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Abstract

Increasing evidence indicates that viruses do not simply propagate as independent virions among
cells, organs, and hosts. Instead, viral spread is often mediated by structures that simultaneously
vehicle groups of viral genomes, such as polyploid virions, aggregates of virions, virion-
containing proteinaceous structures, secreted lipid vesicles, and virus-induced cell-cell contacts.
These structures increase the multiplicity of infection, independent of viral population density and
transmission bottlenecks. Collective infectious units may contribute to the maintenance of viral
genetic diversity, and could have implications for the evolution of social-like virus-virus
interactions. These may include various forms of cooperation such as immunity evasion, genetic
complementation, division of labor, and relaxation of fitness trade-offs, but also non-cooperative
interactions such as negative dominance and interference, potentially leading to conflict.
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Beyond the “one genome — one infectious unit” paradigm

A long-accepted concept in virology is that viruses propagate as free virions in the
extracellular milieu, each containing one viral genome. Under this view, the viral genetic
program is transmitted in the form of individual copies, each of which constitutes a unit of
infection. This implies that, for a cell to become co-infected with two or more viral
genomes, several virions should to enter the same cell independently. However, as argued
here, this view accounts for only one of several possible ways in which viruses spread inside
and among hosts since, in some cases, viral infectious units are constituted by structures
containing multiple viral genomes. This conceptual shift has been spurred by several recent
findings. For instance, detailed microscopic analysis of enterovirus-infected cultures showed
that, in addition to being released to the extracellular milieu as free viral particles, groups of
virions inside lipid microvesicles budded from infected cells before lysis, and that these
vesicles enabled the co-transmission of multiple viral genomes between cells [1]. In another
work, massive parallel sequencing of individual cells infected with the vesicular stomatitis
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virus (VSV) revealed that, despite receiving a single infectious unit, cells often harbored
several viral genetic variants inherited from the parental population, suggesting that
infectious units were constituted by multiple, genetically diverse viral genomes [2]. A
survey of the literature shows that these are just two examples of possible multi-genome
infectious units, and that there exists a variety of structures supporting viral co-transmission,
here jointly referred to as collective infectious units. Group infection may have broad
implications for the maintenance of viral genetic diversity, the evolution of cooperation and
conflict, virus epidemiology, and the design of new antiviral strategies.

Collective infectious units come in all shapes and sizes

Albeit discovered independently, structures such as polyploid virions, virion aggregates, and
virion-containing lipid vesicles share the common property of delivering multiple viral
genome copies to the same cell/host. In addition, different viruses have evolved the ability to
rewire the cytoskeleton and alter the surface of infected cells to promote direct cell-to-cell
passage of the viral progeny. The number of genomes within these structures probably varies
extensively, from five or less in polyploid virions to potentially thousands in direct cell-cell
contacts. Use of different mechanisms and molecular processes to achieve a common goal
suggests that this kind of group infection has evolved multiple times because it provides
some fitness benefits.

Virions with versatile ploidy

For some viral families, it is well known that each individual virion can contain more than
just one copy of the viral genome (Fig. 1A). Probably the first report of a polyploid virion
corresponded to the filamentous bacteriophage f1, which occasionally encapsidates multiple
genomes in a set of concatenated coat proteins, a structure known as polyphage [3]. Another
well-known example is found in retroviruses, which encapsidate two partially annealed RNA
genomes per virion. Retroviruses are considered pseudo-diploid because generally only one
of the two genomes effectively initiates infection, but true diploidy has also been suggested
[4]. True or pseudo-diploidy may be advantageous in terms of increased tolerance to nucleic
acid damage, as well as for promoting recombination. For several other families that were
initially believed to encapsidate a single genome copy, it was later found that multiple
genomes can be co-packaged. This has been shown in paramyxoviruses such as measles
virus [5], in filoviruses such as Ebola virus [6], and in birnaviruses such as infectious bursal
disease virus [7] and infectious pancreatic necrosis virus [8]. Although the greater
modularity of filamentous capsids probably favors co-packaging, clearly the process can also
take place in icosahedral virions. Some segmented viruses, such as bursal disease virus and
the Rift Valley fever bunyavirus, appear to lack mechanisms for guiding the encapsidation of
their different fragments, implying that virions contain random sets of segments [7,9]. In
these cases, versatile ploidy can be viewed as a consequence of non-selective encapsidation.
Polyploidy can mediate the co-transmission of different genetic variants of a virus and,
hence, is expected to promote interactions between virus variants at the intracellular level.
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Virion aggregates

Early electron microscopy studies suggested that viral particles tend to form aggregates in a
variety of viruses, including poxviruses [10], influenzaviruses [11], rhabdoviruses [12], and
polioviruses [13]. However, aggregation has been mainly viewed from a technical standpoint
as an issue for the purpose of preparing “pure”, monodisperse viral stocks. To what extent
aggregation is a natural process has not been investigated in detail, and its potential
implications for viral transmission, diversity and evolution remain largely unexplored. Our
recent work with VSV shows, however, that each plague forming unit (PFU) (see Glossary)
does not necessarily constitute a biological clone, as it can harbor several genetic variants of
the virus [2]. This was demonstrated by sequencing the viral progeny produced by single
cells infected with less than one PFU on average. Several of the variants detected in the viral
progeny were also present in other cells and could be traced back to the stock used for
inoculation. Furthermore, when we co-infected cells with two phenotypically marked
genetic variants (wild-type and antibody resistant mutant) and used the progeny viruses for
isolating single PFUs by the plaque assay, we found that individual plaques still contained a
mixture of the two variants. These results suggest that aggregates of virions are jointly
transmitted as part of the same PFU (Fig. 1B). Recently, we have explored the causal link
between aggregation and the co-transmission of variants in VSV. We found that free virions
can spontaneously bind to other virions in certain media, particularly in saliva, giving rise to
collective infectious units [14]. In other viruses, it has been found that salivary mucins [15]
as well as some concentrations of non-neutralizing antibodies may sometimes promote
aggregation by cross linking virions, without necessarily impeding viral entry [16].

Baculovirus multi-virion complexes and occlusion bodies

Baculoviruses are highly virulent insect viruses that are transmitted in nature from larvae to
larvae, which typically involves long times of inactivity in the environment, including
overwinter periods [17]. As such, environmental stability is an important fitness component
for baculoviruses. Whereas intra-host viral dissemination mainly takes place in the form of
enveloped virions that bud from the membrane of infected cells, host-to-host transmission is
mediated by occlusion bodies (OBs), in which virions are encased inside a proteinaceous
matrix made of crystalized polyhedrin (Fig. 1C) [8]. OBs originate from occlusion-derived
bodies (ODVs), which are produced in the cell nucleus and are surrounded by a de novo
synthesized membrane. ODVs and OBs accumulate during late stages of larval infection and
are released to the environment upon host death and liquefaction. In addition to their
protective role against UV radiation, OBs are vehicles for the host-to-host co-transmission of
multiple viral genomes since, in most baculoviruses, each OB contains tens of virions. In
turn, in multiple nucleopolyhedroviruses each ODV can be made of several capsids. The
evolutionary advantage of nucleocapsid aggregation is still debated, but it is nevertheless
clear that OBs contain non-identical viral genome copies, including genomes with large
deletions [19-22].

Virion-containing extracellular vesicles

The well-known distinction between enveloped and non-enveloped viruses has become
blurred in recent years after the discovery that some non-enveloped viruses, such as hepatitis
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A virus [23] and hepatitis E virus [24], can also be released from infected cells inside
exosomes, 30-150 nm lipid vesicles with an important role in antiviral immunity among
other regulatory functions [25] (Fig. 1D). Exosomes can contain virions and can mediate
intercellular transmission of HIV-1 [26] and severe fever with thrombocytopenia syndrome
virus [27], but can also transmit naked, infectious RNA genomes such as in hepatitis C virus
[28]. Furthermore, work with poliovirus and other enteroviruses such as coxsackievirus and
rhinovirus has shown that pools or virions are encapsulated in larger, autophagosome-like
lipid vesicles rich in phosphatidylserine [1]. Retrospective analysis of micrographs of
bluetongue virus [29] and norovirus [30] also suggested vesicle encapsulation of virions
[31]. Given the size of enterovirus vesicles, they could potentially contain hundreds to
thousands of virions. However, their virion content has not been precisely defined yet, and
an assessment of the actual number of viral genomes per vesicle that effectively initiate the
cell infection is lacking. The ability of vesicles to potentially transport large numbers of viral
particles was further exemplified in recent work with the Marseille virus (a large DNA
virus), which suggested that up to thousands of virions could be encapsulated and
transmitted inside giant vesicles [32]. Importantly, vesicle-mediated intercellular
transmission of viruses coexists with the classical mode of transmission in the form of free
virions, and the evolutionary, genetic, and mechanistic determinants of this duality remain to
be elucidated.

Direct cell-to-cell transfer of viruses

The co-delivery of multiple viral genomes to the same target cell can be further facilitated by
direct contacts between cells. Viruses have been long known to exploit pre-existing cell
contacts for cell-to-cell movement, such as plamodesmata in plant cells [33-35],
neurological synapses in herpes virus [36] and measles virus [37], and immunological
synapses in HIV-1 [38] and other immunotropic viruses (Fig. 1E). In solid tissues, effective
cell-to-cell transfer can also occur in the absence of specific cell signalling structures if viral
budding is concomitant with attachment/entry into a neighbor cell [39]. In addition, it
subsequently became clear that direct cell-to-cell viral spread is not restricted to use of
physiological cell contacts [40,41]. Contacts induced specifically by viruses are referred to
as virological synapses. In HIV-1 and other retroviruses, viral glycoproteins located in the
cell surface stimulate the establishment of filopodes, which are used as bridges for cell-to-
cell spread [42]. Several lines of evidence indicate that cell-to-cell virion passage through
virological synapses is a major route of intra-host viral dissemination and has implications
for antiviral therapy in HIV-1 [43-45], human T cell leukaemia virus 1 (HTLV-1) [46,47],
and hepatitis C virus [48,49]. Furthermore, HTLV-1 is capable of inducing the formation of
a modified extracellular matrix that is colonized by a high density of infectious particles.
This so-called “viral biofilm” allows spread of virions between neighbor cells in a protected
environment [46]. In vaccinia virus and other poxviruses, newly assembled viral particles
remain associated to the surface of the infected cell, where they induce actin polymerization
and the production of cellular projections that enhance viral transmission to neighboring
cells [50]. However, the actual number of genomes that initiate a new cell infection
following cell-to-cell transfer could be much lower than the total number of genomes
transferred [51]. Cell-to-cell viral transfer is still an incompletely understood process, and its
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implications for viral spread, diversity, and evolution are only beginning to be investigated
[52].

Implications of collective infectivity for viral fithness and evolution

The fact that collective infectious units drive the simultaneous spread of multiple viral
genomes to the same target cell/host may have implications for viral genetic diversity and
evolution. Possible ways in which collective infectious units may determine viral fitness are
discussed below. So far, most of the ideas presented are untested hypotheses, and they often
constitute alternative, non-exclusive scenarios.

Collective infectious units and viral transmissibility

Although each infected multicellular host typically hosts billions of infectious units, only a
minuscule fraction, generally on the order of one to tens or less, will colonize new
individuals, meaning that severe population bottlenecks take place during viral host-to-host
transmission [53,54]. Similarly, intra-host population structure in the form of
compartmentalized organs with restricted viral trafficking has been demonstrated in animal
and plant viruses [35,54,55]. Finally, yet another fundamental driver of population structure
in viruses is the fact that replication is confined to discrete cells, or even to subcellular
compartments. Under the “one genome — one infectious unit’ paradigm, stringent population
bottlenecks make it unlikely that two or more viral genome copies can be co-transmitted to
the same target cells. In contrast, a major consequence of collective infectious units is that
they increase the cellular multiplicity of infection (MOI) regardless of viral population
density or transmission bottlenecks (Box 1). The increased MOI afforded by collective
infectious units might thus be beneficial for viral transmissibility. For instance, in segmented
viruses lacking regulatory mechanisms for ensuring encapsidation of each segment,
polyploidy could increase the chances that at all segments are transmitted. Consistent with
this view, birnavirus polyploid capsids showed greater infectivity than haploid capsids [7,8].
Furthermore, even if most virions contain a full set of segments, stochastic segment loss
during early steps of the cell infection cycle can lead to non-productive infections, as has
been shown for influenza virus [56,57]. Collective infectious units may also contribute to the
transmissibility of multipartite viruses. However, the theoretical MOI required for successful
transmission becomes prohibitively high as the number of independently encapsidated
genome segments increases [58,59]. To what extent collective transmission, for instance
through plasmodesmata, fulfils this requirement is unclear, but it is likely that other
mechanisms are at play to ensure the transmission of all segments in multipartite viruses. It
has been suggested that the multipartite beet necrotic yellow vein virus tends to disseminate
inside the plant in the form of RNA-protein complexes rather than mature virions, and that
RNA-RNA interactions between segments ensure their joint cell-to-cell transfer and
systemic spread [60].

Collective infection and viral growth under adverse conditions

In principle, a disadvantage of collective infectious units is that aggregation is costly for
dispersal and increases competition. A possible factor that may compensate these costs is the
Allee effect, i.e. a positive correlation between the founder group size and fitness. Several
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lines of evidence suggest that, under adverse conditions for the virus, the chances of
completing the infection cycle successfully increase with the cellular MOI (Fig. 2A). For
instance, by increasing the MOI regardless of viral load, cell-to-cell transmission could help
HIV-1 replicate in the presence of antiretroviral therapy [44,61,62], as well as of natural
viral restriction factors such as TRIM5a [63]. Also, many attenuated viruses can only infect
cells with crippled antiviral innate immunity responses, such as cancer cells [64]. However,
these attenuated viruses can sometimes successfully grow in normal cells, provided that the
MOI at inoculation is high enough [65]. This suggests that initiating the infection with a
higher number of genome copies could help the virus overcome innate immunity responses
[66]. As a result, disrupting structures of collective infection might promote viral attenuation
(Box 2). Analogous arguments can be made for inter-host transmission, since transmission
in the form of multi-genome units may allow the virus to increase the chances of reaching
the infectious dose, which should be strongly determined by innate immunity. Notice,
however, that for collective infection to confer a net benefit, the cost of reduced dispersal
should be outbalanced, and whether this condition is met remains untested. In addition to
overcoming innate immunity, some collective infectious units may further confer the virus
the ability to evade antibody neutralization. This has been shown for cell-to-cell
transmission in HIV-1 [67], although HIV-infected cells can also be targeted by neutralizing
antibodies [68]. Relatedly, viral biofilms can protect HTLV-1 from antibody neutralization
[46]. Lastly, the high phosphatidylserine content of virion-containing vesicles stimulates
phagocytosis, because phosphatidylserine is a physiological “eat me” signal normally used
for recycling apoptotic cells [69]. This strategy for enhancing viral entry is known as
apoptotic mimicry [70]. However, these benefits are not intrinsically associated with the
collective nature of infectious units, because encapsulation of single virions in lipid vesicles
is expected to have similar effects on immune evasion and mimicry.

Collective infectious units and the maintenance of genetic diversity

Bottlenecks and population structure should strongly reduce the effective population size
and promote the action of random genetic drift. Drift allows the fixation of slightly
deleterious mutations which, in the absence of recombination, will produce irreversible
fitness losses in a process known as Muller’s ratchet [71,72]. However, transmission of
viruses as collective infectious units among cells, organ, and hosts may alleviate population
bottlenecks and mitigate their effects on viral fitness and diversity. Furthermore, by bringing
multiple genomes into the same cells, collective infectious units should promote
recombination between different genetic variants of a virus, or even between different viral
species. This appears to be a likely scenario in viruses that propagate within vesicles. If two
such species infect the same cell type, extracellular vesicles containing virions of both
species could be produced. For instance, enterovirus 71 and coxsackievirus A16, both of
which are causative agents of hand, foot, and mouth disease (HFMD) in humans, use the
scavenger receptor class B2, which is expressed in a broad range of cell types [73,74].
Interestingly, these viruses have been reported to co-circulate at the epidemiological level in
recent HFMD outbreaks, and co-infection has been associated with an increased risk of
clinical complications [75]. As a note of caution, the number of genomes that successfully
initiate infection may be much lower than the total number of genomes in collective
infectious units. For cell-to-cell spread, the estimated number of founders per cell appears to
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be lower than six in widely different viruses, including tobacco mosaic virus [76], tomato
mosaic virus [51], alphaherpesviruses [77], and HIV-1 [61]. In contrast, this number was
estimated to be 20-40 during cell-to-cell spread of turnip mosaic virus throughout the leaf
mesophyll, although superinfection exclusion limited the ability of progeny from different
cells to get transferred to the same recipient cells, implying that the co-transmitted genomes
shared a high degree of genetic relatedness [35]. In sum, to what extent collective infectious
units modulate population structure remains an open question.

Collective infectious units as potential drivers of heterotypic cooperation

High MOls associated with multi-genome infectious structures may promote mutually
beneficial interactions between different variants of a virus (heterotypic cooperation) at the
intracellular level. A frequently cited type of such interaction is genetic complementation,
whereby the fitness of two or more mutants with different defects is restored as a result of
the ability of viral products to function in trans, meaning that functional proteins provided
by the co-infecting genomes are used as public goods inside the cell [78,79] (Fig. 2B). At
very high mutation rates such as those experienced by RNA viruses [80], most genomes will
be loaded with deleterious mutations and, hence, may significantly benefit from
complementation. However, it should also be noticed that, in principle, complementation
achieves the same fitness as the wild-type at best. In contrast, other forms of genetic
interaction may lead to more fruitful cooperation. Recent work with coxsackievirus (a
vesicle-forming enterovirus) found that some beneficial mutations showed marked negative
epistasis when combined in the same genome, but that this antagonism disappeared when the
mutations were present in different genomes co-infecting the same cell [81]. More generally,
the fact that most viral genomes are highly compact and encode multifunctional proteins
imposes fitness tradeoffs, whereby the various functions of a given protein cannot be
simultaneously optimized [82—84]. It is possible that the high MOI conferred by group
infection could favor a division of labor whereby each co-infecting variant specializes in a
given sub-function, therefore relaxing the fitness tradeoffs experienced by a single genome.
Heterotypic cooperation was suggested for measles virus, where a deleterious mutant
partially restored fitness by co-packaging with a second-site mutant in diploid capsids [85].
Such mosaic capsids showed a phenotype not exhibited by the wild-type, since they were
capable of infecting cells that lacked the canonical measles virus receptor. A suggested
molecular basis for this interaction was related to the oligomeric structure of capsids. The
hetero-oligomers formed in cells infected with both mutants appeared to exhibit a more
favorable stability/flexibility balance than homo-oligomers. In baculoviruses, it has been
suggested that the genetic diversity of occlusion bodies correlates with viral transmissibility
[19] and long-term viral evolvability [86]. Despite the above lines of work, how heterotypic
cooperation occurs and how it is maintained by selection remains unclear in most cases.

Possible negative interactions among members of collective infectious units

In contrast to the mutually beneficial interactions outlined above, a deleterious mutation
encoding a malfunctioning viral product can interfere with normal products present in the
same cell, a process known as negative dominance. This is particularly likely in oligomeric
structures such as viral capsids, and has been demonstrated in poliovirus using wild-type and
drug-resistant variants [87]. As suggested by this work, negative dominance could be
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exploited for the design of evolution-proof antiviral strategies (Box 2). By ensuring the
maintenance of high MOls, multi-genome structures could allow these virus-virus
interactions to take place regardless of viral load or transmission bottlenecks. Inasmuch high
mutation rates have been argued to increase opportunities for genetic complementation they
could favor the emergence of cheater-like viruses that exploit the wild-type products,
severely impairing population fitness [88—90] (Fig. 2C). In many cases, the mechanisms
whereby cheaters are selectively favored remain to be elucidated. Baculovirus occlusion
bodies and intra-host populations typically contain multiple genetic variants, including
genomes with large deletions [19-22]. An cost has been suggested for factors involved in
host-to-host baculovirus transmission, such as the polyhedrin gene [91] and, therefore,
mutants defective for these genes should be selected at the intra-host level, whereas they
could cheat on wild-type viruses for inter-host transmission. An extreme case of such non-
cooperative interactions is defective interfering particles (DIPs), whose genomes have large,
lethal deletions and can only replicate in the presence of a functional variant, called helper
virus [92,93]. At high cellular MOI, DIPs tend to be superior to the wild-type because their
shorter genomes are replicated faster and, hence, DIPs can reach very high population
frequencies. Increasing evidence suggest that DIPs occur in vivo and, in some cases, they
may even undergo host-to-host transmission [94-101]. From the perspective of the “one
genome — one infectious unit’ paradigm, inter-host transmission of DIPs may seem
paradoxical because, soon after transmission, the viral load should be too low to enable co-
infection of cells with DIPs and functional variants at any appreciable rate. In contrast,
collective infectious units are compatible with this scenario. Interestingly, viruses appear to
have evolved a series of mechanisms that could limit the spread of DIPs and invasion of
cheaters in general, including superinfection exclusion and subcellular
compartmentalization.

Concluding remarks

Results obtained with widely different viruses, including plant and animal viruses, RNA and
DNA viruses, and enveloped and non-enveloped viruses, indicate that collective infectious
units are widespread in nature, but further work is required to better characterize these
structures and to gauge their importance for viral dissemination at the intra-host and inter-
host levels (see Outstanding Questions). These multi-genome structures may promote virus-
virus interactions and the evolution of social-like traits, may contribute to explaining the co-
circulation of genetic variants of a virus and of different viral species at the epidemiological
level, and may influence immune evasion and pathogenesis. Importantly, the fact that
collective infectious units deliver groups of genetically diverse genomes to the same cells
should not be interpreted a priori as evidence for cooperation, or as an adaptive trait. Finally,
cooperative structures, but also viral cheating, might inspire new antiviral strategies.
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Box 1
Collective infectious units and the MOI concept.

The MOI is a central concept in virology, which has been traditionally defined as the
ratio of infectious viral particles to susceptible cells in a given space. Based on this
definition and under the “one viral genome — one infectious unit” view, the number of
viral genome copies () that will enter any given cells is calculated assuming that viral
particles infect cells independently. This is modeled using a Poisson probability
o MOI" e MO!
distribution, with parameter equal to the MOI, such that P () =
According to this, low MOI values mean that the vast majority of cell infections will be
initiated from 7= 1 viral genome copy. However, this will be a wrong prediction if
viruses aggregate into collective infectious units. In the latter case, most infected cells
will contain several viral genome copies regardless of the MOI. In other words, collective
infectious units imply that the commonly used definition of MOI does not capture
adequately what happens at the individual cell level. An alternative definition of the MOI
is the average number of viral genomes that initiate an infection, regardless of the number
of infectious particles per susceptible cell. The “given space” used in the traditional
definition of MOI should thus be the individual infected cell, or it may also be the
individual multicellular host, depending of the scale of analysis. If one follows this
redefinition, the cellular MOI becomes disentangled from the fraction of cells infected.
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Box 2
Possible practical implications of collective infectious units.

Virus-virus interactions among members of multi-genome infectious structures may have
implications for antiviral research. For instance, it has been proposed that transmissible
DIP-like viruses could be engineered as an epidemiological-level strategy for combating
viruses [102]. Also, use of DIPs to combat influenza virus is under investigation [93].
Clearly, the success of these strategies depends on whether DIPs are co-transmitted with
the wild-type virus, which in turn should depend on whether the virus propagates as
groups or individually. Another interesting suggestion is using negative dominance to
retard the emergence of drug resistance [87,103]. In drugs targeting oligomeric structures
such as viral capsids, even if a drug-resistant variant appears, it may be suppressed by the
presence of wild-type capsids in the same cell, since mosaic capsids would also be drug-
sensitive [87]. Again, this evolution-proof approach critically relies on high MOIls, which
means that its feasibility may depend on whether the virus propagates using multi-
genome structures. Yet another possible application of collective infectious units is in the
field of biopesticides. Baculovirus OBs containing batteries of variants may allow
targeting larvae that are resistant to the wild-type virus, or even targeting different species
of plagues with a single product. Collective infectious units may also be used in the field
of cancer virotherapy. If co-transmission of groups of genomes enhances viral replication
in fully immunocompetent cells but is not required in cells with innate immunity defects,
mutants lacking the ability to form collective infectious units might exhibit selective
replication in cancerous cells, which typically show innate immunity defects. Finally,
some types of collective infectious units such as virion aggregates or virion-containing
vesicles that evade pre-existing humoral immunity may provide an efficient vehicle for
the delivery of viruses for therapeutic purposes.
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Glossary

Defective interfering particle (DIP): a viral particle whose genome contains large
deletions, that is non-infectious per se but can replicate in the presence of a functional
virus (helper).

Effective population size: the relevant population size in terms of random genetic drift
(smaller effective population sizes mean stronger drift). Since not all individuals in a
population contribute to the next generation with equal probability (as a result of natural
selection, population bottlenecks and so on) the effective population size is typically
much smaller than the census population size.

Epistasis: non-independent effects of different mutations on a given phenotype. When
referring to fitness, negative/positive epistasis means that a combination of mutations is
associated to lower/higher fitness than expected from the effects of each mutation alone.

Genetic complementation: the ability of two parental strains with deleterious mutations
to yield normal progeny. In viruses, complementation refers to the ability of different
deleterious variants co-infecting the same cell to reach similar fitness as the wild-type.
Complementation requires that the deleterious mutations map to different genes, or at
least to different functional domains of a gene.

Heterotypic cooperation: a mutually beneficial interaction between individuals, in
which the benefits originate from specific genetic differences between the interacting
partners, and that has evolved in response to selection based on these benefits.

Infectious dose: the minimal number of virus (measured as PFUs, genome copies, or
other quantity) that is required to cause infection of a susceptible host.

Multipartite virus: a virus whose genome is divided in two or more segments and in
which each segments is encapsidated separately. This is in contrast with narrow-sense
segmented viruses, in which all segments are co-packaged. In plants and fungi, most
segmented viruses are multipartite, whereas multipartite viruses are extremely rare
among animals.

Multiplicity of infection (MOI): sometimes defined as the ratio of infectious viral
particles to susceptible cells in a given space. An alternative definition is the number of
viral genomes that initiate an infection. These two definitions are similar under the “one
genome — one infectious unit’ model, but become disconnected otherwise.

Negative dominance: a deleterious mutation that is genetically dominant over the
normal allele.

Occlusion body (OB): the inter-host transmission structure of baculoviruses, formed by
one or several virions encased in a matrix of crystallized protein.

Plaque forming unit (PFU): an infectious entity capable of forming a plaque, i.e. a
defined lysis area in a cell lawn. In lytic viruses, the number of PFUs per mL is used to
quantify the infectivity of a viral suspension (viral titer).
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Plasmodesmata: plant intercellular channels that mediate molecular transport and
communication. Plasmodesmata are used by plant viruses for cell-to-cell movement.

Superinfection exclusion: the process whereby a pre-existing viral infection prevents
secondary infections with the same or closely related viruses. This can occur through
different mechanisms, including reduced expression of surface receptors, reduced viral
uptake, or inhibition of early steps of the infection cycle.

Viral titer / load / population density: these expressions all refer to the concentration of
viral infectious units. The viral titer is used in cell culture settings, the viral load for
infections in vivo, and viral population density in the epidemiological and ecological
contexts

Virological synapse: junctions between cells specifically promoted by viruses to
facilitate their cell-to-cell transfer.
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Outstanding Questions

. In addition to polyploid virions, virion aggregates, occlusion bodies, lipid
vesicles, cell-cell contacts, and viral biofilms, are there other structures for the
co-transmission of groups of genomes in the same infectious unit?

. What is the molecular basis of virion aggregation and how frequent is it under
physiological conditions?

. What are the viral genetic determinants, if any, of virion polyploidy,
aggregation, virion encapsulation in lipid vesicles, and cell-to-cell
transmission?

. Are some types of viruses more prone to using collective infectious units than
others?
. Why do multi-genome infectious structures generally coexist with free virions

and how this affects viral spread at the intra-host and inter-host levels?

. What specific fitness effects are associated with collective infectious units? In
particular, are these structures mainly used for viral cooperation or do they
serve as vehicles for the spread of cheater-like viruses?

. What are the specific public goods shared by members of collective infectious
units?
. Can co-infecting viral genomes cooperate through division of labor at the

molecular level or by relaxing fitness trade-offs that operate at the level of
individual genomes?

. How many viral genomes effectively initiate infection within each collective
infectious unit?

. How do social evolution concepts such as kin selection apply to viral
collective infectious units?

. Can we draw parallels between viral collective infectious units and microbial
social networks such as biofilms?

. Can we use collective infectious units to develop transmissible defective
viruses as an antiviral strategy?

. Is it possible to target collective infectious structures for attenuating viruses?
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Trends Box

. The spread of viruses among cells, organs, and hosts is often mediated by
structures that carry multiple viral genome copies, such as polyploid virions,
virion aggregates, occlusion bodies, virus-containing lipid vesicles, and
virological synapses.

. These structures increase the multiplicity of infection, defined as the number
of viral genomes that initiate infection.

. High multiplicities of infection may promote the emergence of social-like
virus-virus interactions, such as cooperation to evade immunity and/or
antiviral treatments and division of labor, but also of non-cooperative
interactions such as negative dominance and interference.

. Collective infectious units may be exploited for retarding drug resistance
evolution, for producing attenuated viruses, or for co-delivering different
genetic variants of a virus to target cells/hosts.
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Fig. 1. Structure of collective infectious units in viruses.

(A) Viral capsids can contain one or multiple genome copies, producing n-ploid virions.
Filamentous capsids probably have increased tendency to accommodate multiple genomes
copies, but polyploidy has also been described in icosahedral capsids. A diploid icosahedral
virion is represented. (B) Aggregation is a commonly described process in virion
preparations. However, its molecular basis and physiological relevance remain largely
unassessed. Aggregation of bullet-shaped virions is shown, indicating hypothetical virion
surface molecules that may mediate specific virion-virion contacts. (C) Occlusion bodies
(OBs) are virions encased in crystallized polyhedrin and constitute the inter-host
transmission structure of baculoviruses. Crystals are dissolved under the alkaline pH of the
larval midgut, releasing occlusion-derived virions (ODVs). In turn, these can be single
virions (single nucleopolyhedroviruses) or groups of virions (multiple
nucleopolyhedroviruses). (D) Virion-containing lipid vesicles include exosome-like vesicles
(which can contain full virions or viral RNA) and autophagosome-like vesicles. These are
rich in phosphatidylserine, which stimulates phagocytosis and thus potentiates viral entry.
(E) Cell-to-cell transmission also ensures that multiple viral genome copies are collectively
delivered to the same target cell. Use of plasmodesmata (PD) by plant viruses is depicted as
an example. Whereas normal PDs are too small to allow viral passage and contain smooth
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endoplasmic reticulum, plant viruses encode a movement protein (MP) that promotes cell-
to-cell transmission by altering the structure of PDs.
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Fig. 2. Possible social-like interactions mediated by collective infectious units in viruses.
(A) Co-infection of cells with multiple viral genomes may increase their ability to evade

innate immunity responses. Upon viral entry, pathogen-associated molecular patterns
(proteins, DNA/RNA, etc.) are sensed by the cell and trigger an antiviral state controlled by
immunity effectors. By increasing the cellular MOI, the virus may overwhelm these
responses and more successfully complete the infection cycle. Orange bars: genome copies;
orange triangles, ellipses and rectangles: viral products; green: cellular responses to
infection. CIU: collective infectious unit. (B) Different genetic variants of a virus may
complement each other when present in the same cell. Two deleterious mutants (orange and
red) mapping to different viral genes are represented. Normal viral genes and proteins are
represented in blue. Whereas genetic complementation requires that different loci are
involved, other forms of heterotypic cooperation can be envisaged that could involve the
same locus, including synergistic interactions between beneficial mutations, or division of
labor. For instance, in multifunctional proteins, co-infecting variants may specialize in
subsets of these functions. (C) Negative dominance as an example of interference, a non-
cooperative virus-virus interaction. Negative dominance is particularly likely in oligomeric
structures (here, a capsid). By forming mixed oligomers, a deleterious variant (orange filled)
interferes with the wild-type variant (wt, white filled). Other forms of non-cooperative
interactions have been described, as exemplified by DIPs, which act as social cheats.
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