find arrangements in which spheres fill as much of the space as possible (Fu et al., 2016; Teich et al., 2016).  When 

SARS-Cov and SARS-Cov-2 particles stick into each other, they form a mosaic patch that squeezes the single virions.  

This loss of spherical shape modifies sphere packing in three dimensions, because an increased number of viral particles 

is able to fill up a given amount of available space.  By achieving a best package, a growth in local density of crowded 

viral particles in host’s liquid is achieved, maximizing viral load.  The enlarged number of virions may lead also to an 

increase in viscosity of the infected sputum and/or other biological fluids, providing protection against host removal or 

environmental noxae.  SARS-CoV-2 positive patients with few/no symptoms and modest levels of detectable viral RNA 

in the oropharynx have been described (Zou et al., 2020).  This finding, together with the observation that SARS-CoV-2 

displays a well-known decay rate both in aerosols and various surfaces (van Doremalen et al., 2020), suggests an 

intriguing possibility: reduced viral loads could be correlated with decreased viral ability to build particles clustering.  

When otherwise healthy subjects are exposed to very low viral loads or disassembled CIU, a partial immunization 

might occur that prevents severe COVID-19 forms.  This mechanism, that we might term “mithridatization”, has been 

described in animal models of the 2009 pandemic influenza virus, where decreased challenge dose resulted in reduction 

in clinical signs and delay in virus production in the upper respiratory tract (Marriott et al., 2014; Peiris et al., 2003).   

The globular-like arrangement of multiple SARS-CoV-2 virions may provide another advantage against host immunity 

and environmental harms: even if immune systems or environmental factors engage the external core of the viral 

assembly, an inner viral sanctuary might be spared from further damages.  It is noteworthy that, while VSV multi-virion 

complexes occur unfrequently in standard cell cultures, they are abundant in other fluids such as saliva (Cuevas et al., 

2020).  This suggests that the several coronaviruses ensembles detectable in cellular cultures could be multiplied in 

human host’s fluids such as saliva, sputum, and bronchoalveolar lavage.   

A further suggestion that might contribute to solve an intriguing conundrum can be provided: during the current 

COVID-19 outbreak, pediatric population is affected by less severe symptoms and is rarely admitted to hospital care 

(Huang et al., 2020; Xu et al., 2020), despite infection transmission displays the same rates and features in children and 

adults (Bi et al., 2020).   Many tentative explanations have been provided for this puzzling phenomenon, including, e.g., 

the possibility of cross-reaction between SARS-CoV-2 and childhood vaccines (Tozzi and D’Amato, 2020).  Here we 

speculate that the lower symptomatic response in children could be correlated with local factors endowed in the 

pediatric respiratory airways that are able to scatter the viral assemblies responsible for symptoms severity.     

In sum, our results point towards the possibility of clustered SARS-Cov-2 dissemination.  Such assemblies might stand 

for an unnoticed mechanical device that by one side contributes to viral spread, from another side stands for a potential 

target leading to novel antiviral strategies.   
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