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Extracellular vesicles — new players in cell–cell
communication in aquatic environments
Daniella Schatz and Assaf Vardi
Communication between microorganisms in aquatic
environments can influence ecosystem function and determine
the structure and composition of microbial populations. This
microbial cross talk can be mediated by excretion of
specialized metabolites or extracellular vesicles (EVs). Recently
it has become apparent that cells across all domains of life
produce EVs that may convey specific targeted signals that can
modulate cell fate, morphology and susceptibility to viruses.
The vast majority of knowledge about EVs is derived from
studies of mammalian tissues, parasitic host–pathogen
interactions and model bacterial systems. Very little is known
about the role of EVs in aquatic environments, although they
have potential to influence community structure and trophiclevel interactions. We propose functions and ecological
implications of communication via EVs in aquatic microbial
ecosystems.
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that can convey signals of cell density, biotic and abiotic
stresses. In recent years, extracellular vesicles (EVs) have
been discovered as a new mode of communication across
all domains of life. EVs are membrane-encapsulated
vesicles that are produced and released to the surrounding
milieu. There are many types of EVs, defined by their
size and mechanism of production. Outer membrane
vesicles (OMVs) originate from the cell membrane and
are produced by detachment of cell-membrane blebs [6].
Exosomes are produced by eukaryotes following fusion of
multivesicular bodies with the cell membrane [7]. In this
review we refer all types of vesicles as EVs, and will not
discuss the mode of production of the vesicles. EVs are
produced by bacteria, archaea and eukaryotes and can act
as vectors for pathogenicity, gene transfer and cell–cell
communication [7,8]. EVs can contain a wide range of
cargo (see Table 1) including signaling metabolites (e.g.
acyl-homoserine lactones), toxins, nucleic acids and even
ecto-enzymes (lipases, proteases, etc.). The vast majority
of our knowledge about EVs and their role is derived from
studies of model organisms, mainly cancerous-mammalian tissues, parasitic host–pathogen interactions and labbased bacterial systems. Very little is known about the
role of EVs in aquatic environments, although they have
great potential to influence community structure and
trophic-level interactions. Recent studies suggest that
EVs hold potential in regulating host–virus dynamics
[9] and influencing the partitioning of carbon during
interactions of autotrophic and heterotrophic bacteria
[10]. In order to present the possible roles of EVs in
aquatic ecosystems we review the roles of EVs and their
function in diverse microbial systems (Table 1). We
suggest potential functions and ecological implications
of communication via EVs in aquatic microbial ecosystems (Figure 1).

Introduction

Potential roles of EVs in aquatic ecosystems

Communication between microorganisms in aquatic
environments can influence population composition
and ecosystem function, ultimately impacting biogeochemical cycles and even ocean-atmosphere feedback
[1–5]. By using communication-conveying signals, microorganisms can acclimate to changing environmental conditions and synchronize population level behaviors such
as biofilm formation, defense against pathogens or grazers
and quorum sensing responses. The most studied forms
of communication are conveyed by specialized metabolites named infochemicals. These are diffusible molecules excreted to the micro-environment surrounding the
cells and include quorum sensing and other molecules

In aquatic environments, transferring signals between
cells by EVs has three main advantages: EVs allow
effectors (infochemicals, toxins, proteins, etc.) to be
delivered in high local concentrations to the target, that
is the cell that receives and responds to the signal conveyed within the EV. Thus, in total, the producing cell
has to secrete less effector to reach the target cell. If
multiple effectors are needed to generate a response,
these can be packaged together into EVs, thus ensuring
they all reach the same target cell. Additionally, the EVs
protect the effector molecules from degradation in the
environment — they will be sequestered away from the
harmful activity of nucleases, proteases, etc. The lipid
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Table 1
Examples of EVs with functions that are of particular interest in aquatic environments
Class

Species
Prochlorococcus

Cyanobacteria

Pseudomonas
aeruginosa

Gammaproteobacteria

Pseudomonas
syringae

Gammaproteobacteria

Protection against membrane active
antibiotics

Shewanella
putrefaciens

Gammaproteobacteria

Algoriphagus
machipongonensis

Sphingobacteria

Redox reactivity (enzymatic
reduction and transformation of
heavy metals)
Induction of rosette formation in a
Choanoflagellate

Paracoccus sp.

Alphaproteobacteria

Vibrio shilonii

Gammaproteobacteria

Transfer of hydrophobic signals,
cell-to-cell communication
Suggested to take part in QS

Vibrio tasmaniensis

Gammaproteobacteria

Pathogenicity against oysters

Bacillus subtilis

Bacilli

Bacillus anthracis
Staphylococcus
aureus

Bacilli
Bacilli

Escherichia coli

Gammaproteobacteria

Escherichia coli

Gammaproteobacteria

Halorubrum
lacusprofundi
Thermococcus sp.
Ochromonas danica

Halobacteria

Exchange of phage receptors
(acquisition of sensitivity to phages)
Toxicity to host (mammals)
Transfer of antibiotic resistance
protein to both Gram-positive and
Gram-negative bacteria
Transfer of DNA to other E. coli
strains and other bacteria species
Protection against stressors —
antimicrobial peptides and
bacteriophage
Facilitating plasmid transfer

Thermococci
Chrysophyceae

Emiliania huxleyi

Prymnesiophyceae

a

Cargo a

Function
Possible decoy against phages,
vector for HGT
Secretion of virulence-associated
factors mediated by PQS

Transfer of plasmid and viral DNA
Aid in ingestion of bacteria, may
have a role in predator–prey
interactions
Facilitating viral infection

Reference

DNA and RNA

[10]

Lipopolysaccharides, DNA enzymes
(phospholipase C, protease,
hemolysin, and alkaline
phosphatase); 2-heptyl-3-hydroxy4-quinolone (pseudomonas
quinolone signal, PQS)
Phosphatidylethanolamine,
Phosphatidylglycerol are main lipid
classes, many proteins
Proteins and cytochromes

[22,23,14]

[24]

[25]

Sulfonolipids (rosette-inducing
factors) and lysoPhosphatidylethanolamine
C16-Acyl homoserine lactone

[26]

Acyl homoserine lactone, alkaline
phosphatase, chitinase and lipase
Proteases, lipases, phospholipases,
haemolysins and nucleases
Phage attachment components

[16]

Toxins
BlaZ, conferring resistance to
antibiotic

[17]
[20,21]

DNA

[28]

Unknown

[18]

Cell-encoded plasmid

[29]

Plasmid and viral DNA; RNA
RNA, carbohydrates

[30–33]
[34–36]

Small-RNAs, triacylglycerols

[9]

[15]

[19]
[27]

All EVs contain lipids and proteins. Listed are only those of specific interest or function.

and protein composition of EVs may ensure that the EVs
interact only with a subset of cells in the environment,
and by that enabling ‘targeting’ of effector molecules to
specific cells in the vicinity of the producing cells. In
multicellular organisms, the proteins decorating the
membrane of exosomes from cancerous tissues can determine the tropism towards specific tissues and create a
premetastatic niche in the target cells [11]. In aquatic
environments, selective targeting may reduce not only
the concentration of effector that needs to be secreted,
but also the chance of quenching of the signal by
bystander cells.
In aqueous environments, the transfer of signals between
cells may be hindered by the hydrophobic nature of the
signaling molecule. Hydrophobic molecules will need
www.sciencedirect.com

some form of transport, as free diffusivity of these molecules will not take place. To date, mainly hydrophilic
molecules have been found to be involved in quorum
sensing (QS), although the presence of hydrophobic
infochemicals, information conveying molecules, such
as long-chain acyl homoserine lactones (AHLs), and 2heptyl-3-hydroxy-4-quinolone (PQS), has been reported
[12–14]. By packing hydrophobic molecules into EVs, the
message can be transferred between cells in an aqueous
environment. P. aeruginosa EVs have been shown to
contain the hydrophilic PQS and elicit a QS response
[14]. It has also been demonstrated that EVs of the Gramnegative Paracoccus sp. contain the hydrophobic AHL Nhexadecanoyl-L-homoserine lactone, a C16 highly hydrophobic molecule [15]. These EVs alone are enough to
elicit a QS response in target cells. Interestingly, these
Current Opinion in Microbiology 2018, 43:148–154

150 Environmental microbiology

Figure 1
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Possible roles of EVs in aquatic ecosystems. EVs have multi-functional roles in cell–cell interactions, including host–virus interactions, quorum
sensing, horizontal gene transfer, acclimation to nutrient limitation, morphological plasticity and scavenging of toxins and antibiotics.

EVs had varying affinities to different bacterial cells,
suggesting that the QS signal can elicit varying levels
of responses in different sub-populations [15]. AHLs
were also found in EVs produced by the coral pathogen
Vibrio shilonii [16] in addition to other pathogenicity
agents, suggesting that these EVs might be involved in
QS-induced pathogenicity to the coral holobiont. Toxins
and other antimicrobial effectors can also be transferred
between cells via EVs [17,18]. This implies that EVs can
contribute to the defense capabilities of the producing
cells. Packaging these harmful agents into EVs might
enhance the stability of the effectors in the aquatic
environment and may also facilitate targeting to specific
cell types [15]. Alternatively, EVs can act as ‘sponges’
and take up antibiotics and other toxins (by an unknown
mechanism), thus reducing their effective concentration.
This is the case for EVs produced by the oyster pathogen
Vibrio tasmaniensis [19] that reduce the effective concentration of polymyxin B by 16 fold. A similar effect was also
demonstrated for EVs produced by E. coli that provided
substantial protection against the antibiotics polymyxin B
and colistin [18]. Interestingly, EVs can transfer proteins
that confer temporary resistance to antibiotics between
cells [20,21]. In this scenario, the cells that uptake the
EVs become resistant to the antibiotic as long as they
Current Opinion in Microbiology 2018, 43:148–154

harbor the specific protein that confers resistance to the
antibiotic.
Some EVs are considered as vectors for horizontal gene
transfer. In a few species of archaea, EVs can serve as
vehicles for the intercellular transport of plasmids and
even viral genomes, and they can facilitate recombination
between viral DNA, plasmid or cellular chromosomes
[29–33]. Additionally, virulence genes can be tranferred
between enteric bacteria [28], resulting in formation of
highly virulent strains. Such gene transfer should be
possible in aquatic environments, especially in microenvironments that are highly populated with bacteria such
as marine snow or coral mucus, enabling higher probability of transfer of vesicles between cells.
In some systems, EVs can help their producing cell by
raising the chances of them acquiring food and nutrients.
EVs were suggested to act as ‘fly paper’, trapping material
that can enhance algal prey aggregation and may increase
local concentrations of recognized signaling molecules by
their predator [34,35]. Indeed, vesicles released by algae
or associated bacteria are proposed to enhance grazing by
hetereotrophic dinoflagellates by using this ‘fly paper’
mechanism [36]. EVs have another proposed function in
www.sciencedirect.com
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overcoming nutrient deprivation, which may be a key
mechanism during acclimation of marine microbes in
highly fluctuating environments. For example, EVs produced by P. aeruginosa contain PQS [22,23] that binds iron
and may be used to scavenge iron from the environment.
EVs of Shewanella putrefaciens are connected to the cells
by nanowires and contain cytochromes that reduce iron
and make it bioavailable [25], thus acting somewhat
like ‘fishing rods’ to supply iron to the cells. In aquatic
environments, and especially in marine ecosystems,
where nutrients may be scarce and growth limiting
[37], the strategy of producing EVs to ‘soak up’ nutrients
or enhance prey capture may be vital for the survival and
growth of microbial cells.
Recent reports revealed that EVs may play a role in
marine invertebrate-pathogen interactions. Coral diseases
are becoming ever more abundant in reefs around the
globe, and are considered among the major threats to
the future of reef ecosystems. The increase in disease
prevalence is attributed to several factors, including rise
in seawater temperatures, which is thought to drive the
proliferation of opportunistic bacterial pathogens in
the reef environment. Proteomic analysis of EVs produced by the coral pathogen V. shilonii revealed the
presence of proteins associated with virulence [16].
AHLs were also detected within these EVs, suggesting
that V. shilonii uses these EVs for QS, which in turn may
regulate its virulence during pathogenesis. However,
elevating the temperature from 20  C to 30  C, which
typically induces virulence in V. shilonii, did not cause a
significant increase in EV release [16]. To date, there is
no direct evidence for the participation of EVs in the
pathogenicity of V. shilonii. Another Vibrio pathogen, V.
tasmaniensis, a facultative intracellular pathogen of oyster
haemocytes, was shown to release EVs both to the
extracellular milieu and inside haemocytes [19]. Among
diverse hydrolytic enzymes detected in EV proteomics
study, a specific serine protease was functionally confirmed to mediate the pathogen virulence and a mutant
in this specific protease is attenuated in oyster experimental infections.
Vesicles play an important functional role in host-virus
interactions. They were found to modulate susceptibility
to infection, affect viral infection dynamics and host
mortality, and they were suggested to protect cyanobacteria from phage infection [10]. Vesicles released by
phage-sensitive Bacillus subtilis cells carry the phage
receptor YueB and induce short-lived phage susceptibility in a minor subpopulation of resistant bystander
cells [27]. Exchange of EVs that contain phage receptors may have important consequences on the population level response and the propagation of viruses
and their infection dynamics. In the marine environment, where many bacteria species co-habitat the same
niche, such cell–cell communication mechanisms may
www.sciencedirect.com

temporarily broaden host range of phages by transient
exchange of receptors and other signaling molecules.
Pro-viral functions mediated by EVs are not limited to
the prokaryotic world and share functional conservation
with marine phytoplankton Emiliania huxleyi that is
infected by large dsDNA viruses (EhV). Since E. huxleyi
is a bloom-forming species that can cover vast areas in
the ocean, this alga-virus interaction has great ecological
effect on carbon and sulfur biogeochemical cycles. EVs
released by infected cells were found to expedite viral
infection, possibly by altering transcription of specific
host genes by small-RNAs packaged within EVs. Additionally, EVs were shown to prolong viral infectivity in
the extracellular environment by an unknown mechanism (Figure 2) [9]. Interestingly, similar EVs were
overproduced by cells that were exposed to heat-labile
factor produced by infected cells, indicating that EV
production and packaging may be a result of cell–cell
communication within the E. huxleyi population. Thus,
EVs can serve as ‘public goods’ and potentially contribute to the co-existence of the diverse viral strains that
exhibit a wide range of fitness and enhance infection
dynamics of all viruses, including those with slower
infection kinetics. Such a hijacking strategy of host
EV biogenesis pathways to facilitate infection and
enhance infectivity seems to prevail also in several
animal viruses (see e.g. [38,39]). During infection by
herpesviruses produced EVs can contain miRNAs that
induce a metabolic shift in neighboring target cells. This
shift is important for maintenance of latency of these
viruses [40]. An analogous effect was suggested for EVs
produced by E. huxleyi during viral infection. These EVs
contain small RNAs with a proposed regulatory role,
potentially re-shaping lipid metabolism and cell-cycle
genes, thus enhancing viral infection [9]. An alternative function for EVs, as a decoy mechanism against
infection by cyanophages was recently suggested in a
ubiquitous marine cyanobacteria [10]. This decoy
mechanism was also shown to be effective in protecting
E. coli from phage infection [18]. Although this proposed
defense strategy in which phages inject their DNA into
EVs instead of into their susceptible host is intriguing,
there is still a critical need for direct evidence to validate
it in the marine cyanobacteria-phage system.
EVs also play an interesting role in the transition between
single-cell and multicellular-like structures, as in the case
of Choanoflagellates [26,41]. These are marine organisms
that are considered to be the closest living unicellular
relatives of animals. Sulfonolipids, which are produced by
the choanoflagellate-associated bacterium Algoriphagus
machipongonensis are encapsulated within EVs, and can
induce rosette formation in the Choanoflagellate [26].
The involvement of bacterial EVs in induction of multicellular-like behavior, especially in the marine environment, is highly intriguing and has important evolutionary
implications.
Current Opinion in Microbiology 2018, 43:148–154
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Figure 2
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Vesicles mediate viral infection in a bloom-forming alga. Infected E. huxleyi cells produce viruses and EVs that enter new cells, where they
precondition the cells for subsequent viral infection (see main text and [9] for details). EV over production can also be induced by a <100 kDa
infochemical that is secreted by infected cells. Released EVs slow the decay rate of the EhV virions in the environment, which potentially
increases the effective time for infectious encounters during E. huxleyi bloom dynamics. VirusEVs — EVs isolated from infected culture. VFLEVs —
EVs isolated from a culture treated with an infochemicals-containing viral-free lysate.
Figure from [9].

Major challenges in studying ecological
implications of EVs in aquatic environments
The production of EVs by diverse microorganism has
been known for many years, however, their presence in
aquatic ecosystems has been largely overlooked. Possible
reasons for this may lie in the difficulty to enumerate and
separate EVs from other biological entities in the water
such as viruses, phages and gene transfer agents (GTAs)
[42–45]. The lack of ability to separate EVs from phages is
Current Opinion in Microbiology 2018, 43:148–154

also reflected in the presence of cellular sequences in
virome metagenomes [10,43–45]. In order to be able to
estimate the abundance of EVs and their impact on
aquatic ecosystems, there is a need to develop sensitive
isolation protocols and biomarkers for their detection.
Unlike mammalian exosomes where there are many
known proteins that are used as biomarkers for the
presence of these unique EVs [46], to date, there are
no known candidates to serve as biomarkers for EVs in
www.sciencedirect.com
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aquatic environments. These can be either proteins,
lipids or specific gene markers that are unique to EVs
and shared by EVs from different sources. Such core
proteins can also be used to isolate specific EVs produced
by different taxonomic groups by antibody and affinity
columns and test their function in cell–cell interactions.
The complexity of aquatic microbial assemblages causes
further obstacles for EV research. This is exemplified
when one comes to discern the function of EVs during
host–virus dynamics. In some systems, EVs will have a
pro-viral effect by expediting infection and prolonging
the half-life of viruses in the environment [9]. Alternatively, EVs produced by other host organisms may serve
as a decoy mechanism, thus reducing the effective titer of
phages in the environment [10,18]. EV production will
therefore have a major effect on the rate of viral infection,
the fitness of viruses and host survival in aquatic environments. Ultimately, EV production may have a profound effect on the viral shunt and the efficiency of
nutrient cycling in the ocean [47,48]. We propose that
EVs will have the greatest effect on microbial population
dynamics in niches with high local cell densities. These
can be found, for example, within coral holobionts [16], in
cold-adapted mucus-like populations [49], in benthic
communities and biofilms. Additionally, algal blooms in
which the local cell densities can be very high may
provide conditions where communication via EVs is
favorable. This will also be the case in marine snow,
highly dense microbial communities that form around
organic particles originating from aggregated cells [5,50].
The C:N:P ratio in EVs will differ from that of virions and
cells [48], as their lipid:nucleic acid ratio is much higher.
EVs were shown to serve as a source for organic carbon for
heterotrophic bacteria [10]. These, together with the
possible high abundance of EVs in aquatic environments,
highlight the need to incorporate these biological entities
into ecological models of microbial composition. This
might change the way we look at distribution of elements
in the water body and how this may be affected by
microbial interactions.
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Würdinger T, Middeldorp JM: Functional delivery of viral
miRNAs via exosomes. Proc Natl Acad Sci USA 2010, 107:63286333.

23. Kadurugamuwa JL, Beveridge TJ: Bacteriolytic effect of
membrane vesicles from Pseudomonas aeruginosa on other
bacteria including pathogens: conceptually new antibiotics. J
Bacteriol 1996, 178:2767-2774.

39. Sadeghipour S, Mathias RA: Herpesviruses hijack host
exosomes for viral pathogenesis. Semin Cell Dev Biol 2017,
67:91-100.

24. Kulkarni HM, Swamy CVB, Jagannadham MV: Molecular
characterization and functional analysis of outer membrane
vesicles from the Antarctic bacterium Pseudomonas syringae
suggest a possible response to environmental conditions. J
Prot Res 2014, 13:1345-1358.
25. Gorby Y, McLean J, Korenevsky A, Rosso K, El-Naggar MY,
Beveridge TJ: Redox-reactive membrane vesicles produced by
Shewanella. Geobiology 2008, 6:232-241.
26. Woznica A, Cantley AM, Beemelmanns C, Freinkman E, Clardy J,
King N: Bacterial lipids activate, synergize, and inhibit a
developmental switch in choanoflagellates. Proc Natl Acad Sci
USA 2016, 113:7894-7899.
27. Tzipilevich E, Habusha M, Ben-Yehuda S: Acquisition of phage
 sensitivity by bacteria through exchange of phage receptors.
Cell 2017, 168 186–199.e112.
Evidence for transfer of phage receptors to resistance cells by EVs.
28. Yaron S, Kolling GL, Simon L, Matthews KR: Vesicle-mediated
transfer of virulence genes from Escherichia coli O157:H7 to
other enteric bacteria. Appl Environ Microbiol 2000, 66:44144420.
29. Erdmann S, Tschitschko B, Zhong L, Raftery MJ, Cavicchioli R: A
plasmid from an Antarctic haloarchaeon uses specialized
membrane vesicles to disseminate and infect plasmid-free
cells. Nat Microbiol 2017, 2:1446-1455.
30. Gaudin M, Krupovic M, Marguet E, Gauliard E, CvirkaiteKrupovic V, Le Cam E, Oberto J, Forterre P: Extracellular
membrane vesicles harbouring viral genomes. Environ
Microbiol 2014, 16:1167-1175.
31. Gaudin M, Gauliard E, Schouten S, Houel-Renault L,
Lenormand P, Marguet E, Forterre P: Hyperthermophilic archaea
produce membrane vesicles that can transfer DNA. Environ
Microbiol Rep 2013, 5:109-116.

40. Yogev O, Henderson S, Hayes MJ, Marelli SS, Ofir-Birin Y, RegevRudzki N, Herrero J, Enver T: Herpesviruses shape tumour
microenvironment through exosomal transfer of viral
microRNAs. PLOS Pathog 2017, 13:e1006524.
41. Alegado RA, Brown LW, Cao S, Dermenjian RK, Zuzow R,
Fairclough SR, Clardy J, King N: A bacterial sulfonolipid triggers
multicellular development in the closest living relatives of
animals. eLife 2012, 1:e00013.
42. Sobecky PA, Hazen TH: Horizontal gene transfer and mobile
genetic elements in marine systems. In Horizontal Gene
Transfer: Genomes in Flux. Edited by Gogarten MB, Gogarten JP,
Olendzenski LC. Humana Press; 2009:435-453.
43. Soler N, Krupovic M, Marguet E, Forterre P: Membrane vesicles
in natural environments: a major challenge in viral ecology.
ISME J 2014, 9:793.
44. Roux S, Krupovic M, Debroas D, Forterre P, Enault F: Assessment
of viral community functional potential from viral
metagenomes may be hampered by contamination with
cellular sequences. Open Biol 2013, 3.
45. Biller SJ, McDaniel LD, Breitbart M, Rogers E, Paul JH,
Chisholm SW: Membrane vesicles in sea water: heterogeneous
DNA content and implications for viral abundance estimates.
ISME J 2017, 11:394-404.
46. ExoCarta: http://www.exocarta.org/.
47. Weitz JS, Stock CA, Wilhelm SW, Bourouiba L, Coleman ML,
Buchan A, Follows MJ, Fuhrman JA, Jover LF, Lennon JT et al.: A
multitrophic model to quantify the effects of marine viruses on
microbial food webs and ecosystem processes. ISME J 2015,
9:1352.
48. Jover LF, Effler TC, Buchan A, Wilhelm SW, Weitz JS: The
elemental composition of virus particles: implications for
marine biogeochemical cycles. Nat Rev Microbiol 2014, 12:519.

32. Soler N, Marguet E, Verbavatz J-M, Forterre P: Virus-like vesicles
and extracellular DNA produced by hyperthermophilic
archaea of the order Thermococcales. Res Microbiol 2008,
159:390-399.

49. Frias A, Manresa A, de Oliveira E, López-Iglesias C, Mercade E:
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