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Abstract

It is now over 30 years since the discovery of extracellular vesicles (EVs) in Gram-negative 

bacteria. However, for cell-walled microbes such as fungi, mycobacteria and Gram-positive 

bacteria it was thought that EV release would be impossible, since such structures were not 

believed to cross the thick cell wall. This notion was disproven 10 years ago with the discovery 

of EVs in fungi, mycobacteria, and gram-positive bacteria. Today, EVs have been described in 

practically every species tested, ranging from Fungi through Bacteria and Archaea, suggesting that 

EVs are a feature of every living cell. However, there continues to be skepticism in some quarters 

regarding EV release and their biological significance. In this review, we list doubts that have 

been verbalized to us and provide answers to counter them. In our opinion, there is no doubt as 

to existence and physiological function of EVs and we take this opportunity to highlight the most 

pressing topics in our understanding of the biological processes underlying these structures.

EV discovery

Extracellular vesicles (EVs) are broadly classified as: ‘particles naturally released from the 

cell that are delimited by a lipid bilayer and cannot replicate’ [1]. It is now over 30 years 

since the discovery of EVs in Gram-negative bacteria [2]. Due to the lack of an outer 

membrane layer and the presence of thick cell wall it was thought that other microbes, such 

as Gram-positive bacteria, as well as fungi, could not release EVs. It took almost 20 years 

for EVs to be discovered in mycobacteria [3], fungi [4], Gram-positive bacteria [5], and 

Archaea [6] (Figure 1). Microbial EVs are defined as ‘spherical, membranous vesicles from 

microbial cell surfaces’ [7] and ‘ranging in size from 20 to 500 nm in diameter’ [8]. EVs 

from Gram-negative bacteria are referred to as outer membrane vesicles (OMV), and for the 
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purpose of this review, we will consider OMV as a sub-class of microbial EVs. EV release 

in all domains of life suggests that EVs are a primordial feature of living cells.

The discovery of EVs was a breakthrough in the field of secretion as it provided a new 

mechanism for the release of components into the extracellular milieu. While the majority 

of the molecular mechanisms underlying EV release and cargo loading into the EVs are still 

unknown [7–10], this is still a recent field and will certainly be elucidated in the coming 

years.

Microbial EVs from pathogens carry a myriad of toxins and virulence factors. EVs have 

been associated with pathogenicity from delivering toxins to the host as well as antibiotic 

resistance, partially by contributing to biofilm formation [11,12]. On the other hand, EVs 

have been harnessed for vaccines: EVs are protective as vaccines in mouse models for 

several human pathogens [13,14]. The potential of EVs as vaccines is sufficient to warrant 

detailed studies of EVs. (There is some confusion with the clinically approved OMV 

vaccines, which are extracts from the outer membrane of Neisseria meningitidis, further 

processed into a vesicular/liposomal form [15,16]. These are not EVs since they do not 

derive from secretion from bacterial cell.)

Despite tremendous progress in the EV field, there continues to be some skepticism as to 

the existence of EVs and their physiological reality. For decades bacterial EV from gram-

negative bacteria were considered artifacts of bacterial growth [17]. Although great progress 

has been made in recent years in the acceptance of these structures as bona fide products of 

microbial physiology, we continue to hear apprehensions as to their physiological relevance, 

with some scientists arguing that EVs are experimental artifacts. The concerns can be briefly 

summarized as (1) bacteria do not have organelles so they do not possess the machinery 

to release EVs; (2) EVs are artifacts of lipid self-aggregation; (3) there are no EV-null 

strains, which argues against a regulated process; (4) EVs cannot cross rigid cell walls; and 

(5) EVs serve no function. Some of these arguments apply to all microbes, while some 

apply to bacteria or cell-walled organisms. To complicate the matter further, the EV field 

was hindered by the relatively low yields obtained as well as the lack of tools capable of 

analyzing or purifying these small biological particles. The EV field has strived to tackle 

these problems and high standards of quality. The International Society for Extracellular 

Vesicles has published and updated guidelines for EV research [1], and created the EV-track 

database for protocol publication (http://evtrack.org/index.php, [18]). In this review, we 

address the issues raised by skeptics while simultaneously highlighting areas requiring better 

experimental evidence.

Discussion of criticisms of EVs

Bacteria do not have organelles so they do not possess the machinery to release EVs

Simply put, the argument of skeptics is that because bacteria do not possess organelles 

(defined as lipid-bound compartments within the cell), bacteria cannot possess the 

machinery required to separate lipid bilayers to allow EV release. This argument applies 

to all bacteria with the exception of Gram-negative bacteria because these possess an outer 
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membrane layer, whose existence demonstrates that lipids can be exported from the cell and 

offers a straightforward location for EV release.

Our first argument is that every time a bacterium replicates, it separates mother and daughter 

cell into isolated cells, de facto creating two isolated lipid bilayer compartments, thus 

demonstrating the presence of membrane fission machinery. Given the fast replication times 

of the bacteria such a Staphylococcus aureus (estimated at 30 min) we assert that lipid 

bilayers can be separated quickly and efficiently by bacteria. Another instance requiring 

membrane compartmentalization in bacteria is spore formation. This process requires 

membrane fission machinery and some of the key players are identified, for example, the 

protein FisB is required for correct fission in Bacillus spp. [19].

Our second argument is that the absence of classical organelles cannot be interpreted 

to signify bacteria are unable to execute complex membrane dynamics [20–22]. There 

are instances of organelle-like structures and sophisticated compartmentalization. The fresh-

water bacteria Gemmata obscuriglobus possesses deep membrane invaginations, a structure 

reminiscent of a nucleoid [23] and an endocytosis-like process [24]. Magnetosomes, the 

organelles capable of detecting magnetic fields for spatial orientation in Magnetospirillum 
spp., are invaginations of the cellular membrane [20,21,25]. Intracellular vesicles have 

been observed by electron cryotomography in several genus of Gram-negative bacteria 

[13]. In some bacteria membranous structures extend outwards of the bacterial cell body. 

In other instance, membranous nanotubes are found bridging neighboring cells in Gram-

positive [26,27] and Gram-negative bacteria [28,29]. At least one species of Vibrio has a 

membranous sheath in its flagella [28]. This flagella release lipopolysaccharide-containing 

OMV which gives the appearance of ‘beads-on-a-string’ [29].

Overall, there is abundant evidence of specialized lipid compartments in bacteria while 

how all these lipid structures arose is still unknown. We conclude that bacteria possess the 

machinery for complex membrane dynamics which indicates bacteria can possess machinery 

for EV formation and release.

Vesicles are artifacts of lipid self-aggregation or debris from lysed cells or waste products

This argument rests on the well-known tendency of lipids to self-aggregate and dismisses 

EVs as structures that form spontaneously from lipids released from growing and/or dying 

microbes. If this explanation was correct, then EVs would be more abundant when microbes 

are heat killed or physically disrupted, since lipids are released from lysed cells. From 

this, we derive that EV lipid composition should be largely similar to the bacterial cellular 

membrane and that EV content should represent the composition of extracellular media 

which happened to become trapped into the self-aggregating lipid bilayers. Firm resolution 

of this criticism would require direct comparison of cell debris and EVs as well as the 

determination of the capacity of these released lipids to spontaneously form vesicles.

Experimental evidence has largely refuted the view of EVs as artifacts or debris. Performing 

mock extractions with killed organisms did not isolate EVs [30]. Lipid composition of EVs 

is different from the lipid bilayer it originates from, observed when comparing EVs with 

the plasma membrane of whole cells in Gram-positive bacteria Listeria monocytogenes 

Coelho and Casadevall Page 3

Biochem Soc Trans. Author manuscript; available in PMC 2024 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



or Streptococcus [30–32] as well as when comparing EVs with the outer membrane 

of Gram-negative bacteria [33]. The same is found for RNA cargo, where RNA cargo 

does not reflect the RNA content of intact cells, which is highly suggestive of selective 

enrichment [31]. While EVs are enriched in proteins directed for secretion, namely secreted 

virulence factors (reviewed elsewhere [13]), direct comparison of cell-free and EV-depleted 

supernatant found that EV composition is only 30% similar to the EV-free supernatant in the 

fungi Paracoccidioides brasiliensis and Candida albicans [34,35]. Furthermore, experiments 

adding an extraneous component (easily detectable for high sensitivity) to actively growing 

bacteria showed no detection of this extraneous component in EVs [36], arguing against 

the self-aggregation of lipids entrapping the components of the media. Finally, EVs from 

wild-type C. albicans could reconstitute biofilm formation to strains lacking genes involved 

in secretion [11] (Figure 2). This study shows EVs are not debris, EVs carry important cargo 

and deliver that cargo to revert the phenotype caused by certain genetic defects.

Another related argument used by naysayers is ‘EVs are just cellular waste’. To refute this 

argument, we would plainly state that efficient excretion is critical for a healthy cell and 

that every organism spends a considerable amount of energy to efficiently sort and process 

its waste. Therefore, it is critical to understand waste and excretion and it is reasonable that 

EVs can be part of such a process, and warranting research into EV. Curiously, EV release is 

increased in conditions of cellular stress, such as exposure to bacteriophages or antibiotics, 

which perturb cell wall or membranes [37]. In S. aureus, EVs formed by phage lysis or 

antibiotic treatment have different compositions [38]. While it is not clear if this is increased 

waste to cleanse damaged cellular components or a special case of EVs formed by autolysis 

(reviewed in [9]), EVs formed in conditions of stress are distinct from EVs from unperturbed 

cells. Direct comparisons between stress-EVs, lysis-derived EVs and active-growth EVs are 

still underway.

In summary, multiple studies show composition and cargo of EV are distinct from the 

microbial cell it originated from and that conditions of stress lead to a different EV cargo. 

These studies are consistent with EVs as specialized compartments of microbes regulated 

and adapted to the growth and stress conditions, and thus are not debris or artifacts and 

possibly a well-organized mechanism to release toxic waste.

There are no null mutants, which argues against a regulated process

EV detractors have interpreted the difficulty of identifying of EV-null mutants to mean that 

EVs are an artifact, and a process lacking genetic regulation. We note it is not possible to 

construct cell-membrane null cells and yet the existence of the cell membrane is accepted, 

suggesting a logical inconsistency for those who deny EVs due to the absence of known 

EV-null strains. One explanation for the difficulty in isolating EV-null mutants is that EVs 

are not a single population, consistent with their observed heterogeneity [4], thus one genetic 

deletion would abolish only a particular EV subpopulation. Another plausible explanation 

for the absence of EV-null mutants is that EV formation may share pathways with essential 

cellular processes like cellular membrane formation. Finally, one could hypothesize that the 

lack of EV-null strains signifies EVs are essential to the cell, i.e. null mutants do not exist 

because EVs are vital (see below for roles of EVs in cellular homeostasis). Our view is 
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that there is enough evidence to ponder that EVs are a vital component of microbial cells, 

while it remains to be revealed what role EVs play such that they are a vital component 

of microbial cells (see below). This conundrum could be resolved with the engineering 

of conditional or inducible deletion strains. In this regard, hypersecretor and hyposecretor 

strains have been found [36,39,40] (to name just a few), and even rare instances of strains 

with altered EV morphology [41,42], supporting the view that EVs are not an artifact. One 

last argument: decreased activity of the Yrb ATP-binding cassette transporter system leads 

to phospholipid accumulation and an increase in OMV in phylogenetically diverse Gram-

negative bacteria [39]. These data suggest a conserved mechanism of EV release, at least 

within Gram-negative bacteria [39]. Therefore, the difficulty in identifying EV-null mutants 

should not be interpreted as proof of EVs as an artifact, as there are many other possible 

explanations, as well as a considerable data starting to unravel the molecular machinery of 

EV release.

Vesicles cannot cross rigid cell walls

The microbial cell wall protects the cell from mechanical and osmotic stress. Thus, many 

view the cell wall as a rigid structure and have trouble conceiving how EVs can traverse 

it. However, it is important to remember that the cell wall remodels itself with every cell 

division and in response to stress, while simultaneously serving as a conduit for bidirectional 

traffic of vital supplies. Nutrition requires cell walls to be permeable to a wide range of 

(macro)molecules. In reality, the cell wall consists of interwoven fibrils and is incredibly 

elastic. Studies of the yeasts Schizosaccharomyces pombe and C. albicans showed that 

the cell wall fibril network can double thickness in a matter of seconds [43,44]. Recently, 

liposomes containing Amphotericin B and 15 nm gold beads were shown to cross the cell 

wall of fungi. This uptake was mediated via the ergosterol binding capacity of Amphotericin 

B [45]. Because this study focused on the intake of liposomes with sizes smaller than 

EVs, one cannot directly extrapolate to export of EVs, and the mechanism of EV journey 

through cell walls is still predominantly unknown (reviewed in [46]). However, this study 

demonstrates that the cargo of lipid droplets significantly influences uptake and cell wall 

permeability is dependent on the cargo traversing it. Finally, when Arabidopsis plants 

encounter the Botrytis inereal fungal pathogen, the plant produced vesicles at the contact 

site and these EVs are internalized by the fungal pathogen [47] (Figure 2). In this case, an 

EV like structure and its cargo crossed two cell walls (the plant and the fungi). Overall, we 

conclude that the mechanisms of EV traversing are unknown. This gap in knowledge cannot 

be used to state that EVs do not exist and multiple observations support that EVs can cross 

membranes.

EVs serve no function and their release is a misuse of energy

An EV release system has multiple advantages over other secretion systems. EVs are posited 

to function as a primordial excretion mechanism, accumulating and allowing rapid disposal 

of protein aggregates/unfolded proteins [48] and possibly other toxic compounds. EVs are 

also implicated in cell wall remodeling in microbes [49] and in plants [50]. Cell wall and EV 

trafficking are intimately connected since EV release likely requires cell wall remodeling or, 

at the very least, its elastic distortion. Consistent with this cell wall remodeling function, 
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EVs are frequently observed at the cell division or mother-daughter site [51]. Both of these 

functions would substantiate why EVs are essential for microbes.

Secretion or excretion of cargo in a concentrated form and protected by a lipid bilayer 

has significant advantages. Toxic compounds destined for excretion can be isolated within 

the intracellular milieu to prevent further damage to the microbial cell or to overcome 

solubility problems. Concomitantly, the contents of EVs are also protected from degradation, 

for example from proteases or nucleases. Communication via EVs allows delivery of a 

concentrated but also a more complex message, a key opportunity for cooperation between 

groups of enzymes. In mammals, osteoblasts release EVs during bone remodeling, which 

supports the view that EVs are an effective solution to the degradation of complex structures 

[52], allowing multiple cycles of degradation and rebuilding.

EVs can also function as communication devices in microbial communities [53], such 

as biofilms [11] or quorum sensing. EVs similarly influence interspecies relationships 

[54], including predatory and host-pathogen interactions [8,13]. The same advantages of 

EV-type secretion described above apply to intercellular and interkingdom communication. 

Precious compounds are protected from degradation, allowing longer life-span and distant 

dissemination. In pathogenic microbes, EVs often carry a high proportion of virulence 

factors allowing a high local concentration of the toxin or virulence factor. Whereas 

secretion of toxins at the cell membrane would result in rapid dilution with diffusion, 

packaging proteins and virulence factors in EVs allow the delivery of a concentrated punch 

to the target cell membrane. This cooperation could be analogous of the antigen-MHC cargo 

in exosomes allowing for a more complex message to be delivered in the immune synapse 

[55].

Other functions of EVs are still being uncovered. For example, it is unclear whether the 

increase in EV release in bacteria following phage infection is a defensive decoy against 

phage infection, or whether EVs are hijacked to potentiate dissemination of phages [9]. 

It is also intriguing to consider if EVs play a role in nutrient acquisition. In low iron 

conditions, M. tuberculosis increases the release of EVs with a siderophore cargo [56]. This 

finding suggests that EVs assist in the acquisition of iron from the extracellular milieu, but 

it remains unclear how the iron–siderophore complex could subsequently be recovered by 

the bacterial cells. In Pseudomonas aeruginosa, the TseF protein facilitates iron delivery 

from OMV to bacterial cells [57], and finding analogous mechanisms in other microbes [39] 

would be of tremendous importance. EVs found in seawater support the growth of other 

microbes, providing the tantalizing suggestion that EVs have a role in carbon flux of marine 

ecosystems [22]. The role of EVs in nutrient acquisition remains one of the unsolved EV 

mysteries.

To fundament the criticism of ‘EVs serve no function’ some have argued that EVs cannot 

travel far enough to perform extracellular functions. In fact, the stability of microbial 

EVs and how stability impacts EV function are poorly understood. While EVs from C. 
neoformans and B. anthracis lyze when exposed to serum albumin [58], EVs from C. 
gattii serve as a relatively long-range communication when interacting with mammalian 

macrophages [59]. In certain conditions, microbial EVs have remarkably long stability: 
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EVs from gut bacteria were found in the bloodstream of their hosts [16], and EVs can be 

isolated from seawater [22]. Though these observations may seem contradictory, they may 

be explained by cargo and composition differences that will have to be clarified in the future.

Conclusion

The discovery of EVs presents several advantages to secretion since compartmentalization 

in EVs isolates and protects the contents, as well as expedites simultaneous delivery of 

different cargos. While there is still much to be discovered in EV biology, the growing body 

of work in microbial EVs refutes them as mere culture artifacts. If this review leaves you 

unconvinced, we appeal that you communicate your argument to us. An open debate will 

inform critical experiments to clarify any conundrums. Finally, we hope this essay helps to 

advance discussions of the biological processes underlying EVs.

Acknowledgements

We thank Julie M. Wolf, Raghav Vij and Daniel Q. Smith for their critical reading of the manuscript. We thank the 
EV community on Twitter for their feedback and helpful discussions.

Funding

A.C. was supported by National Institutes of Health (NIH) awards AI052733-10, and HL059842-16A1.

Abbreviations

EVs extracellular vesicles

OMV outer membrane vesicles

References

1. Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R et al. (2018) 
Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement 
of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. 
Extracell. Vesicles 7, 1535750 10.1080/20013078.2018.1535750 [PubMed: 30637094] 

2. Dorward DW and Garon CF (1990) DNA is packaged within membrane-derived vesicles of 
gram-negative but not gram-positive bacteria. Appl. Environ. Microbiol. 56, 1960–1962 [PubMed: 
16348232] 

3. Marsollier L, Brodin P, Jackson M, Korduláková J, Tafelmeyer P, Carbonnelle E et al. (2007) 
Impact of Mycobacterium ulcerans biofilm on transmissibility to ecological niches and Buruli ulcer 
pathogenesis. PLoS Pathog. 3, e62 10.1371/journal.ppat.0030062 [PubMed: 17480118] 

4. Rodrigues ML, Nakayasu ES, Oliveira DL, Nimrichter L, Nosanchuk JD, Almeida IC et al. 
(2008) Extracellular vesicles produced by Cryptococcus neoformans contain protein components 
associated with virulence. Eukaryot. Cell 7, 58–67 10.1128/EC.00370-07 [PubMed: 18039940] 

5. Lee E-Y, Choi D-Y, Kim D-K, Kim J-W, Park JO, Kim S et al. (2009) Gram-positive bacteria 
produce membrane vesicles: proteomics-based characterization of Staphylococcus aureus-derived 
membrane vesicles. Proteomics 9, 5425–5436 10.1002/pmic.200900338 [PubMed: 19834908] 

6. Ellen AF, Albers S-V, Huibers W, Pitcher A, Hobel CFV, Schwarz H et al. (2009) Proteomic 
analysis of secreted membrane vesicles of archaeal Sulfolobus species reveals the presence of 
endosome sorting complex components. Extremophiles 13, 67–79 10.1007/s00792-008-0199-x 
[PubMed: 18972064] 

Coelho and Casadevall Page 7

Biochem Soc Trans. Author manuscript; available in PMC 2024 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7. Deatherage BL and Cookson BT (2012) Membrane vesicle release in bacteria, eukaryotes, and 
archaea: a conserved yet underappreciated aspect of microbial life. Infect. Immun. 80, 1948–1957 
10.1128/IAI.06014-11 [PubMed: 22409932] 

8. Brown L, Wolf JM, Prados-Rosales R and Casadevall A (2015) Through the wall: extracellular 
vesicles in Gram-positive bacteria, mycobacteria and fungi. Nat. Rev. Microbiol. 13, 620–630 
10.1038/nrmicro3480 [PubMed: 26324094] 

9. Toyofuku M, Nomura N and Eberl L (2018) Types and origins of bacterial membrane vesicles. Nat. 
Rev. Microbiol. 13, 1 10.1038/s41579-018-0112-2

10. Gill S, Catchpole R and Forterre P (2019) Extracellular membrane vesicles in the three domains of 
life and beyond. FEMS Microbiol. Rev. 43, 273–303 10.1093/femsre/fuy042 [PubMed: 30476045] 

11. Zarnowski R, Sanchez H, Covelli AS, Dominguez E, Jaromin A, Bernhardt J et al. (2018) Candida 
albicans biofilm-induced vesicles confer drug resistance through matrix biogenesis. PLoS Biol. 16, 
e2006872 10.1371/journal.pbio.2006872 [PubMed: 30296253] 

12. Ofir-Birin Y, Heidenreich M and Regev-Rudzki N (2017) Pathogen-derived extracellular vesicles 
coordinate social behaviour and host manipulation. Semin. Cell Dev. Biol. 67, 83–90 10.1016/
j.semcdb.2017.03.004 [PubMed: 28366828] 

13. Kuipers ME, Hokke CH, Smits HH and Nolte-’t Hoen ENM (2018) Pathogen-derived extracellular 
vesicle-associated molecules that affect the host immune system: an overview. Front. Microbiol. 9, 
2182 10.3389/fmicb.2018.02182 [PubMed: 30258429] 

14. Fuhrmann G, Neuer AL and Herrmann IK (2017) Extracellular vesicles — a promising avenue for 
the detection and treatment of infectious diseases? Eur. J. Pharm. Biopharm. 118, 56–61 10.1016/
j.ejpb.2017.04.005 [PubMed: 28396279] 

15. Caron F, Delbos V, Houivet E, Deghmane A-E, Leroy J-P, Hong E et al. (2012) Evolution 
of immune response against Neisseria meningitidis B:14:P1.7,16 before and after the outer 
membrane vesicle vaccine MenBvac. Vaccine 30, 5059–5062 10.1016/j.vaccine.2012.05.051 
[PubMed: 22658929] 

16. Stentz R, Carvalho AL, Jones EJ and Carding SR (2018) Fantastic voyage: the journey of intestinal 
microbiota-derived microvesicles through the body. Biochem. Soc. Trans. 46, 1021–1027 10.1042/
BST20180114 [PubMed: 30154095] 

17. Pathirana RD and Kaparakis-Liaskos M (2016) Bacterial membrane vesicles: biogenesis, immune 
regulation and pathogenesis. Cell. Microbiol. 18, 1518–1524 10.1111/cmi.12658 [PubMed: 
27564529] 

18. EV-TRACK Consortium, Van Deun J, Mestdagh P, Agostinis P, Akay Ö, Anand S et al. (2017) 
EV-TRACK: transparent reporting and centralizing knowledge in extracellular vesicle research. 
Nat. Methods 14, 228–232 10.1038/nmeth.4185 [PubMed: 28245209] 

19. Cornejo E, Abreu N and Komeili A (2014) Compartmentalization and organelle formation in 
bacteria. Curr. Opin. Cell Biol. 26, 132–138 10.1016/j.ceb.2013.12.007 [PubMed: 24440431] 

20. Barák I and Muchová K (2013) The role of lipid domains in bacterial cell processes. Int. J. Mol. 
Sci. 14, 4050–4065 10.3390/ijms14024050 [PubMed: 23429192] 

21. Cornejo E, Subramanian P, Li Z, Jensen GJ and Komeili A (2016) Dynamic remodeling of the 
magnetosome membrane is triggered by the initiation of biomineralization. mBio 7, e01898–15 
10.1128/mBio.01898-15

22. Biller SJ, Schubotz F, Roggensack SE, Thompson AW, Summons RE and Chisholm SW 
(2014) Bacterial vesicles in marine ecosystems. Science 343, 183–186 10.1126/science.1243457 
[PubMed: 24408433] 

23. Fuerst JA and Webb RI (1991) Membrane-bounded nucleoid in the eubacterium Gemmatata 
obscuriglobus. Proc. Natl Acad. Sci. U.S.A. 88, 8184–8188 10.1073/pnas.88.18.8184 [PubMed: 
11607213] 

24. Lonhienne TGA, Sagulenko E, Webb RI, Lee K-C, Franke J, Devos DP et al. (2010) Endocytosis-
like protein uptake in the bacterium Gemmata obscuriglobus. Proc. Natl Acad. Sci. U.S.A. 107, 
12883–12888 10.1073/pnas.1001085107 [PubMed: 20566852] 

25. Komeili A, Li Z, Newman DK and Jensen GJ (2006) Magnetosomes are cell membrane 
invaginations organized by the actin-like protein MamK. Science 311, 242–245 10.1126/
science.1123231 [PubMed: 16373532] 

Coelho and Casadevall Page 8

Biochem Soc Trans. Author manuscript; available in PMC 2024 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



26. Dubey GP and Ben-Yehuda S (2011) Intercellular nanotubes mediate bacterial communication. 
Cell 144, 590–600 10.1016/j.cell.2011.01.015 [PubMed: 21335240] 

27. Bhattacharya S, Baidya AK, Pal RR, Mamou G, Gatt YE, Margalit H et al. (2019) A 
ubiquitous platform for bacterial nanotube biogenesis. Cell Rep. 27, 334–342.e10 10.1016/
j.celrep.2019.02.055 [PubMed: 30929979] 

28. Brennan CA, Hunt JR, Kremer N, Krasity BC, Apicella MA, McFall-Ngai MJ et al. (2014) A 
model symbiosis reveals a role for sheathed-flagellum rotation in the release of immunogenic 
lipopolysaccharide. eLife 3, e01579 10.7554/eLife.01579 [PubMed: 24596150] 

29. Hampton CM, Guerrero-Ferreira RC, Storms RE, Taylor JV, Yi H, Gulig PA et al. (2017) The 
opportunistic pathogen vibrio vulnificus produces outer membrane vesicles in a spatially distinct 
manner related to capsular polysaccharide. Front. Microbiol. 8, 2177 10.3389/fmicb.2017.02177 
[PubMed: 29163452] 

30. Coelho C, Brown LC, Maryam M, Vij R, Smith DF, Burnet MC et al. (2018) Listeria 
monocytogenes virulence factors, including Listeriolysin O, are secreted in biologically active 
extracellular vesicles. J. Biol. Chem. 294, 1202–1217 10.1074/jbc.RA118.006472 [PubMed: 
30504226] 

31. Resch U, Tsatsaronis JA, Le Rhun A, Stübiger G, Rohde M, Kasvandik S et al. (2016) A 
two-component regulatory system impacts extracellular membrane-derived vesicle production in 
group a Streptococcus. mBio 7, e00207–16 10.1128/mBio.00207-16 [PubMed: 27803183] 

32. Biagini M, Garibaldi M, Aprea S, Pezzicoli A, Doro F, Becherelli M et al. (2015) The human 
pathogen Streptococcus pyogenes releases lipoproteins as lipoprotein-rich membrane vesicles. 
Mol. Cell. Proteomics 14, 2138–2149 10.1074/mcp.M114.045880 [PubMed: 26018414] 

33. Kato S, Kowashi Y and Demuth DR (2002) Outer membrane-like vesicles secreted by 
Actinobacillus actinomycetemcomitans are enriched in leukotoxin. Microb. Pathog. 32, 1–13 
10.1006/mpat.2001.0474 [PubMed: 11782116] 

34. Vallejo MC, Nakayasu ES, Matsuo AL, Sobreira TJP, Longo LVG, Ganiko L et al. (2012) Vesicle 
and vesicle-free extracellular proteome of Paracoccidioides brasiliensis: comparative analysis with 
other pathogenic fungi. J. Proteome Res. 11, 1676–1685 10.1021/pr200872s [PubMed: 22288420] 

35. Gil-Bona A, Llama-Palacios A, Parra CM, Vivanco F, Nombela C, Monteoliva L et al. (2015) 
Proteomics unravels extracellular vesicles as carriers of classical cytoplasmic proteins in Candida 
albicans. J. Proteome Res. 14, 142–153 10.1021/pr5007944 [PubMed: 25367658] 

36. Brown L, Kessler A, Cabezas-Sanchez P, Luque-García JL and Casadevall A (2014) Extracellular 
vesicles produced by the Gram-positive bacterium Bacillus subtilis are disrupted by the lipopeptide 
surfactin. Mol. Microbiol. 93, 183–198 10.1111/mmi.12650 [PubMed: 24826903] 

37. Eberlein C, Baumgarten T, Starke S and Heipieper HJ (2018) Immediate response mechanisms of 
Gram-negative solvent-tolerant bacteria to cope with environmental stress: cis-trans isomerization 
of unsaturated fatty acids and outer membrane vesicle secretion. Appl. Microbiol. Biotechnol. 102, 
2583–2593 10.1007/s00253-018-8832-9 [PubMed: 29450619] 

38. Andreoni F, Toyofuku M, Menzi C, Kalawong R, Shambat SM, François P et al. (2019) 
Antibiotics stimulate formation of vesicles in Staphylococcus aureus in both phage-dependent 
and -independent fashions and via different routes. Antimicrob. Agents Chemother. 63, e01439–18 
10.1128/AAC.01439-18 [PubMed: 30509943] 

39. Roier S, Zingl FG, Cakar F, Durakovic S, Kohl P, Eichmann TO et al. (2016) A novel mechanism 
for the biogenesis of outer membrane vesicles in Gram-negative bacteria. Nat. Commun. 7, 10515 
10.1038/ncomms10515 [PubMed: 26806181] 

40. Sinha A, Nyongesa S, Viau C, Gruenheid S, Veyrier FJ and Le Moual H (2019) Pmrc (EptA) and 
CptA negatively affect outer membrane vesicle production in Citrobacter rodentium. J. Bacteriol. 
201, 163 10.1128/JB.00454-18

41. Lee JH, Choi C-W, Lee T, Kim SI, Lee J-C and Shin J-H (2013) Transcription factor σB 
plays an important role in the production of extracellular membrane-derived vesicles in Listeria 
monocytogenes. PLoS ONE 8, e73196 10.1371/journal.pone.0073196 [PubMed: 23977379] 

42. Murphy K, Park AJ, Hao Y, Brewer D, Lam JS and Khursigara CM (2014) Influence of O 
polysaccharides on biofilm development and outer membrane vesicle biogenesis in Pseudomonas 
aeruginosa PAO1. J. Bacteriol. 196, 1306–1317 10.1128/JB.01463-13 [PubMed: 24464462] 

Coelho and Casadevall Page 9

Biochem Soc Trans. Author manuscript; available in PMC 2024 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



43. Atilgan E, Magidson V, Khodjakov A and Chang F (2015) Morphogenesis of the fission yeast 
cell through cell wall expansion. Curr. Biol. 25, 2150–2157 10.1016/j.cub.2015.06.059 [PubMed: 
26212881] 

44. Ene IV, Walker LA, Schiavone M, Lee KK, Martin-Yken H, Dague E et al. (2015) Cell wall 
remodeling enzymes modulate fungal cell wall elasticity and osmotic stress resistance. mBio 6, 
e00986 10.1128/mBio.00986-15 [PubMed: 26220968] 

45. Walker L, Sood P, Lenardon MD, Milne G, Olson J, Jensen G et al. (2018) The viscoelastic 
properties of the fungal cell wall allow traffic of AmBisome as intact liposome vesicles. mBio 9, 1 
10.1128/mBio.02383-17

46. Rodrigues ML, Nakayasu ES, Almeida IC and Nimrichter L (2014) The impact of proteomics on 
the understanding of functions and biogenesis of fungal extracellular vesicles. J. Proteomics 97, 
177–186 10.1016/j.jprot.2013.04.001 [PubMed: 23583696] 

47. Cai Q, Qiao L, Wang M, He B, Lin F-M, Palmquist J et al. (2018) Plants send small RNAs 
in extracellular vesicles to fungal pathogen to silence virulence genes. Science 360, 1126–1129 
10.1126/science.aar4142 [PubMed: 29773668] 

48. McBroom AJ and Kuehn MJ (2007) Release of outer membrane vesicles by Gram-
negative bacteria is a novel envelope stress response. Mol. Microbiol. 63, 545–558 10.1111/
j.1365-2958.2006.05522.x [PubMed: 17163978] 

49. Wolf JM and Casadevall A (2014) Challenges posed by extracellular vesicles from eukaryotic 
microbes. Curr. Opin. Microbiol. 22, 73–78 10.1016/j.mib.2014.09.012 [PubMed: 25460799] 

50. la Canal de L and Pinedo M (2018) Extracellular vesicles: a missing component in plant cell wall 
remodeling. J. Exp. Bot. 69, 4655–4658 10.1093/jxb/ery255 [PubMed: 30007361] 

51. Kuehn MJ and Kesty NC (2005) Bacterial outer membrane vesicles and the host–pathogen 
interaction. Genes Dev. 19, 2645–2655 10.1101/gad.1299905 [PubMed: 16291643] 

52. Cappariello A, Loftus A, Muraca M, Maurizi A, Rucci N and Teti A (2018) Osteoblast-derived 
extracellular vesicles are biological tools for the delivery of active molecules to bone. J. Bone 
Miner. Res. 33, 517–533 10.1002/jbmr.3332 [PubMed: 29091316] 

53. Tsatsaronis JA, Franch-Arroyo S, Resch U and Charpentier E (2018) Extracellular vesicle 
RNA: a universal mediator of microbial communication? Trends Microbiol. 26, 401–410 10.1016/
j.tim.2018.02.009 [PubMed: 29548832] 

54. Li Z, Clarke AJ and Beveridge TJ (1998) Gram-negative bacteria produce membrane vesicles 
which are capable of killing other bacteria. J. Bacteriol. 180, 5478–5483 [PubMed: 9765585] 

55. Zeng F and Morelli AE (2018) Extracellular vesicle-mediated MHC cross-dressing in immune 
homeostasis, transplantation, infectious diseases, and cancer. Semin. Immunopathol. 40, 477–490 
10.1007/s00281-018-0679-8 [PubMed: 29594331] 

56. Prados-Rosales R, Weinrick BC, Pique DG, Jacobs WRJ, Casadevall A and Rodriguez GM (2014) 
Role for Mycobacterium tuberculosis membrane vesicles in iron acquisition. J. Bacteriol. 196, 
1250–1256 10.1128/JB.01090-13 [PubMed: 24415729] 

57. Lin J, Zhang W, Cheng J, Yang X, Zhu K, Wang Y et al. (2017) A Pseudomonas T6SS effector 
recruits PQS-containing outer membrane vesicles for iron acquisition. Nat. Commun. 8, 14888 
10.1038/ncomms14888 [PubMed: 28348410] 

58. Wolf JM, Rivera J and Casadevall A (2012) Serum albumin disrupts Cryptococcus 
neoformans and Bacillus anthracis extracellular vesicles. Cell. Microbiol. 14, 762–773 10.1111/
j.1462-5822.2012.01757.x [PubMed: 22289081] 

59. Bielska E, Sisquella MA, Aldeieg M, Birch C, O’Donoghue EJ and May RC (2018) Pathogen-
derived extracellular vesicles mediate virulence in the fatal human pathogen Cryptococcus gattii. 
Nat. Commun. 9, 1556 10.1038/s41467-018-03991-6 [PubMed: 29674675] 

Coelho and Casadevall Page 10

Biochem Soc Trans. Author manuscript; available in PMC 2024 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Perspectives

• EV release in microbes (archaea, bacteria and fungi) is a process involved in 

myriad steps of microbial life such as cell wall remodeling, cellular division, 

biofilm formation and intercellular communication. EVs have been identified 

in all classes of microorganisms and may represent a universal solution to 

secretion.

• EVs carry proteins, including toxins and virulence factors, as well as nucleic 

acids and metabolites enclosed by a lipid bilayer and serve as carriers for 

extracellular remodeling and communication. It is also possible that EVs can 

serve as an excretion mechanism, i.e. that EVs isolate harmful cellular waste 

that can be excreted swiftly. EVs from pathogenic microbes have the potential 

to be harnessed as vaccines and for diagnostics.

• Future directions will unravel (a) mechanisms for EV release as well as how 

the cargo is targeted to the EVs. This would allow to establish EV-specific 

markers. (b) How EV release facilitates cooperation and synergy between the 

cargo. (c) New technologies for isolation, labeling and characterization of 

EVs.
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Figure 1. EVs from Gram + bacteria and fungi.
(A) Negative Staining electron micrograph of L. monocytogenes EVs after Optiprep gradient 

separation (as prepared in [30]). (B) Transmission electron micrograph of EVs from C. 
neoformans (as prepared in [58]). (C) Scanning electron micrograph of EVs from C. 
neoformans (as prepared in [58]). Scale bars 100 nm. Images courtesy of Carolina Coelho 

and Raghav Vij (A), and Julie M. Wolf (B and C).
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Figure 2. EVs serve as delivery devices in intraspecies and interspecies interactions.
(A) C. albicans deleted for ESCRT subunit HSE1 is defective in biofilm and extracellular 

matrix. (B) Biofilm and extracellular matrix formation were rescued when wild-type EVs 

were. Added to HSE1−/− strains. Scale bars 11 μm. (C) EVs from the plant Arabidopsis 
near the pathogen B. cinerea infection sites. Scale bars, 1 μm. (D) Isolated Tetraspanin8 

–GFP-labeled Arabidopsis EVs were taken up by B. cinerea within 2 h of co-incubation. 

Scale bars 10 μm. (E) L. monocytogenes release EVs when infecting a mammalian host. 

Bacterial phospholipids were previously loaded with fluorescent dye Bodipy-C12 fatty acid 

which is incorporated and released in EVs. Images courtesy of Zarnowski et al. [11] (A and 

B), Cai et al. [47] (C and D), and Coelho et al. [30] (E).
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