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SUMMARY

Some viruses are released from cells as pools of
membrane-associatedvirions.By increasing themul-
tiplicity of infection (MOI), this type of collective
dispersal could favor viral cooperation, but also the
emergence of cheater-like viruses such as defective
interfering particles. To better understand this pro-
cess, we examined the genetic diversity of mem-
brane-associated coxsackievirus infectious units.
We find that infected cells release membranous
structures (including vesicles) that contain 8–21 in-
fectious particles on average. However, in most
cases (62%–93%), these structures do not promote
the co-transmission of different viral genetic variants
present in a cell. Furthermore, collective dispersal
has no effect on viral population sequence diversity.
Our results indicate that membrane-associated col-
lective infectious units typically contain viral particles
derived from the same parental genome. Hence, if
cooperationoccurs, it shouldprobably involve sibling
viral particles rather than different variants. As shown
by social evolution theory, cooperation among sib-
lings should be robust against cheater invasion.

INTRODUCTION

Many viruses remodel endoplasmic reticulum membranes to

form distinct organelles or viral factories used for viral replication

and assembly (Altan-Bonnet, 2017; Belov, 2016; Fernández de

Castro et al., 2016; Hsu et al., 2010; Shulla and Randall, 2016;

Romero-Brey and Bartenschlager, 2016; Ravindran et al.,

2016). Viral release from cells can also take place in a mem-

brane-associated manner. Notably, hepatitis A virus (Feng

et al., 2013), enteroviruses (Robinson et al., 2014; Bird et al.,

2014; Chen et al., 2015), noroviruses (Santiana et al., 2018), rota-

viruses (Santiana et al., 2018), and Marseilleviruses (Arantes

et al., 2016) are secreted from cells as pools of virions inside

extracellular vesicles. Such collective dispersal contrasts with

a more classical model according to which viral dissemination

takes place mainly through free virions (Sanjuán, 2017; Altan-
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The biological relevance of this type of transmission is supported

by several lines of evidence. For instance, enterovirus-contain-

ing vesicles are highly infectious and produce large amounts of

viral progeny (Chen et al., 2015). Also, rotavirus-containing ves-

icles were found to be more infectious than free virions via the

gastrointestinal entry route in mice (Santiana et al., 2018). How-

ever, how membrane-associated spread determines virus-virus

interactions and how this impacts viral fitness, genetic diversity,

and evolution is still largely unknown.

An important feature of virus collective dispersal is that it

should elevate the cellular MOI, defined as the average number

of viral genomes that initiate the infection of a cell. Elevating the

MOI may increase viral fitness via different processes. For

instance, it could reduce the chances that essential viral proteins

are missing during the early stages of the infection cycle due to

insufficient expression levels, dilution, or degradation. Alterna-

tively, invading a cell with multiple viral genome copies could

allow the virus to overcome early infection barriers. This may

be achieved, for instance, by overwhelming antiviral factors or

by accelerating the infection cycle, whichwould provide the virus

a head start against cellular innate immune responses (Sanjuán

and Thoulouze, 2019). A link between collective spread, the

MOI, and infection speed has been established for HIV-1 (Boullé

et al., 2016) and vesicular stomatitis virus (Andreu-Moreno and

Sanjuán, 2018).

Additionally, it has been suggested that increasing the MOI

could facilitate genetic complementation among deleteriousmu-

tants, enabling a diversity-based type of cooperation, particu-

larly in fast-mutating RNA viruses (Vignuzzi et al., 2006; Borderı́a

et al., 2015; Lauring and Andino, 2010; Domingo and Perales,

2018; Villarreal and Witzany, 2015; Andino and Domingo, 2015;

Leeks et al., 2018). Consequently, it has been postulated that

collective viral spread through vesicles may increase viral fitness

by promoting diversity-based cooperation (Chen et al., 2015; Al-

tan-Bonnet and Chen, 2015; Sanjuán, 2017; Sanjuán and Thou-

louze, 2019). A similar argument has been put forward for other

types of collective spread such as virion aggregates in poliovirus

(Aguilera et al., 2017), polyploid capsids in measles virus (Shiro-

gane et al., 2012), and occlusion bodies in the large DNA bacu-

loviruses (Simón et al., 2013; Clavijo et al., 2010).

On the other hand, it has been amply demonstrated that high

MOIs promote the evolution of defective interfering particles and
).
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other types of defective viruses that replicate at the expense of

fully functional viruses (Marriott and Dimmock, 2010; Rezelj

et al., 2018; Manzoni and López, 2018; Brooke, 2017). Because

defective viruses behave as social cheaters that benefit from

fully functional ‘‘helper’’ viruses without reciprocating, they

obtain a competitive advantage that allows them to take over

the population at highMOIs, reducing average population fitness

severely and increasing extinction risk (Turner and Chao, 1999;

Dı́az-Muñoz et al., 2017; Chao and Elena, 2017; Grande-Pérez

et al., 2005). Thus, collective dispersal might select for defective

virus variants.

The evolution of defective viruses, but also diversity-based

cooperation, critically require that cells are coinfected with

different genetic variants of a virus. However, whether such co-

infection is favored by membrane-associated virus intercellular

transmission has not been tested. Here, we set out to clarify

this using coxsackievirus B3 (CVB3) as a model system. Previ-

ous work has shown that CVB3 and other enteroviruses are

released from cells inside autophagosome-like, phosphatidyl-

serine-rich vesicles containing multiple virions (Robinson et al.,

2014; Chen et al., 2015). We find that, in cells coinfected with

two phenotypically marked CVB3 variants, pools of mem-

brane-associated infectious particles released from cells tend

to contain only one of the two variants. We also find that ongoing

intercellular transmission of these multi-virion structures does

not change overall population genetic diversity appreciably,

compared with free-virion transmission. Our results suggest

that membrane-associated viruses released from infected cells

tend to originate from the same parental genome. This may

help enteroviruses increase MOIs while keeping genetic related-

ness high, preventing invasion by defective viruses. On the other

hand, it seems unlikely that this type of collective spread could

promote diversity-based cooperation.

RESULTS

Low-Speed Centrifugation Selects for Collective
Infectious Units Constituted by Pools of Membrane-
Associated Virions
We inoculated confluent HeLa-H1 cells with CVB3 Nancy strain

at a viral density of D = 10 plaque-forming units (PFUs) per cell

and harvested the culture medium of these virus-producer cells

after completion of the infectious cycle (12 h post inoculation

[hpi]). Notice that we use the term ‘‘viral density’’ (the ratio of

PFUs to cells in a given population or predefined space) to avoid

confusion with the cellular MOI, as defined above (the average

number of viral genomes that initiate the infection of a cell).

We centrifuged the harvested medium at 10,000 3 g to sedi-

ment large infectious units, including previously described auto-

phagosome-derived vesicles (Robinson et al., 2014; Chen et al.,

2015). To more efficiently separate these two subpopulations,

we iterated this process three times in total (Figure 1A). We

then analyzed the infectivity of each centrifugation fraction by

the plaque assay (Figure 1C). The first supernatant (S1) con-

tained (2.4 ± 0.4) 3 108 PFUs/mL versus (5.0 ± 0.4) 3 106

PFUs/mL in the third resuspended pellet (P3). Filtration of the

P3 fraction through 0.1-mm pores reduced its titer by a factor

of 15.8 ± 1.0-fold, versus only 1.3 ± 0.1 for the S1 fraction,
confirming that the P3 fraction contained large infectious units.

We then treated the P3 fraction with Triton X-100 detergent to

disrupt membranes. Notably, this increased the titer by a factor

of 11.6 ± 1.1, indicating that the large infectious units pelleted

by slow-speed centrifugation were collective infectious units

(CIUs) constituted by pools of membrane-associated viruses.

Based on the above titers and the effect of detergent treatment,

these CIUs contained 19.5% ± 1.1% of the total infectious viral

progeny at harvest time. This percentage might indeed be

higher if some membranous structures were not recovered in

the P3 fraction, if detergent treatment did not fully disrupt mem-

branes, or if the S1 fraction already contained infectious virions

released from membranes, for instance, due to spontaneous

vesicle breakage.

Inspection of the P3 fraction by transmission electron micro-

scopy confirmed the presence of virion-containing vesicles of

different sizes ranging from 100 nm to >1 mm (Figure 1B). Given

the small size of enterovirus particles (30 nm), these vesicles

should harbor large numbers of virions, potentially increasing

the cellular MOI substantially. However, because our protocol

simply selected for fast-sedimenting infectious units, the

presence of other virion-containing structures could not be dis-

carded. For instance, we might have also selected for replica-

tion organelles containing mature viral particles. Western blot

analysis of the P3 fraction revealed the presence of LC3, a

typical autophagosome marker (Kabeya et al., 2000). However,

we also detected the non-processed form of the protein (pro-

LC3), which in principle should be associated to the endo-

plasmic reticulum (Figure S1). Hence, although most of the

fast-sedimenting infectious units obtained in the P3 fraction

were probably virion-containing vesicles, we henceforth refer

to membrane-associated CIUs to conservatively include both

virion-containing vesicles and other possible types of lipid-

bound viral particles.

Membrane-Associated CIUs Co-transmit CVB3 Genetic
Variants Inefficiently
We set out to test whether viral genetic variants present in virus-

producer cells were co-transmitted to cells in subsequent

rounds of infection (recipient cells). For this, we used CVB3 vi-

ruses encoding EGFP or mCherry fluorescent proteins to inocu-

late HeLa-H1 cells at high viral density (D z 10 PFUs/cell each)

with a 1:1 mix of CVB3-EGFP and CVB3-mCherry, hence maxi-

mizing coinfection with both variants in producer cells. Flow cy-

tometry confirmed that 99.0% of these cells were fluorescent at

7 hpi, and of these, 95.1% were positive for both EGFP and

mCherry (Figure 2A). At 12 hpi, we used slow-speed centrifuga-

tion to collect the P3 fraction as above, and used this fraction to

inoculate fresh cells at lower density (Dz 0.1 PFU/cell) to ensure

that most cells received only 1 PFU. Consistent with the ex-

pected inoculum density, 9.01% ± 0.10% of the recipient cells

were fluorescent at 7 hpi. Among fluorescent cells, 46.6% ±

0.6% were green, 40.4% ± 0.4% were red, and only 13.0% ±

0.5%were doubly fluorescent (see Figure 2B for a representative

experiment; Table S1). If cells were infected by free virions inde-

pendently, the expected percentage of doubly fluorescent cells

would be 0.0901 3 (0.466 + 0.130) 3 (0.404 + 0.130) = 2.86%.

Hence, the observed percentage of doubly fluorescent cells
Cell Reports 29, 714–723, October 15, 2019 715



Figure 1. Fast-Sedimenting CIUs Contain Membrane-Associated Virion Pools

(A) Scheme of the process used to separate CIUs from free virions by low-speed centrifugation. Three serial centrifugation and resuspension steps were carried

out in which we separated the supernatant (S) and pellet (P) fractions. P fractions were subjected to Triton detergent to disrupt membranes and release free

virions (B fraction).

(B) Transmission electron micrographs of membrane-associated virions obtained from the P3 fraction. The small white bars correspond to 30 nm, the diameter of

enterovirus virions. The observed sizes of virion-like structures are close to this size, although often smaller, which is expected if the virion section is not

diametrical.

(C–E) Infectivity of the indicated fraction quantified by the plaque assay. Themean and SEM (error bars) titers obtained from three independent assays are shown.

(C) Culture media harvested at 12 hpi.

(D) Culture media harvested at 8 hpi.

(E) Culture media harvested at 12 hpi in which the P2 fraction was purified using annexin V (P2* and B2*).
was 4.5 times higher than expected under free-virion dispersal.

However, because the vast majority of producer cells were

doubly fluorescent and our high-weight CIUs contained multiple

infectious particles, by sheer chance most recipient cells should

be infected with both CVB3-EGFP and CVB3-mCherry variants.

Yet, this expectation was in sharp contrast with the observed

13.0% ± 0.5% co-transmission frequency, indicating that mem-

brane-associated CIUs typically contained viral progeny derived

from the same parental genome.

Among-Cell Fluctuations in the Proportion of Each Virus
Variant Do Not Explain Low Co-transmission
Frequencies
The EGFP- and mCherry-encoding variants were produced at

similar overall frequencies, because 46.4% ± 0.4% of recipient

cells were EGFP positive versus 53.6% ± 0.4% mCherry posi-

tive. However, this proportion may fluctuate among individual

cells, leading to potentially large differences in the frequency of

each variant in CIUs. To measure this variability, we used the

intensity of the EGFP and mCherry signal in each cell as deter-

mined by flow cytometry. To better correlate fluorescence inten-

sity with virus abundance, we rescaled the fluorescence signal

such that the average signal intensities matched the above per-

centages of EGFP andmCherry progeny viruses. This allowed us
716 Cell Reports 29, 714–723, October 15, 2019
to determine the per-cell statistical distribution of the estimated

proportion of EGFP variant to total (EGFP + mCherry) virus in the

viral progeny released by producer cells, which we called g (Fig-

ure 2C). If the two variants mixed freely, the probability of a CIU

containing both variants would be p(n) = 1� gn� (1� g)n, where

n is the number of infectious particles per CIU. For each n, we

calculated the distribution of p(n) based on the distribution of

g. This showed that, for n = 12 (the value estimated by deter-

gent-disruption of the P3 fraction), the observed percentage of

doubly fluorescent cells (13.0% ± 0.5%) deviated strongly from

a model in which the two variants mixed freely (Figure 2D). This

deviation was evident even assuming much smaller numbers

of particles per CIU, down to n = 2. Hence, unbalances or fluctu-

ations in the proportion of each variant among cells do not

explain the low co-transmission frequencies displayed by CIUs.

Low Co-transmission Frequencies Are Not Explained by
Contamination with Free Virions
We then set out to explore whether the P3 fraction may contain a

substantial proportion of free virions, because this would reduce

the chances of coinfection. For this, we repeated the low-speed

centrifugation protocol as above and determined the titer of the

supernatant fraction, the resuspended pellet, and the detergent-

treated resuspended pellet after each centrifugation round



Figure 2. Infrequent Co-transmission of

EGFP- and mCherry-Encoding CVB3 Vi-

ruses through CIUs

(A) Flow cytometry analysis of producer cells

inoculated at high density (Dz 10 PFUs/cell) with

a 1:1 mix of the two variants (culture media har-

vested at 12 hpi).

(B) Flow cytometry analysis of cells inoculated at

lower density (D z 0.1 PFU/cell) with the P3

fraction. Results for one replicate are shown. Cell

counts for three replicates are shown in Table S1.

(C) Distribution of the estimated proportion of

each variant in individual producer cells (g), re-

scaling the intensities shown in (A) such that the

average rescaled intensities matched the

observed proportion of cells infected with each

variant (46.4% ± 0.4%CVB3-EGFP versus 53.6%

± 0.4% CVB3-mCherry; Table S1). This was

achieved by multiplying all EGFP intensities by

1.82. The resulting coefficients of variation of

mCherry and rescaled EGFP intensities were

similar (0.72 and 0.68, respectively).

(D) Boxplot of the probability that CIUs containing

n infectious particles co-transmitted both vari-

ants, assuming random mixing. This probability

was calculated as p(n) = 1 � gn � (1 � g)n. The

lower and upper limits of the box indicate 25th and

75th percentiles, and the middle line shows the

median. Whiskers show the 10th and 90th per-

centiles, and crosses the 5th and 95th percentiles.

Superimposed are shown the n value and

observed proportion of coinfected cells in four

different cases: P3 fraction harvested at 12 hpi (red), P3 fraction harvested at 12 hpi accounting for possible contamination with free virions (pink), P3 fraction

harvested at 8 hpi (brown), and P2* fraction harvested at 12 hpi (blue; see text for details). The mean and SEM from three independent assays are shown.
(Figure S2). If free virions were efficiently removed by this pro-

cess, the titer of the supernatant fraction should drop strongly

and by a similar factor after each additional centrifugation round.

After the first round, the supernatant titer dropped 41.2 ± 8.6

times (S1 versus S2; Figure S2), but in subsequent rounds, the su-

pernatant titer stagnated. This indicates that free viral particles

were washed out efficiently by centrifugation, but that they

were replenished from the pellet, probably as a result of sponta-

neous CIU breakage (for instance, vesicle disruption). If such

breakage occurred during pellet resuspension, the P3 fraction

used for inoculating recipient cells would contain some propor-

tion of free viral particles released from CIUs, potentially

affecting interpretation of our results. To quantify this, we devel-

oped amathematical model that specified the titers of each frac-

tion after each centrifugation round as a function of the average

number of infectious particles per CIU (n) and the CIU breakage

probability (b; Figure S2). Least-squares fitting of the model to

the titer data yielded n = 20.3 ± 3.8 and b = 0.117 ± 0.008. This

allowed us to estimate the ratio of intact CIUs to total infectious

units vp = (1� b)/(1� b + nb) = 0.284 ± 0.043.We next calculated

what proportionm of all CIUs contained both virus variants (poly-

morphic CIUs). Among cells receiving only 1 PFU, the observed

proportion of doubly to total fluorescent cells (13.0%; see Fig-

ure 2B and Table S1) should simply equal the probability of

receiving a polymorphic CIU (i.e., mvp = 0.130). However, a

non-negligible fraction of fluorescent cells received two PFUs.

To account for this, we considered all possible combinations
of two PFUs and their associated probabilities (Figure S3). Solv-

ing this model yielded m = 0.378 ± 0.016. Hence, after account-

ing for possible contamination with free virions, we estimated

that CIUs contained 20.3 ± 3.8 infectious particles on average,

but that only 37.8% ± 1.6% of these CIUs were polymorphic.

Albeit higher than the percentage obtained ignoring free-virion

contamination, this value was still clearly lower than expected

under the null hypothesis of random mixing (Figure 2D).

CIUs Harvested before Lysis Also Exhibit Low Variant
Co-transmission Efficiency
As discussed above, our pellet fractions might contain CIUs

other than extracellular vesicles, such as, for instance, replica-

tion organelles derived from the endoplasmic reticulum and

released during lysis. To gain insight into the contribution of

extracellular vesicles to the above results, we repeated the

low-speed centrifugation protocol using media harvested from

producer cells slightly before lysis (8 hpi). Because secretion of

virion-containing vesicles precedes lysis (Robinson et al.,

2014; Chen et al., 2015) but replication organelles and other

possible types of CIUs (for instance, virion aggregates) should

be released during lysis, these assays provide a closer view of

the ability of extracellular vesicles to promote the co-transmis-

sion of different viral genetic variants. We found that the S1 frac-

tion contained (1.9 ± 0.1)3 108 PFUs/mL versus (5.1 ± 0.2)3 106

PFUs/mL in the P3 fraction, and that detergent treatment of the

P3 fraction increased titer by a factor of 7.9 ± 0.1 (Figure 1D).
Cell Reports 29, 714–723, October 15, 2019 717



These results were similar to those obtained after lysis, suggest-

ing that most CIUs obtained by slow-speed centrifugation were

indeed virion-containing vesicles.

We then repeated the flow cytometry analysis. Following inoc-

ulation at high density (D z 10 PFUs/cell), 99.7% of producer

cells were fluorescent at 7 hpi, of which 95.0% were positive

for both EGFP and mCherry. Inoculation of fresh cells with the

P3 fraction at a calculated density of D z 0.1 PFUs/cell yielded

9.45% ± 0.23% fluorescent cells, of which 41.0% ± 2.0% were

green, 37.2% ± 1.2% were red, and 21.9% ± 1.7% were doubly

fluorescent (Table S2). Although the percentage of doubly fluo-

rescent cells was higher than in the assay carried out after lysis,

co-transmission still occurred at much lower frequency than ex-

pected if the two variants mixed freely (Figure 2D). This strongly

suggests that extracellular vesicles are a poor vehicle for the co-

transmission of different viral genetic variants.

Phosphatidylserine-Rich CIUs Show Similarly Low Co-
transmission Efficiencies
Enterovirus-containing vesicles are rich in phosphatidylserine

(Chen et al., 2015), a feature that is shared by other

intracellular membranes. To obtain a more purified preparation

of membrane-associated viruses, we incubated the second re-

suspended pellet (P2) withmagnetic beads conjugated to annexin

V, a protein that binds phosphatidylserine specifically. The an-

nexin-bound fraction (P2*) contained (0.9 ± 0.1) 3 106 PFUs,

versus (1.8 ± 0.2)3 108 PFUs in the initial supernatant (Figure 1E).

Following detergent treatment of this fraction, the viral titer

increased by a factor of 20.6 ± 5.3, confirming that phosphatidyl-

serine-richmembranous structures harbored large numbers of in-

fectious particles and hence were also CIUs. We then harvested

the P2* fraction at 12 hpi from cells coinfected with the CVB3-

EGFP and CVB3-mCherry variants at high density (D z 10

PFUs/cell) and used flow cytometry to assess co-transmission

of both virus variants. Inoculationof fresh cellswith theP2* fraction

at a calculated density ofDz 0.1 PFU/cell yielded 14.9% ± 1.0%

fluorescent cells, of which 55.1% ± 0.2% were green, 17.7% ±

0.3%were red, and27.2%± 0.3%weredoubly fluorescent (Table

S3). Although the proportion of each virus was unbalanced in this

assay and although we exceeded 0.1 PFU/cell in recipient cells,

co-transmission mediated by these CIUs was again clearly less

frequent thanexpected if the two variantsmixed freely (Figure 2D).

Analysis of Infection Foci Shows that the Co-
transmission of Different Virus Variants Is Infrequent
and Short-Lived
In principle, another possible explanation for the seemingly low

efficiency of variant co-transmission is that flow cytometry

underestimated the fraction of doubly fluorescent recipient

cells. Such an issue could have occurred, for instance, if the

timing of expression of the fluorescent proteins was highly var-

iable, although this seemed unlikely because coinfections with

both fluorescent viruses were successfully identified in pro-

ducer cells. To address this possibility, though, we again ob-

tained the P3 fraction from cells inoculated with a mix of

CVB3-EGFP and CVB3-mCherry (D z 10 PFUs/cell), and har-

vested supernatants at 12 hpi. We then inoculated two 96-

well plates at limiting dilution, such that most wells received
718 Cell Reports 29, 714–723, October 15, 2019
0 or 1 PFU. At 30 hpi, we examined the resulting infection foci

by automated fluorescence microscopy. Because foci con-

tained multiple cells due to secondary rounds of infection, it

was unlikely that CVB3-EGFP or CVB3-mCherry was missed.

We found infection in 58/192 wells, of which 11 showed 2 foci

and the rest showed 1, the total number of examined foci thus

being 58 + 11 = 69 (Figure 3). Of these, 29 were positive only

for EGFP, 35 were positive only for mCherry, and 5 were doubly

fluorescent. Hence only 7.2% (5/69) of the infectious foci

showed evidence of co-transmission of the two fluorescently

marked viruses. This percentage was even lower than those

observed by flow cytometry, thus further supporting the conclu-

sion that CIUs preferentially contained progeny virions origi-

nated from the same parental genome.

For those cases in which the foci (and thus the initial cell) con-

tained the two variants, we used image analysis to assess

whether variant co-transmission was maintained in subsequent

infection cycles within foci. The five foci showing a mixture of

both variants contained on average 1,024 ± 365 cells at 30 hpi.

However, only 4.91% ± 0.96% of these cells were doubly fluo-

rescent (Table 1), indicating that co-transmission of these two

variants was short-lived. To a first approximation, the probability

of sustained co-transmission of the two variants after k infection

cycles should be mk, which rapidly tends to zero. This leads to

the conclusion that membrane-associated virus release should

not be an efficient vehicle for the ongoing co-transmission of

different genetic variants of the virus.

CIU-Mediated Intercellular Transmission Has Little
Effect on Viral Population Genetic Diversity
Because membrane-associated CIUs did not appear to support

the long-term co-spread of different variants of CVB3, we did not

expect them to have a major impact on overall viral population

diversity. Yet, it is conceivable that some co-spreading variants

established cooperative interactions, increasing their fitness

and, thus, their population frequencies. To test for the effects

of collective spread on viral population genetic diversity, we per-

formed 20 serial transfers of CVB3, selecting the P3 fraction after

each infection. This experimental evolution protocol was carried

out twice in parallel (two evolution lines). As a control, we per-

formed two evolution lines in which we selected the S1 fraction

after each transfer. Finally, we also established two lines in which

we selected the B3 fraction (detergent-disrupted P3 fraction). Af-

ter transfer 20, each of the six lines was used for viral RNA

extraction, RT-PCR, and Illumina MiSeq sequencing. Compared

with the founder virus, the frequency ofmutations increased in all

evolved populations between 6- and 10-fold (Table 2). However,

mutation frequencies were similar among S1, P3, and B3 lines,

and genetic diversity was similarly distributed along the genome

in the different lines (Figure 4).We therefore conclude that collec-

tive intercellular spread of CVB3 in the form of membrane-asso-

ciated viruses had little effect on the overall accumulation of

population genetic diversity.

DISCUSSION

We have measured the number of infectious CVB3 particles in

membrane-associated CIUs, and we have examined whether



Figure 3. Co-transmission of CVB3-EGFP and CVB3-mCherry Viruses Determined by Foci Analysis

Left: virus-producer cells inoculated at high density (10 PFUs/cell) with a 1:1mix of each variant, shown at 7 hpi. Green and red channels are shown separately, as

well as the merged image. Image saturation was maximized so as to reveal the presence or absence of each variant, rather than quantitative information of

infection level. Scale bars, 0.3 mm. Right: analysis of infection foci produced in recipient cells inoculated at limiting dilution. A 96-well plate inoculated with the P3

fraction and imaged by whole-well automated microscopy at 30 hpi is shown. Green, red, and yellow regions correspond to EGFP, mCherry, and doubly

fluorescent cells, respectively. Amagnified view of twowells at an earlier time point is also shown (16 hpi). Top: two independent foci in the samewell. Bottom: two

variants initially co-transmitted as part of the same infectious unit. This co-transmission was short-lived, as shown by the fact that most cells in the resulting foci

were infected with only one variant. Scale bars, 1 mm.
these CIUs co-transmit different genetic variants of the virus be-

tween cells. In cell cultures harvested after lysis, detergent-

based membrane disruption suggested the presence of 11.6 ±

1.1 infectious particles per CIU, but only 13.0% ± 0.5% of these

CIUs co-transmitted the two fluorescently marked viruses.When

cultures were harvested before lysis, detergent treatment sug-

gested that on average 7.9 ± 0.1 infectious particles per CIU,

yet only 21.9% ± 1.7% of these CIUs co-transmitted the two flu-

orescently marked viruses. The actual CIU size may be higher

than estimated by detergent treatment because pellet fractions

may already carry free viral particles before detergent treatment,

for instance, as a result of spontaneous vesicle breakage. After

considering this potential problem, we estimated that CIUs con-

tained on average 20.3 ± 3.8 infectious particles, but that only

37.8% ± 1.6% co-transmitted the two fluorescently marked vi-

ruses. We also found that, after annexin V selection of phospha-

tidylserine-rich particles, detergent treatment increased titer by a

factor of 20.6 ± 5.3, again revealing large CIUs, but variant co-

transmission frequency was only 27.2% ± 0.3%. In all cases,

co-transmission frequencies were much lower than expected

under the null hypothesis that these membrane-associated

pools of viruses contained a randommix of the two variants pre-

sent in producer cells.

Hence our results suggest that CVB3 viruses present in the

same cell tend to segregate their progenies in different infectious

units. A possible explanation for this segregation is that viral ge-

nomes are partially compartmentalized inside cells. Enterovi-

ruses such as CVB3 and poliovirus remodel endoplasmic reticu-

lum membranes to form organelles used for viral replication and

assembly, a feature that is characteristic of most positive-strand

RNA viruses (Altan-Bonnet, 2017; Belov, 2016; Fernández de

Castro et al., 2016; Hsu et al., 2010; Shulla and Randall, 2016;
Romero-Brey and Bartenschlager, 2016; Ravindran et al.,

2016). As a result, groups of membrane-associated viruses

released from infected cells would tend to originate from a given

parental genome from a given replication organelle. This intracel-

lular spatial structuring may explain why genetic trans-comple-

mentation of defective mutants is infrequent for some viral pro-

teins that are tightly associated to viral replication organelles,

such as the RNA helicase 2C, the viroporin 2B, or the viral repli-

case, whereas complementation is more frequent among capsid

proteins, which should bemore easily interchanged among repli-

cation organelles (Bernstein et al., 1986; Kirkegaard and Balti-

more, 1986).

There may be additional explanations for the low frequency

with which the two virus variants co-dispersed in our experi-

ments, although we believe these are less likely. For instance,

CIUs may show large variation in size, such that some may

contain tens of virions, but most would contain only very few.

However, our statistical analysis of mCherry and EGFP expres-

sion levels suggests that, even for CIUs carrying as little as three

virions, the observed levels of coinfection were lower than ex-

pected under the random mixing hypothesis. Hence CIU size

variation could explain our data satisfactorily only if most CIUs

carried very few infectious particles. But if this was the case,

these structures would fail anyway to support long-lived interac-

tions among different virus variants in the population. Another

possible explanation for our results is that most CIUs carry mixes

of different variants, but that this diversity is lost in recipient cells

due to population bottlenecking occurring at early stages of the

infection cycle, which may result from early infection barriers

or stochastic losses. However, this is hard to reconcile with

the observation that detergent-based membrane disruption

released multiple PFUs per CIU.
Cell Reports 29, 714–723, October 15, 2019 719



Table 1. Cell Counts in Five Foci Founded by CIUs Containing

Both CVB3-EGFP and CVB3-mCherry Variants

Cell Count (%) Total

EGFP + � +

mCherry � + +

Foci 1 228 (46.5) 227 (46.3) 35 (7.1) 490 (100)

Foci 2 626 (60.7) 340 (33.0) 65 (6.3) 1,031 (100)

Foci 3 136 (83.4) 21 (12.9) 6 (3.7) 163 (100)

Foci 4 1,035 (91.1) 80 (7.0) 21 (1.8) 1,136 (100)

Foci 5 1,323 (57.6) 847 (36.9) 128 (5.6) 2,298 (100)

Average 670 (67.8) 303 (27.2) 51 (4.9) 1,024 (100)

Table 2. Illumina Sequence Analysis of Population Genetic

Diversity in CVB3 Evolution Lines in which the S1, P3, or B3

Fraction Was Selected after Each Transfer

Virus

Population

Total Bases

Read

Sites with

Mutations

Total Mutant

Bases Read

Mutation

Frequencya

Founder 1.04 3 108 266 11,254 1.08 3 10�4

Evolved S1,

line 1

1.82 3 108 1,868 160,506 8.81 3 10�4

Evolved S1,

line 2

1.48 3 108 1,796 150,954 10.20 3 10�4

Evolved P3,

line 1

2.43 3 108 2,148 256,770 10.60 3 10�4

Evolved P3,

line 2

2.08 3 108 2,092 188,731 9.08 3 10�4

Evolved B3,

line 1

1.21 3 108 2,073 89,318 7.38 3 10�4

Evolved B3,

line 2

1.99 3 108 2,141 172,507 8.66 3 10�4

aTotal mutant bases read divided by total bases read.
Our results suggest that collective dispersal of coxsackievi-

rus does not promote cooperation among genetically distinct

virus variants, such as, for instance, genetic complementation.

On the other hand, our data also suggest that collective

spread might be robust against the emergence of defective vi-

ruses. Viruses are subject to strong and frequent population

bottlenecks associated to dispersal events, including inter-

host transmission and intra-host dissemination throughout

body sites (Zwart and Elena, 2015; Gutiérrez et al., 2012;

McCrone and Lauring, 2018). Whereas under free-virion

dispersal the cellular MOI inevitably drops to a single viral

genome copy per cell following these bottlenecks, collective

viral spread provides means of maintaining cellular MOIs

above 1. The risks of cheater invasion might be low, though,

if viral genomes present in the same CIU tend to be siblings.

Defective viruses might still appear among the progeny of a

given virus and, if co-transmitted to the next cell together

with their siblings, they would reduce the fitness of that partic-

ular lineage. However, our analysis of infection foci showed

that variants within a given CIU tend to not be co-transmitted

to subsequent infection cycles. Furthermore, even if cheaters

succeeded in being co-transmitted with their siblings, they

would not strongly interfere with unrelated members of the

population, and selection would efficiently purge these

cheater-containing lineages. Social evolution theory has es-

tablished that spatial population structures that help increase

genetic relatedness and/or allow for group (multilevel) selec-

tion prevent the spread of cheaters and can thus promote

the evolution of cooperation (Gardner et al., 2011; West

et al., 2006; Nowak, 2006). If interacting viral genomes were

unrelated, as is the case under classical high viral density reg-

imens (high PFU/cell ratio), defective interfering particles and

other kinds of social cheaters would tend to spread owing to

their ability to exploit helper viruses.

Therefore, co-dispersal of pools of related viral particles in the

form of membrane-associated viruses might allow for the evolu-

tion of cooperation, albeit probably not diversity-based cooper-

ation. Elevating the MOI using CIUs could potentially be a

cooperative action in which the fitness benefits would reside in

invading cells with a higher number of viral genomes, regardless

of their genetic diversity. Such benefits may include accelerating

the infection cycle or overwhelming antiviral cellular responses,

as we recently suggested for vesicular stomatitis virus (An-

dreu-Moreno and Sanjuán, 2018). Alternatively, spreading in
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groups could also afford other types of fitness benefits not

related directly to the cellular MOI, such as protection against

anti-viral factors including circulating proteases or antibodies

(Santiana et al., 2018).

In future work, it would be interesting to investigate whether

our results apply to other viruses. Membrane-associated inter-

cellular spread within vesicles has been documented in widely

different viruses, but the biogenesis and size of these vesicles

are diverse. For instance, norovirus and hepatitis A virus vesicles

are likely derived frommultivesicular bodies and are smaller than

enterovirus vesicles (Feng et al., 2013; Chen et al., 2015; Santi-

ana et al., 2018). These differences may also lead to different

levels of mixing among virus variants. However, the types of col-

lective viral spread examined to date have been found to support

low levels of mixing between virus variants. For instance, one

study used EGFP- and mCherry-encoding HIV-1 to examine

the ability of virological synapses to co-transfer both variants

from cell to cell (Law et al., 2016). It was found that co-transfer

occurred in only 6%–14% of infected cells, which was signifi-

cantly higher than expected by chance under free-virion infec-

tion, yet too low to sustain the joint spread of variants through

multiple infection cycles, paralleling our results. Another study

found that cell-to-cell spread of tomato mosaic virus through

plasmodesmata introduced a strong genetic bottleneck despite

allowing for the passage of a large number of viral genomes

among cells (Miyashita et al., 2015). Also, unpublished work sug-

gests that most virion-containing vesicles released by cells coin-

fected with CVB3 and poliovirus are positive for capsids of one

virus or the other, but not both (N. Altan-Bonnet, personal

communication). This suggests that even capsid precursors

are not shared unrestrictedly among viruses present in the

same cell, despite their intracellular diffusion being probably

less limited than that of viral genomes and non-structural pro-

teins involved in replication.

Overall, these lines of evidence suggest that certain types of

collective viral spread do not efficiently support interactions

among different virus variants. However, further research is



Figure 4. Mutation Frequency across the

CVB3 Genome

Themutation frequency (mutated/total bases read)

per nucleotide site is shown for the founder and

one evolution replicate (line 1) for each treatment

(S1, P3, and B3). Replicate evolution lines 1 and 2

showed very similar genome-wide diversity pat-

terns (data available from Table S4).
needed to extend our results to other viruses, such as, for

instance, noroviruses and rotaviruses spreading through extra-

cellular vesicles, as well as baculoviruses spreading through oc-

clusion bodies.
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ViVan 0.43 Isakov et al., 2015 N/A
LEAD CONTACT AND MATERIALS AVAILABILITY

This study did not generate new unique reagents. 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).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Virus and cells
HeLa-H1 cells were obtained from the American Type Culture Collection (ATCC, CRL-1958) and cultured in Dulbecco’s modified Ea-

gle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), non-essential amino acids, 10 units/mL penicillin, 10 mg/mL

streptomycin and 250 ng/mL amphotericin B under standard culturing conditions (37�C and 5% CO2). Cells tested negative for my-

coplasma by PCR. The CVB3 Nancy infectious clone was obtained from Dr. Marco Vignuzzi (Pasteur Institute of Paris, France). Viral

stocks were produced by inoculating confluent HeLa-H1 cells at 0.1 PFU/cell and incubating them under standard conditions for

24 h. Then, infected cells were subjected to three freeze-thaw cycles, cell debris was removed by centrifugation at 3000 g for

1 min, and the supernatant was collected, aliquoted, and frozen at –80�C.

METHOD DETAILS

Virus titration by the plaque assay, viral density
Viral density was defined as the number of PFUs per cell in the culture. To adjust the viral density at inoculation, we titrated viral stocks

by the plaque assay. For this, we used confluent HeLa-H1 monolayers in 6-well plates. Each well was inoculated with 200 mL for

45 min under standard culturing conditions and then overlaid with DMEM supplemented with 2% FBS, 10 units/mL penicillin,

10 mg/mL streptomycin and 0.8% noble agar. Plaques typically became obvious at 44-48 hpi. Cells were fixed with 10% formalde-

hyde for 1 h and the agar overlay was removed to stain cells with 2% crystal violet in 10% formaldehyde.

Low-speed centrifugation to select for high-weight infectious units
HeLa-H1 cells were infected with CVB3 in 12-well dishes (2 mL of culture medium) or p100 dishes (9 mL of culture medium) at high

viral density (10 PFU/cell) and after 45 min incubation under standard conditions the inoculum was removed, and DMEM supple-

mented with 2% FBS and 10 units/mL penicillin, 10 mg/mL streptomycin and 250 ng/mL amphotericin B was added. At harvest

time (12 or 8 hpi) the extracellular media and the infected cells were collected and centrifuged at 1000 g for 5 min at 4�C. The super-

natant was collected and spun again at 10,000 g for 10 min at 4�C if the volume of the culture medium was 2 mL and for 30 min if the

volume of the culture mediumwas 9mL. The supernatant of this centrifugation was stored until use at 4�C as the S1 fraction, whereas

the pellet was resuspended and spun again under the same conditions to remove remaining free viral particles. This step was

repeated twice and the third pellet was resuspended and stored until use at 4�C as the P3 fraction. Membranes were disrupted

(B3 fraction) by adding 0.16% Triton X-100 and incubating 15 min at 4�C.

Preparation of phosphatidylserine-rich infectious units using annexin V
The second pellet of the above centrifugation-based protocol (P2) was resuspended in 80 mL of binding buffer provided in the Annexin

V microbeads kit (Milteny Biotec, CA). Then, 20 mL of microbeads were added and the mix was incubated for 15 min at 4�C. Finally,
phosphatidylserine-rich particles were purified following manufacturer’s instructions. Membranes were disrupted as above.

Transmission electron microscopy
The P3 fraction was encased in a 1% agar cone, which was then fixed in 2% paraformaldehyde and 2.5% glutaraldehyde solution in

phosphate buffer 0.1 M, and kept for >1 h at room temperature. The fixative was removed by phosphate buffer 0.1 M washes, and

preparations were post-fixed and stained with 2% osmium solution, dehydrated in a graded series of ethanol, and stained during

dehydration with 2% uranyl acetate in ethanol 70%. Finally, samples were embedded in Durcupan epoxy resin and polymerized

for 72 h at 70�C. Semi-thin sections (1.5 mm) were obtained using a Leica EM UC-6 ultra-microtome and stained with 1% toluidine

blue at 70�C for optical microscopy. Ultra-thin sections (70-80 nm) were then obtainedwith a diamond-tipped knife, stainedwith Rey-

nold’s lead citrate, and imaged by electron microscopy.
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SDS-PAGE and western blot
Pellets were resuspended in lysis buffer (50 mM Tris-pH 8, 150 mMNaCl, 5 mMEDTA, 0.5%NP-40) with protease inhibitor and incu-

bated on ice for 30 min, vortexing every 10 min. Then, the proteins were denatured at 95�C for 10 min in reducing Laemmli sample

buffer. Denatured proteins were separated on 12.5% sodium dodecyl sulfate polyacrylamide gel by electrophoresis and transferred

in transfer buffer (25 mM Tris, 192, glycine, 20% v/v methanol, pH 8.3) to 0.45 mm nitrocellulose membranes by semi-dry transfer in a

Novex Semi-Dry Blotter (Invitrogen). The membranes were washed with 0.1% Tween 20 in PBS and then incubated with blocking

buffer (5% blotto non-fat dry milk in PBS-tween 0.1%) for 30 min at room temperature. After blocking, the membranes were incu-

bated with primary antibody against LC3B (1:1000, rabbit) overnight at 4�C. Two controls were included: 1:3000 rabbit anti-GAPDH

for intracellular content, and 1:2500 rabbit anti-BSA for extracellular culture medium. The excess of primary antibodies was removed

washing the membranes 5 times with PBS-Tween 0.1%. Membranes were incubated with a secondary antibody diluted in blocking

buffer (goat anti-rabbit IgG-HRP; Santa Cruz Biotechnology) for 90 min at room temperature. Then, membranes were washed as

before. Pierce ECL Plus Wester Blotting Substrate was used for detection chemiluminescence on an ImageQuant LAS 500 lumines-

cent image analyzer (GE Healthcare Bio-Sciences AB).

Construction of viruses encoding fluorescent proteins
Wegenerated aCVB3-Xho-P1-Kpn2I construct by site-directedmutagenesis by removing the XhoI site present in P1 and introducing

an XhoI site at position 692 as well as a Kpn2I site at position 3314. All mutations in protein-coding regions were synonymous. This

plasmid was then linearized with Kpn2I and a synthetic fragment (IDT) encoding eGFP flanked by amino acids that reconstruct an

upstream and downstream CVB3 2A cleavage site was ligated using the NEBuilder HiFi DNA assembly mix (New England Biolabs).

To introduce mCherry, we generated a CVB3-MluI-P2-Kpn2I construct by site-directed mutagenesis to eliminate the MluI site pre-

sent in the vector and introduce anMluI site at position 3263 as well as a Kpn2I restriction enzyme site at position 5068. This vector

was then linearized withKpn2I and a synthetic fragment encodingmCherry flanked by the CVB3 3C protease cleavage sites of 2C-3A

was ligated using the NEBuilder HiFi DNA assembly mix.

Flow cytometry
HeLa-H1 cells were infected with a 1:1 mix of CVB3-mCherry and CVB3-eGFP at the indicated density to obtain the P3 fraction as

detailed above. Confluent HeLa-H1 monolayers in 60 mm dishes were inoculated with this fraction (0.1 PFU/cell) and at 7 hpi the

extracellular media was removed, the monolayer was washed with PBS, and the infected cells were collected by detaching them

with trypsin-EDTA, resuspended in DMEM containing 10% FBS, washed with PBS by centrifugation at 750 g for 5 min, and resus-

pended in 4% paraformaldehyde for overnight fixation at 4�C. Fixed cells were centrifuged to remove paraformaldehyde, washed

again with PBS, and finally resuspended in 1 mL of PBS. Then, 104 (producer cells) or 105 (recipient cells) events per sample

were analyzed in a Becton Dickinson LSRFortessa flow cytometer equipped with 488 nm and 561 nm lasers for eGFP and mCherry

excitation, respectively. Controls of non-infected cells, of cells infected only with one variant, and of cells infected with both variants

were used to adjust the fluorescent quadrants manually.

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

Images were acquired using phase contrast, green (300-ms exposure) and red (400-ms exposure) channels with a 4X objective.

Representative images 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.

Foci with a mixture of both variants were analyzed by manual counting using the Multi-point tool of Fiji (ImageJ).

Experimental evolution
The P3, S1, or B3 fraction was obtained from the culture medium of a founder infection and propagated serially for 20 transfers at an

inoculum density of 0.1 PFU/cell, selecting the relevant fraction at 20 hpi after each transfer. Fractions were titrated after each transfer

by the plaque assay to keep viral density at inoculation constant.

RNA extraction, RT-PCR and Illumina sequencing
We used 100 mL of supernatant from transfer 20 of each lineage as well as from the founder virus to extract viral RNA using the Quick-

RNA viral kit (ZymoResearch), following manufacturer’s instructions. Then, 2 mL of RNA were reverse-transcribed using AccuScript

Hi-Fi Reverse Transcriptase (Agilent) with a CVB3-specific oligo-dT (50TTTTTTTTTTTTTTCCGCAC) and 2.5mL of this reaction were

used to amplify the whole genome in three PCR fragments in a total volume of 50 mL using the following pairs of primers: CV-1F

(50TTAAAACAGCCTGTGGGTTGA) and CV-2143-R (50GGCCGAACCACAGAACATAA) with an annealing temperature of 64�C and

an extension time of 1 min 15 s; CV-2045-F (50TCGAGTGTTTTTAGTCGGACG) and CV-4923-R (50AGCCTTCCCACACACAAGAGG)

with an annealing temperature of 63�C and an extension time of 1 min 40 s; CV-4879-F (50AACATGCCCATGTCAGTCAAGAC) and

CV-7399-R (50CGCACCGAATGCGGAGAA) with an annealing temperature of 66�C and an extension time of 1 min 30 s. PCRs were

carried out with Phusion High-Fidelity DNA Polymerase (Thermo Scientific) under the following thermal profile: an initial denaturation

at 98�C for 1 min, 35 cycles of 98�C for 10 s, 20 s at the indicated annealing temperature, and 72�C for the indicated time, followed by
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5min of final extension at 72�C. PCRproducts were visualized by agarose gel electrophoresis, purifiedwith theDNAClean &Concen-

trator kit (ZymoResearch) and quantified by spectrometry (NanoDrop One, Thermo Scientific). Then, an equimolar mix of the three

PCR amplicons was used for Illumina sequencing in a MiSeq machine, using paired-end libraries.

Analysis of NGS data
The quality of the FastQ files of NGS sequencing was evaluated with FastQC 0.11.7 (http://www.bioinformatics.babraham.ac.uk/

projects/fastqc/). Then, the first 10 nucleotides and the last two nucleotides of each read were cut with Cutadapt (https://

cutadapt.readthedocs.io). Reads were then trimmed with FASTQ Quality Filter (http://hannonlab.cshl.edu/fastx_toolkit/) and Prin-

seq-lite 0.20.4 (Schmieder and Edwards, 2011) by quality (Q30), length (200 nucleotides) and sequencing artifacts (duplications,

Ns). The genome of CVB3 Nancy strain (GenBank: JX312064) was used for mapping and SNP calling with ViVan 0.43 (Isakov

et al., 2015).

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were done in triplicate. Error terms correspond to the standard error of the mean (SEM). Raw flow cytometry files

were analyzed using the read.FCS function implemented in R package (https://www.R-project.org) to obtain the intensity values

of mCherry and eGFP. The mathematical model used to infer the number of infectious particles per CIU (n), the probability of CIU

breakage (b) during pellet resuspension, and the proportion of collective to total infectious units in the P3 fraction (vP) is explained

in Figure S2. The probabilistic model used for calculating the proportion of polymorphic to total CIUs (m) from the cytometry counts

is explained in Figure S3.

DATA AND CODE AVAILABILITY

Data Resources
The accession number for raw and analyzed NGS data reported in this paper is GEO: GSE124469.
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