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SUMMARY

In addition to the conventional release of free, indi-
vidual virions, virus dispersal can involve multi-virion
assemblies that collectively infect cells. However, the
implications of collective infection for viral fitness
remain largely unexplored. Using vesicular stomatitis
virus, here, we compare the fitness of free versus
saliva-aggregated viral particles. We find that aggre-
gation has a positive effect on early progeny produc-
tion, conferring a fitness advantage relative to equal
numbers of free particles in most cell types. The
advantage of aggregation resides, at least partially,
in increasing the cellular multiplicity of infection. In
mouse embryonic fibroblasts, the per capita, short-
term viral progeny production peaked for a dose of
ca. three infectious particles per cell. This reveals
an Allee effect restricting early viral proliferation at
the cellular level, which should select for dispersal
in groups. We find that genetic complementation be-
tween deleterious mutants is probably not the mech-
anism underlying the fitness advantage of collective
infection. Instead, this advantage is cell type depen-
dent and correlates with cellular permissivity to the
virus, as well as with the ability of host cells to mount
an antiviral innate immune response.

INTRODUCTION

In contrast to the traditional view that viruses propagate among

cells as individual virions, recent work has described viral spread

in groups [1, 2]. For instance, in vesicular stomatitis virus (VSV) [3]

and poliovirus [4], virion aggregates can infect cells collectively.

In enteroviruses, lipid vesicles containing multiple virions are

released from infected cells before lysis and serve as intercellular

vehicles for viral spread [5]. Similarly, multiple marseillevirus par-

ticles are jointly wrapped in large extracellular vesicles derived

from the amoebal endoplasmic reticulum [6]. In baculoviruses,

inter-host transmission takes place in the form of pools of virions

encased in a protein matrix, called occlusion bodies [7]. Use of

cell-cell contacts for the delivery of large number of viral particles
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has also been shown in many viruses. For instance, human T cell

leukemia virions accumulate in extracellular matrix components

called ‘‘viral biofilms,’’ which are used for cell-cell virion transfer

[8]. Other viruses, including HIV-1, measles virus, vaccinia virus,

and herpes virus, subvert existing cell-cell contacts or induce

new ones, using cells as vehicles for the joint transfer of multiple

particles [9, 10]. In fecal-oral-transmitted viruses, such as polio-

virus, gut bacteria act as attractors of viral particles, also promot-

ing their joint spread [11]. Finally, inter-host transmission in a

cell-associated manner is also possible but remains under-

studied, except for HIV-1, where it has been shown to be an

important transmission route [12].

Despite evidence for these various modes of collective spread

in viruses, little is known about their implications for viral fitness.

All else being equal, multi-virion propagules should be disfa-

vored because they reduce dispersal capacity and, hence, the

efficiency of intra-host spread and inter-host transmission. To

illustrate this, consider infected cells (or hosts) producing N

groups each containing S particles. The infection will reach, at

most, N cells (hosts) in the next viral generation, whereas an

equal amount of non-aggregated progeny would reach NS cells

(hosts). Therefore, for collective spread to be selectively advan-

tageous, there should be benefits offsetting this cost, yet these

benefits remain unclear. Specifically, spread in groups will in-

crease viral fitness if the average progeny yield of such groups

exceeds NS, which means that cellular resources should be ex-

ploited more efficiently compared to individual virions. Dispersal

in groups can be advantageous if invasion of new spots (here,

cells) is subject to an Allee effect, defined as a positive relation-

ship between fitness and population size or density. The Allee ef-

fect is believed to be an important factor-limiting population

establishment because it slows down proliferation or even leads

to extinction of small founder populations [13]. Allee effects have

been documented in many animal and plant species, including

invasive and/or parasitic species [14], such as, for instance, en-

tomopathogenic nematodes [15]. Interestingly, the Allee effect

has been demonstrated recently in Vibrio bacteria [16]. However,

there is no previous evidence for Allee effects in viruses.

Oneway to examine the fitness effects of dispersal in groups is

to compare equal numbers of viral particles in monodisperse

versus aggregated form. VSV offers an excellent system to

achieve this goal, because virions can be aggregated experi-

mentally [3]. Here, we show that VSV aggregates produce prog-

eny more rapidly than equal numbers of non-aggregated viral
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Figure 1. Aggregation Increases Viral Fitness by Promoting Early Growth in MEFs

(A) Whole-well fluorescence microscopy of MEFs inoculated with aggregated VSV-GFP and monodisperse VSV-mCherry particles (1) and with monodisperse

VSV-GFP and aggregated VSV-mCherry particles (2). Images were taken at 24 hpi and correspond to one of the three replicate assays performed. The fraction of

total fluorescent area occupied by GFP-positive cells is shown in the right graph for the three replicates. Error bars represent SEM.

(B) Growth curve of VSV in MEFs obtained by real-time whole-well fluorescence microscopy. The percentage of fluorescent cells in the well is shown. Grey,

monodisperse inoculum; orange, aggregated inoculum. Each data point is the average of three replicates. Error bars represent SEM.

(C) Viral titers in cultures inoculated with aggregates (A) versus monodisperse (M) particles (inoculum: 5,000 PFUs). Three replicates were performed. Error bars

represent SEM.

(D) Foci produced inMEFs inoculated with equal numbers of monodisperse versus aggregated particles (14 hpi). VSV-GFP and VSV-mCherry weremixed prior to

aggregation. Cells expressing both VSV-GFP and VSV-mCherry appear in yellow. The cell monolayer is shown in phase contrast. The scale bars represent 1 mm.

(E) Analysis of individual infection foci at different time points inMEFs inoculated withmonodisperse or aggregated particles. Left: bars indicate the number of foci

positive for GFP (green), mCherry (red), or both (orange). Right: number of cells within infection foci (same color legend). Notice that foci containing both VSV-

Cherry and VSV-GFP tend to be bigger than those containing a single type. Error bars represent SEM.

See Figure S1 for results obtained in BHK-21 cells.
particles during the first cellular infection cycle and that this con-

fers a competitive advantage to populations founded by aggre-

gates compared to those founded by monodisperse particles.

By measuring viral progeny production in cells inoculated with

different doses of the virus, we show that the advantage of ag-

gregation may reside in increasing the number of founder parti-

cles per cell. Specifically, we found that the per capita progeny

production depends on the multiplicity of infection (MOI) in a

manner consistent with an Allee effect at the cellular level. The

fitness advantage of aggregation is cell type dependent and cor-

relates with cellular permissivity to infection. We suggest that

invading cells withmultiple viral particles reduces the risk of early

stochastic loss and/or provides the virus a head start relative to

innate immune responses, increasing the chances of establish-

ing a successful infection locally.

RESULTS

Aggregation of Founder Particles Increases Viral
Fitness in MEFs
In previous work, we showed that VSV particles aggregate in the

presence of saliva from some donors [3]. To test how initiating

the infection with such aggregates determines viral fitness, we

competed two recombinant viruses encoding different fluores-

cent reporters (GFP versus mCherry). For this, we aggregated

VSV-GFP with human saliva and kept VSV-mCherry untreated
(i.e., monodisperse) and then mixed the two viruses at a 1:1 par-

ticle ratio (as determined by titration before aggregation) and

inoculatedmouse embryonic fibroblasts (MEFs) at low initial viral

density. The infection progressed until invading the entire cell

culture at approximately 24 hr post inoculation (hpi). At this

time point, 71.3% ± 3.0% of the total fluorescent area corre-

sponded to GFP, as determined by whole-well fluorescence

microscopy. In contrast, when we competed monodisperse

VSV-GFP against aggregated VSV-mCherry, GFP accounted

for only 29.3% ± 2.0% of total fluorescence at 24 hpi (t test:

p < 0.001; Figure 1A). Therefore, for an equal input of viral parti-

cles, initiating the infection in an aggregated manner increased

viral fitness in competition assays. Real-time fluorescence mi-

croscopy revealed that the growth curves of viral populations

founded by aggregates were left shifted compared to those

founded by monodisperse particles, with estimated half-times

of 16.7 ± 0.2 hr and 19.1 ± 0.1 hr, respectively (Figure 1B). To

confirm this short-term advantage, we titrated supernatants by

the plaque assay at time points within or at the boundary of the

first infection cycle (4 and 6 hpi). The 4 hpi titer in cells inoculated

withmonodisperse particles was below the inoculum size, hence

showing no evidence of progeny production (eclipse phase). In

contrast, aggregates produced a 27-fold higher titer at this

time point, exceeding 104 plaque-forming units (PFUs) per mL

(t test: p < 0.001; Figure 1C). At 6 hpi, cells inoculated with aggre-

gates still produced 6.5 times more progeny (t test: p < 0.001).
Current Biology 28, 3212–3219, October 22, 2018 3213



Figure 2. Early Viral Progeny Production Exhibits a Demographic

Allee Effect

Per-capita progeny production (R, defined as final-to-initial ratiotiter) in MEFs

for different cellular MOI values (defined as the average number of initial PFUs

per infected cell). Each data point is the average of three replicates. Error bars

represent SEM. See Figure S2 for results obtained in BHK-21 cells.
Therefore, viral aggregation accelerated viral proliferation during

the first infection cycle, providing a fitness advantage relative to

non-aggregated founders.

Aggregation Does Not Reduce Dispersal Capacity in
MEFs
In principle, because each aggregate contains multiple particles,

aggregation should reduce the number of infectious units and,

hence, reduce dispersal capacity, as argued above. To test

whether aggregates infected fewer cells than an equal number

of monodisperse particles, we co-incubated VSV-GFP and

VSV-mCherry in saliva and counted the number of infection

foci produced in MEFs, compared with the foci produced by

this same mix without the saliva treatment. A large fraction of

the foci produced by saliva-treated viruses were positive for

both GFP and mCherry, confirming that aggregates deliver mul-

tiple viral genomes to target cells [3] (Figure 1D). Despite this, we

did not observe a reduction in the number of foci in cells inocu-

lated with the saliva-aggregated virus compared to those inocu-

lated with untreated viruses. We explored this further by count-

ing infected cells at early time points in an entire well using a

minimal VSV-GFP/VSV-Cherry inoculum to ensure sufficient

separation of infection foci. At 6 hpi, monodisperse particles pro-

duced only 9 individual infected cells, whereas aggregates pro-

duced 21 foci of 1.4 ± 0.2 cells on average, infecting 30 total cells

(Figure 1E). At 12 hpi, we found similar numbers of foci in cultures

infected with monodisperse and aggregated particles (28 and

26, respectively), and foci were slightly, but not significantly,

larger in the latter (31.5 ± 2.8 and 38.7 ± 4.0 cells, respectively;

t test: p = 0.232). Therefore, aggregation increased the per-par-

ticle probability of successfully initiating infection, as determined

by the production of infection foci.

The Per-Capita Viral Progeny Production Exhibits an
Allee Effect at the Cellular Level
We speculated that viral aggregation was advantageous

because it increased the cellular MOI (cMOI) (in PFUs/cell units),

defined as the average number of particles that initiate the infec-
3214 Current Biology 28, 3212–3219, October 22, 2018
tion of a cell. However, other processes were in principle

possible, such as, for instance, more efficient cell binding and/

or entry of aggregates compared to individual viral particles.

To analyze how the cMOI determined progeny production, we

inoculated MEFs with doses of monodisperse particles at

densities ranging from D = 0.01 to D = 50 PFU/cell. The cMOI

was calculated based on a Poisson model as

follows:cMOI=D=½1� P 0ð Þ�, where Pð0Þ= e�D is the Poisson

distribution null class (notice that cMOI R 1). We determined

viral titers at 4–6 hpi to obtain the per-capita progeny production

during the first cell infection cycle, defined as the final-to-input

titer ratio (R). In the absence of an Allee effect,R should decrease

with the cMOI as a result of competition for limited resources or

remain constant if cellular resources were not limiting. In

contrast, at 4 hpi, R was always higher for cMOI > 1 than for

cMOI = 1; that is, it always paid off for the virus to invade

cells with multiple particles, and R peaked at approximately

cMOI = 3 (Figure 2). For instance, doubling the cMOI from 1.58

to 3.16 increased the titer at 4 hpi by seven-fold. At 6 hpi, R

peaked at a similar cMOI value but then dropped, probably

because of cellular resource exhaustion. At this time point, it still

paid off for the virus to invade N cells with S particles each rather

than NS cells with one particle each, provided that S % 5 PFU/

cell. These data show that a demographic Allee effect operates

at the cellular level, supporting the possibility that the fitness

advantage of aggregation resides at least partially in the collec-

tive infection of cells.

The Fitness Benefit of Aggregation Does Not Correlate
with Mutational Load
A possible mechanism explaining the advantage of collective

infection is genetic complementation (sometimes referred to as

multiplicity reactivation), whereby viral genomes carrying lethal

or deleteriousmutations regain infectivity and fitness in cells coin-

fected by other genomes that do not contain the samegenetic de-

fects [17, 18]. According to this hypothesis, a fraction of lethal mu-

tations would be rescued in aggregates, increasing the number of

viral genomes that effectively initiate the infection. Because this

process should correlate with the population mutational load, to

explore the role of genetic complementation, we subjected the vi-

rus tochemicalmutagenesisbyperforming three serial transfers in

the presence of the base analog 5-fluorouracil (5-FU), as detailed

previously [19]. VSV-GFP and VSV-mCherry were mutagenized

separatelyand thenused toperformcompetitionassaysasabove.

The fluorescence signal was weaker and grew more slowly in

5-FU-treated viruses than in untreated viruses, consistent with

an increased abundance of deleterious mutations. Yet aggrega-

tion had no significant effect on fitness, as determined by the frac-

tionofGFP to total fluorescenceatendpoint (34hpi; 60.0%±3.4%

in competitions with aggregated VSV-GFP versus monodisperse

VSV-mCherry particles; 65.2% ± 2.0% using monodisperse

VSV-GFP versus aggregated VSV-mCherry; t test: p = 0.261; Fig-

ure 3A). Furthermore, inmutagenized viruses, aggregation slowed

down viral spread, reducing both the exponential growth rate

(0.553 ± 0.001 versus 0.315 ± 0.012; t test: p < 0.001) and the

maximal fluorescent area (58.1% ± 2.0% versus 20.0% ± 1.6%;

t test: p < 0.001; Figure 3B). Therefore, increasing the mutational

load reversed the fitness benefits of aggregation, contradicting

the genetic complementation hypothesis.



Figure 3. The Fitness Benefit of Aggregation Is Lost in Mutagenized Populations

(A) Whole-well fluorescence microscopy of MEFs inoculated with aggregated VSV-GFP and monodisperse VSV-mCherry particles (1) and with monodisperse

VSV-GFP and aggregated VSV-mCherry particles (2). VSV-GFP and VSV-mCherry were mutagenized prior to competition assays using 5-FU. Images were taken

at 34 hpi and correspond to one of the three replicate assays. The fraction of total fluorescent area occupied by GFP-positive cells is shown in the right graph for

the three replicates. Error bars represent SEM.

(B) Growth curve of VSV in MEFs by real-time whole-well fluorescence microscopy. The percentage of fluorescent cells in the well is shown. Grey, non-muta-

genized, monodisperse inoculum; orange, mutagenized, monodisperse inoculum; red: mutagenized, aggregated inoculum. Each data point is the average of

three replicates. Error bars represent SEM.
The Benefits of Aggregation Correlate with Cell
Permissivity to Infection
We set out to test whether our results were reproduced in baby

hamster kidney fibroblasts (BHK-21), which are used routinely

for VSV studies in part due to their high permissivity to VSV but

which, as opposed to MEFs, are highly abnormal, tumoral cells.

Competition assays, titrations at 4–6 hpi, and analysis of foci

production showed that initiating the infection with saliva-aggre-

gated particles provided a fitness advantage, although weaker

than in MEFs (Figure S1). Titration of supernatants from BHK-

21 cells inoculated at increasing cMOI values were also compat-

ible with an Allee effect at the cellular level but lessmarkedly than

in MEFs (Figure S2). To examine such cell dependence in more

detail, we used 4T1 mouse mammary gland tumor cells (epithe-

lial), CT26 mouse colon cancer cells (fibroblasts), Neuro2a

mouse neuroblastoma cells (neural stem-like cells), A549 human

lung adenocarcinoma cells (alveolar epithelium), MRC5 human

lung fibroblasts, and African greenmonkey Vero kidney epithelial

cells. For this extended analysis, we focused only on competition

assays with GFP and mCherry reporters and on titrations at

4–6 hpi. Initiating the infection with aggregates was selectively

beneficial in MRC5, CT26, A549, and 4T1 in addition to MEFs

and BHK-21, whereas it was detrimental in Vero and Neuro2a

cells, as determined by the ratio of GFP to total fluorescence

at endpoint (Figure S3; t tests: p < 0.001 in all cases). Hence, ag-

gregation was most highly advantageous in the two non-tumoral

cells lines tested (MEFs andMRC5). To measure cellular permis-

sivity to VSV, we calculated the foci formation efficiency in each

cell type, defined as the ratio of foci to viral particles present in a

given inoculum (also termed specific infectivity), where viral par-

ticle concentration was determined by nanoparticle tracking

analysis (Figure S4). The fitness benefit of aggregation, as indi-

cated by competition assays, correlated inversely with foci for-

mation efficiency among cells (Pearson correlation in log scale:

r = �0.770; p = 0.025; Figure 4A), indicating that aggregation

tended to bemore beneficial in less permissive cells. Titration as-

says showed that, in most cells, the viral progeny derived from
monodisperse inocula was not detectable at 4 hpi, whereas

aggregates tended to be slightly more productive, except in

Neuro2a cells (Table S1). The effects of aggregation on viral titers

were more easily quantified at 6 hpi and showed a significant in-

crease inMEFs andMRC5 cells (t tests: p < 0.05) and a reduction

in Neuro 2a, Vero, and 4T1 cells (p < 0.05; Table S1). Overall, ag-

gregation accelerated progeny production at 6 hpi in less pro-

ductive cells, as determined by the ratio of titers produced by

aggregated and monodisperse inocula (r = �0.795; p = 0.018;

Figures 4B and S5). Hence, again, aggregation tended to be

more beneficial in difficult-to-infect cells.

Aggregation Is More Advantageous in Cells Displaying
Stronger Innate Immune Antiviral Signaling
The ability of VSV to infect a given cell type depends, among

other factors, on whether cells can mount a robust antiviral

response. To explore the association between the fitness

advantage of aggregation and innate immunity, we used a

VSV variant that carries a deletion in methionine 51 of the ma-

trix protein M (D51) [20]. Whereas the wild-type protein M in-

hibits host gene expression, this function is severely impaired

in the D51 variant, allowing cells to express antiviral genes

more strongly [20–22]. As a result, VSV-D51 is attenuated in

normal cells, but not in cells with innate immunity defects,

such as most tumor cells [20]. Therefore, by comparing the

titer yield of wild-type VSV and VSV-D51, we can obtain infor-

mation about the ability of a given cell type to signal an innate

immunity response. We found that the wild-type/D51 titer ratio

at 24 hpi correlated positively with the fitness benefit of aggre-

gation, suggesting that initiating the infection in an aggregated

manner increases the chances of the virus to overcome innate

immunity (r = 0.722; p = 0.043; Figures 4C and 4D). To explore

this further, we tested whether aggregation afforded a fitness

benefit in cytokine-stimulated cells. For this, we first infected

MEFs with VSV-D51 and filtered the supernatant through

50-nm size-exclusion columns to remove the virus and collect

interferon and other cytokines. Then, we primed MEFs with
Current Biology 28, 3212–3219, October 22, 2018 3215



Figure 4. The Fitness Effects of Aggrega-

tion Depend on Cell Type and Innate Immu-

nity

(A–D) Analysis of MEFs, MRC5, CT26, A549, 4T1,

BHK-21, Vero, and Neuro2a cells. Each data point

corresponds to one cell type (average of three

measurements). Dashed lines indicate least-

squares regressions.

(A and B) The foci formation efficiency (ratio of foci

to viral particles in the inoculum) was used as an

indicator of cell permissivity to infection. The par-

ticle concentration was determined by nano-

particle tracking analysis (Figure S4).

(A and C) The fitness of aggregates was calculated

as f = PG=PR, where PG is the fraction of GFP to

total fluorescence in competitions between

aggregated VSV-GFP and monodisperse VSV-

Cherry founders and PR the GFP to total fluores-

cence ratio in competitions between mono-

disperse VSV-GFP and aggregated VSV-Cherry

founders. Whole-well images used for inferring f

are shown in Figure S3.

(B and D) The viral titers produced at 6 hpi by A and

M inocula were determined by the plaque assay.

The ratio of these two titers is shown. Titers for

each M and A inocula are shown in Figure S5.

(C and D) The ratio of maximal titers reached by the wild-type (WT) and D51 variants was used as an indicator of the ability of a given cell type to mount an antiviral

innate immune response.

(E and F) Growth curves produced bymonodisperse (gray) and aggregated (orange) founders inMEFs primedwith cytokines from a previousD51 infection (E) and

in non-primed MEFs (F). Each data point is the average of three replicates. Error bars represent SEM.

Data are provided in Table S1.
this conditioned medium for 1 hr before adding the virus. In

primed MEFs, viral spread was highly inefficient, resulting in

a final titer reduction of more than two orders of magnitude

compared to non-primed cells (<106 versus >108 PFU/mL;

Figures 4E and 4F). Under these conditions, fast initial growth

strongly determined viral yield, and infections founded by ag-

gregates achieved an endpoint titer five-fold higher than those

founded with monodisperse particles (t test: p = 0.006; Fig-

ure 4E), whereas in non-primed cells, final yields were similar

(t test: p = 0.097; Figure 4F). Therefore, the fitness benefit of

aggregation was exacerbated in cells displaying a strong anti-

viral response.

The Benefits of Aggregation Precede Cytokine-
Mediated Innate Immunity in Non-primed Cells
The fitness benefits of aggregation occurred during the first

infection cycle, but cytokine-mediated antiviral responses tend

to be deployed later [23]. We therefore reasoned that the advan-

tage of aggregation did not reside in blocking innate immunity

but in producing a burst of progeny that could spread to other

cells before the onset of antiviral responses. To test this, we

measured expression levels of the interferon-stimulated gene

Mx2 by RT-qPCR at 6 hpi in MEFs inoculated with aggregated

versus monodisperse particles. In both cases, Mx2 expression

was more than a thousand-fold lower than that of the house-

keeping gene actin, consistent with the benefits of aggregation

occurring before the innate immune response. Furthermore,

Mx2 expression levels were higher in cells infected with

aggregates than in those infected with monodisperse particles

(log10 ratio of Mx2/actin mRNA levels: �3.926 ± 0.039 versus

�4.316 ± 0.114; t test: p = 0.032). Hence, interferon-signaled
3216 Current Biology 28, 3212–3219, October 22, 2018
immunity was not blocked in cells infected with viral aggregates

but rather appeared to simply follow virus infection.

Faster Growth of Aggregates Also Occurs in the
Absence of Saliva
Finally, we set out to explore whether the fitness advantage of

aggregation could be driven by some component of the saliva

promoting infectivity. In principle, this was unlikely because

saliva-treated particles were diluted strongly prior to inoculation

(>1,000-fold). Furthermore, this would not explain why aggre-

gates outcompeted monodisperse particles in the same culture

dish, except if the hypothetical proviral component was attached

to virus aggregates and increased the permissivity of cells in-

fected by aggregates, but not of other cells. To test whether ag-

gregation increased fitness in the absence of saliva, we took

advantage of the fact that aggregation occurs spontaneously

at 37�C in high-titer preparations of gradient-purified virions

[3]. Because this process is accompanied by significant virion

degradation, we quantified the effect of degradation to establish

our comparison for an equal infectious particle input. In compe-

tition assays between aggregated VSV-GFP and monodisperse

VSV-mCherry, 43.9% ± 3.8% of the total fluorescence signal

corresponded to GFP at 24 hpi, whereas this fraction dropped

to 33.4% ± 0.2% when we competed monodisperse VSV-GFP

against aggregated VSV-mCherry (t test: p = 0.049; Figure 5).

Hence, initiating the infection with particles aggregated by this

method also increased viral fitness, albeit the effect was clearly

less marked than with saliva. We also performed titrations at

4–6 hpi. Aggregation produced a 4.2-fold increase in titer at

4 hpi (t test: p < 0.001) and an 8.6-fold increase at 6 hpi

(p < 0.001) after correcting for particle degradation (Table 1).



Figure 5. Fitness Effects of Spontaneous Viral Aggregation in the

Absence of Saliva

Whole-well fluorescence microscopy images of cultures inoculated with

aggregated VSV-GFP and monodisperse VSV-mCherry particles (1) and with

monodisperse VSV-GFP and aggregated VSV-mCherry particles (2). Images

were taken at 24 hpi and correspond to one of the three replicate assays

performed. The fraction of total fluorescent area occupied by GFP-positive

cells is shown in the right graph for the three replicates. Error bars: SEM.

Table 1. Early Viral Progeny Production as Determined by

Titration Assays (PFU/mL) in MEFs Inoculated with Purified,

Monodisperse versus Aggregated Virions

Monodisperse

Aggregated

(Uncorrected)

Aggregated (Corrected

for Degradation)

4 hpi (7.6 ± 0.5) 3 103 (8.2 ± 0.7) 3 103 (3.1 ± 0.3) 3 104

6 hpi (2.6 ± 0.1) 3 105 (5.8 ± 0.3) 3 105 (2.2 ± 0.1) 3 106
Hence, the effect of aggregation on early viral proliferation also

occurred in the absence of saliva. We note, however, that the

benefits of aggregation with and without saliva are difficult to

compare because of particle degradation and because the sizes

of the aggregates might differ. At present, hence, we cannot

formally discard the possibility that salivamight contain a proviral

component that associates with viral aggregates.

DISCUSSION

Under the common perception that viruses propagate as individ-

ual virions, high cellular MOI values occur once intra-host viral

densities have reached values that are sufficiently high to pro-

duce frequent coinfections by independent particles. Thus, un-

der this conception, it is difficult to envisage how a virus could

overcome Allee effects operating at the cellular level during the

early stages of infection. In contrast, if viruses can propagate

as collective infectious units, high cMOI values can be reached

even in the very first infected cells and even if infections are initi-

ated by a very small number of viral particles. As such, collective

spread may help overcome Allee effects taking place during in-

ter-host transmission, as well as during intra-host dissemination

to new tissues and organs. The oral cavity is a preferred site of

VSV replication and shedding in infected animals [24–26], and

hence, the aggregating effect of saliva could have implications

for the efficacy of virus transmission in nature.

A critical or strong Allee takes place when populations go

extinct or fail to establish below a certain density threshold,

whereas a weak or non-critical Allee effect takes place when

fitness drops at low densities but is not low enough to trigger

extinction [14]. Addressing this question in viruses is compli-

cated by the fact that individuals (i.e., potentially infectious par-

ticles) are not counted directly. Although it is possible to use

physical methods to enumerate viral particles, such as electron

microscopy, nanoparticle tracking analysis, or tunable resistive

pulse sensing, among others [27], a highly variable and often

large fraction of particles is believed to be intrinsically non-infec-

tious due to structural and/or genetic defects [28]. For this

reason, viruses are typically enumerated using infectivity assays,

such as the plaque or foci assay and/or related methods. How-
ever, this precludes detection of critical Allee effects, because

population sizes are estimated based on methods that count

units capable of establishing a productive infection. In VSV in-

fecting BHK-21, it has been suggested that the PFU/particle ratio

is close to 1.0 [29], meaning that most individual particles are

capable of infecting cells efficiently and, hence, that no critical

Allee effect could be operating. In contrast, here, we have esti-

mated that this ratio is on the order of 0.1 for VSV in BHK-21 cells

and as low as 0.01 in MEFs. We hence argue that the majority of

viral particles fail to initiate infection in MEFs and other cell types

despite containing no intrinsic structural or genetic defects,

allowing for critical Allee effects. In vivo, viruses typically require

a minimal dose for establishing infections, also suggesting crit-

ical Allee effects, but whether this barrier to infection operates

at the cellular level or at other levels (organs and entire host) re-

mains to be clarified.

In principle, genetic complementation offers a plausible mech-

anism for critical Allee effects in viruses, particularly in RNA

viruses, which exhibit high mutation rates and hence high

mutational loads [30]. However, the competitive advantage of

aggregation was lost in our mutagenized viruses. Furthermore,

aggregation reduced the overall growth of mutagenized popula-

tions. A possible explanation for these results is that genetic

complementation allowed deleterious or lethal mutants present

in aggregates to initiate infection but that these mutants inter-

fered with fitter variants at one or several steps of the infection

cycle, reducing their fitness. A possible way of producing this

interference is by triggering host antiviral responses. This could

contribute to explaining why populations founded by aggregates

grewmore poorly than those founded bymonodisperse particles

because, in the latter, these mutants would fail to replicate and

hence may not trigger innate immunity efficiently.

The fitness benefit of initiating the infection with aggregates

was cell type dependent. In the two non-tumoral cells examined

(MEFs and MRC5), aggregation provided a clear fitness benefit

as judged by plaque assays, whereas in tumoral cells, the effects

were weaker and variable. Undoubtedly, the results obtained

with MEFs and MRC5 cells are more likely to capture processes

occurring in natural infections than those obtained with tumoral

cells. In addition, the observed differences between tumoral

and normal cells suggest candidate mechanisms for the Allee

effect. Most tumoral cells exhibit innate immunity defects,

rendering them more susceptible to infection than normal cells

[20]. Even if the advantage of initiating cellular infection collec-

tively preceded the onset of cytokine-mediated innate immunity,

rapid diffusion of interferon in themediummight limit viral spread

among neighbor cells [23, 31]. Concentrating the infection in

fewer cells, each receiving a higher dose of particles, may allow

the virus to stay ahead of such cellular innate immunity re-

sponses. It is also possible that the benefits of collective
Current Biology 28, 3212–3219, October 22, 2018 3217



infection are related to other, earlier barriers to infection. These

could include interferon-independent antiviral mechanisms trig-

gered by pathogen-associated molecular patterns in the first in-

fected cells. Alternatively, collective infection might reduce the

risk of stochastic loss of essential viral components during the

very first stages of the cellular infection cycle. All VSV proteins

are essential for infection but are expressed at different levels.

Failure to produce sufficient levels of rate-limiting proteins,

such as, for instance, the viral polymerase, could result in abor-

tive infection, particularly in less active cells (here, non-tumoral

cells). Entry of multiple particles to the same cell would reduce

the risk of abortive infection because viral proteins produced

by different infecting genomes would be shared, and hence,

early expression defects could be compensated.

Although Allee effects have not been examined directly in vi-

ruses previously, there is some evidence suggesting that collec-

tive infectious units are fitter than individual particles. For

example, in poliovirus, cells infectedwith vesicle-encapsulated vi-

rions exhibited higher viral RNA production than free virions [5].

Also, in infectious bursal disease virus, polyploid capsids showed

greater infectivity than haploid capsids [32]. Interestingly, inocula-

tion of individual cells with vaccinia virus particles using microflui-

dics revealed that the probability of establishing a successful

infection increased logistically with the number of particles placed

per cell, revealing cooperative interactions during the early stages

of infection suggestive of anAllee effect [33]. However, because in

these studies, per-capita viral proliferation rates were not deter-

mined, it was not possible to assess the net effect of collective

infection on viral fitness. In future work, it would be interesting

to evaluate whether our results apply to other viruses.
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Rafael

Sanjuán (rafael.sanjuan@uv.es).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and culture
MEFs derived from C57BL/6 mice embryos were isolated in previous work by Dr. Carmen Rivas (Universidad de Santiago de

Compostela, Spain) following standard procedures [35]. No information about the gender or exact age of the source animals was

available. BHK-21 (CCL-10), A549 (CCL-185), 4T1 (CRL-2539), CT26 (CRL-2639), MRC5 (CCL-171), Neuro2a (CCL-131) and Vero

(CCL-81) cells were obtained from the American Type Culture Collection (ATCC, reference number indicated in parentheses) and

cultivated from low-passage stocks (typically below passage 10) for no more than 20 additional cell doublings. All cell lines were

cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37�C in a 5% CO2

humidified incubator and tested mycoplasma-negative by PCR.

Virus
VSV was recovered from a cDNA clone originally created by Lawson et al. [34] and kindly provided by Dr. Valery Z. Grdzelishvili

(University of North Carolina). Two variants of this clone were used with the GFP or mCherry gene cloned at the intergenic region

between the G and L genes.

Saliva collection
Human saliva was provided with informed consent after seeking approval from the Ethics Committee of the Universitat de València.

Saliva was filtered through a 0.45 mm cellulose filter to remove bacteria and debris, aliquoted, and stored at –70�C until use.

METHOD DETAILS

Viral titration
Confluent BHK-21monolayers were used for virus titrations. Themonolayers were inoculated with 200 mL of diluted viral suspensions

for 45 min under standard culturing conditions (37�C, 5% CO2) and then overlaid with DMEM supplemented with 2% FBS and 0.5%

or 0.6% agar. After 20-24 h, cells were fixed with 10% formaldehyde, stained with 2% crystal violet in 10% formaldehyde, and pla-

ques were counted.

Viral aggregation in the presence of saliva
The efficacy of saliva to produce viral aggregates varies among donors [3]. All human saliva used in this work was provided by a

unique female volunteer who showed the strongest aggregating effects in our previous work [3]. A virus stock (ca. 109 PFU/mL)

was diluted 1:10 in saliva, incubated at 37�C for 1 h, and diluted conveniently to infect cells (ca. 1000-fold).

Gradient purification of virions
Purified VSV-GFP and VSV-mCherry stocks were prepared by inoculating eight BHK-21 confluent T175 flasks at an MOI of 0.1 PFU/

cell and collecting supernatants upon appearance of the first obvious cytopathic effects (ca. 14 hpi). Large cellular debris was

removed by spinning (780 g, 5 min) and filtering (0.22 mm) supernatants. Virions were then pelleted at 30,000 g, 4�C, and 1.5 h in

a Sorvall LYNX 6000 high-speed centrifuge with an A27-8 3 50 fixed-angle rotor. The virus pellet was resuspended in 2 mL

100mM NaCl, 0.5 mM EDTA.Na2$2H2O, 50mM Tris-HCl buffer (pH 7.4), laid on a iodixanol (Optiprep, Sigma) gradient in Nalgene

polycarbonate oak ridge tubes, and centrifuged at 80,000 g, 4�C, 4.5 h. Approximately 700 mL of a whitish band generated at

mid-gradient were collected, aliquoted and stored at –70�C.

Aggregation of gradient-purified virions
Gradient-purified stocks undergo spontaneous aggregation upon incubation at 37�C, but not at room temperature [3]. In high-titer

purified stocks, a 30 min incubation produced frequent dual GFP/mCherry infection foci. However, this was accompanied by virion

degradation. To correct for the degradation effect, we performed a calibration experiment in which we diluted the purified virions to

105 PFU/mL in the same buffer used for gradient purification. Under these conditions, aggregation became negligible because virion-

virion contacts were highly unlikely, as shown by the fact that we saw nomixedGFP/mCherry foci. Hence, any change in titer was due

to degradation. In this calibration experiment, after 30min at 37�C the viral titer decayed by 3.8 ± 0.3 fold. Hence, we used this ratio as

a correction factor to account for degradation, allowing us to compare the fitness of monodisperse and aggregated viruses for an

equal infectious particle input.

Determination of foci formation efficiency
Gradient-purified virions were used for nanoparticle tracking analysis, which is based on video tracking of the light scattering pro-

duced by individual nanoparticles to measure their Brownian motion, obtain their diffusion coefficient, and infer their hydrodynamic

diameter using Stokes-Einstein equation. Purified virions were loaded into a NanoSight NS300 equipment (Malvern) with the aid of a

syringe pump to increase particle flow through the chamber, and analyzed by built-in software using default parameters. The size and
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concentration of virions was inferred by counting particles in five video captures of 10 s each. Then, we performed plaque assays by

inoculating monolayers of each cell line with known numbers of particles and counted the number of foci produced to determine the

foci formation efficiency (foci to particle ratio).

Quantitative analysis of foci
Confluent cell monolayers were inoculated with a mix of VSV-GFP/VSV-mCherry containing aggregated or monodisperse viral par-

ticles for microscopic examination of short-term viral spread. Cells were fixed at different post-inoculation times with 4%paraformal-

dehyde, stored overnight at 4�C, rinsed with PBS 1X, stained with DAPI (Roche) and preserved in phosphate buffer with 0.05% azide

until image acquisition. Multichannel fluorescence imaging of representative areas of the infected monolayers was performed on an

IN Cell Analyzer 2000 (GE Healthcare). Filter channels used for imaging were FITC 490/20 nm excitation, 525/36 nm emission for GFP

fluorescence; Texas Red 579/34 nm excitation, 624/40 nm emission for mCherry fluorescence, and DAPI 350/50 nm excitation, 455/

50 nm emission for DAPI staining fluorescence with an exposure time of 400, 800 and 100 ms, respectively. Acquired images were

visualized with Fiji (ImageJ) and the number of cells per infection foci was determined by manual counting, since high cell confluence

extremely complicate an automated cell discrimination, especially in BHK-21 cells.

Automated real-time fluorescence microscopy
Imaging was performed in an IncuCyte S3 Live-Cell Analysis System (Essen BioScience) housed inside a humidified tissue culture

incubator at 37�C and 5% CO2. Images were acquired using phase contrast, green (300-ms exposure) and red (400-ms exposure)

channels in the IncuCyte S3 platform with a 4X objective in triplicate. Representative images of various time points and experimental

conditions were selected and used as a reference to define image analysis masks for each acquisition channel. Images were

segmented by defining a fluorescence intensity threshold after applying a background correction using the Top-Hat method.

When needed, masks were fine-tuned by setting maximum and minimum object areas and eccentricity values. To infer growth pa-

rameters we used a logistic growth model of the form Pt =PM=ð1+ ec�rtÞ, where t is the infection time, Pt is the percent of virus-pos-

itive cells (% confluence), PM is the maximum Pt value, r is the exponential growth rate, and c sets the initial conditions. Half times

were calculated as t1/2 = c/r. The model was fit to the data by non-linear least-squares regression. In competition, assays the fraction

of the total fluorescent area, i.e., GFP/(GFP+mCherry), was determined at the time point yielding maximal total fluorescence (i.e., at

the growth curve plateau). The fitness of populations derived from aggregated relative to monodisperse founders was calculated as

f = PG=PR, where PG is the fraction of GFP/total fluorescence in competitions between aggregated VSV-GFP and monodisperse

VSV-Cherry founders, and PR the GFP/total fluorescence in competitions between monodisperse VSV-GFP and aggregated VSV-

Cherry founders.

Chemical mutagenesis
VSV-GFP and VSV-mCherry were subjected separately to three serial transfers in BHK-21 cells in the presence of 5-FU 40 ug/mL. For

each passage, confluent cell monolayerswere pre-treatedwith 5-FU for 6 h, inoculatedwith the virus (D= 0.1 PFU/cell) and incubated

for 24 h in standard infection medium supplemented with 5-FU. After each transfer, supernatants were collected and titrated by the

plaque assay. 5-FUwas cleared from transfer-3 supernatants by pelleting the virus at 30,000 g for 1.5 h and resuspending the pellet in

medium not containing 5-FU. Next, a one-step amplification was carried out to increase the viral titer, since saliva-driven aggregation

is titer-dependent. This amplification stepwasdoneby inoculatingBHK-21monolayers at highdensity (D=10PFU/cell) and collecting

the supernatant at 8 hpi. A high viral density inoculumwas used to favor themaintenance of deleterious mutants produced during the

mutagenesis transfers. To reach a titer similar to those of non-mutagenized stocks (109 PFU/mL), we finally concentrated the viruses

tenfold by centrifugation at 30,000 g for 1.5 h. Saliva-driven aggregationwas verified bymixing VSV-GFP and VSV-mCherrymutagen-

ized stocks, incubating the mix in saliva (37�C, 1 h), and enumerating doubly fluorescent foci in standard plaque assays.

Purification of cytokine-conditioned medium
Cytokine-containing conditioned medium was obtained by infecting a confluent MEF monolayer with VSV-D51 mutant at (D = 10

PFU/cell) and collecting the infection medium approximately at 24 hpi. Cell debris was removed from the crude infection medium

by centrifugation at 5000 g for 10 min, and the supernatant was cleared of viruses and other small particles using a 0.05 mm cellulose

filter (MF-Millipore; VMWP02500). The resulting purifiedmediumwas then aliquoted, stored at –70�C, and checked for the absence of

viruses by plaque assays of undiluted aliquots in BHK-21 cells.

RT-qPCR
Confluent MEFmonolayers cultured in 6-well plates and inoculated (D = 0.1 PFU/cell) with equal-virion, aggregated/non-aggregated

VSV-GFP suspensions were used for total RNA isolation using the acid guanidinium-thiocyanate-phenol-chloroform method (TRI

Reagent Solution, Invitrogen), following manufacturer’s instructions. Infected monolayers were overlaid with DMEM supplemented

with 10% FBS after 45 min of virus incubation under standard culture conditions (37�C, 5% CO2). At 6 hpi, the culture medium was

removed and RNA was isolated. Output concentrations for all RNA samples were adjusted to 150 ng/mL, and 3 mL were added to

reverse transcription (RT) reactions carried out with gene-specific primers for either mouse Mx2 mRNA (50tggagtcggattgacatctctg)
or the b-actin mRNA (50cagaggcatacagggacagc), and SuperScript IV Reverse Transcriptase (Invitrogen). RT reactions were

performed at 55�C, following manufacturer’s instructions. The linear range of detection for the RT reaction was determined by serial
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dilutions of extracted mRNAs. The qPCR was performed with primers for mouse Mx2 mRNA (50acacggtcactgaaattgtacg,
50tcatcttttcacggttggctt) or actin mRNA (50ctggcaccacaccttctaca, 50tcatcttttcacggttggctt) using the 2X Brilliant III Ultra-Fast SYBR

Green QPCR Master Mix (Agilent) on an AriaMx machine (Agilent). The absence of contaminating DNA, primer-dimers and multiple

amplicons in the reactions were tested by melting curve analysis and including no-RT and no-template controls. The following ther-

mal profile was used for amplification: 95�C for 3 min, and 40 cycles of 95�C for 15 s and 60�C for 20 s.

QUANTIFICATION AND STATISTICAL ANALYSIS

All virus infections were conducted in triplicates and all measurements are reported as mean ± SEM. Statistical analyses were per-

formed using SPSS software (IBM Analytics), and are indicated in the main text and SI figure legends. Model fitting explained in

Methods Details was carried out by non-linear least-squares regression using the nls function implemented in R package (http://

www.r-project.org) and model parameters were calculated for each replicate.
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