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Abstract

All bacteria produce secreted vesicles that carry out a variety of
important biological functions. These extracellular vesicles can
improve adaptation and survival by relieving bacterial stress and
eliminating toxic compounds, as well as by facilitating membrane
remodeling and ameliorating inhospitable environments. However,
vesicle production comes with a price. It is energetically costly
and, in the case of colonizing pathogens, it elicits host immune
responses, which reduce bacterial viability. This raises an interest-
ing paradox regarding why bacteria produce vesicles and begs the
question as to whether the benefits of producing vesicles outweigh
their costs. In this review, we discuss the various advantages and
disadvantages associated with Gram-negative and Gram-positive
bacterial vesicle production and offer perspective on the ultimate
score. We also highlight questions needed to advance the field in
determining the role for vesicles in bacterial survival, interkingdom
communication, and virulence.
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Introduction: a paradox

All bacteria produce extracellular vesicles, but why do they do this?
Do the advantages overcome the disadvantages? Evidence of non-
lytic biogenesis, genetic regulation, and selective cargo incorpora-
tion help define extracellular vesicle production as a specific secre-
tion mechanism. The diverse and complex composition of bacterial
extracellular vesicles includes components that promote as well as
antagonize the relationship of bacteria with their environment. As
evident from the fast-growing literature describing characteristics,
activities, and reactivities of bacterial vesicles, these extracellular
secreted products have been found to be both beneficial and detri-
mental to bacterial survival in a variety of environments (Table 1,
Fig 1A-1). From an evolutionary perspective, vesicle production

must ultimately benefit bacteria in some way, but how do bacteria
keep the advantage in these seemingly detrimental scenarios? Here,
we consider the enigmatic aspects of this secretory process.

Biogenesis of bacterial extracellular vesicles

Gram-negative vesicle biogenesis

Outer membrane vesicles (OMVs), which bud from the outer
membrane (OM) of Gram-negative bacteria, are capsules of periplas-
mic, cell wall, and OM components (lipids, integral membrane
proteins, and membrane-associated proteins), as well as small mole-
cules (Zhou et al, 1998; Beveridge, 1999; Kulp & Kuehn, 2010;
Schwechheimer et al, 2013) (Fig 2A-C). They are heterogeneous in
size, but typically range in diameter from 50 to 200 nm. The amount
of OMVs released per bacterium in a given environment is both
species- and strain-dependent (Kulp et al, 2015; Schwechheimer &
Kuehn, 2015; Orench-Rivera & Kuehn, 2016).

Diverse genetic and biochemical research findings have validated
that bacterial vesicles are a bona fide secretion system. Decades
ago, researchers first speculated that OMVs were artefactual
remnants of dead cells based on observations of increased amounts
of membrane blebs in the culture media of bacteria in conditions
leading to nutrient starvation (e.g., Lys-limiting growth) (Bishop &
Work, 1965; Chatterjee & Das, 1967). However, subsequent studies
determined explicitly that OMV production is not necessarily linked
to the loss of cellular viability or membrane integrity (Yaganza et al,
2004; McBroom et al, 2006; Schertzer & Whiteley, 2012). Further,
several studies have highlighted a genetic basis for the mechanism
and regulation of vesicle production by Gram-negative bacteria
(McBroom et al, 2006; McBroom & Kuehn, 2007; Schwechheimer
et al, 2014, 2015; Kulp et al, 2015). Notably, mutations in stress
response pathways and outer membrane constituents alter vesicula-
tion rates (McBroom et al, 2006; Kulp et al, 2015).

These findings and subsequent studies have led to several
models for vesicle formation (Fig 3A-I). First, vesicle production
serves to relieve membrane stress, for example, by eliminating
misfolded proteins from the periplasmic space (Fig 3A) (McBroom
& Kuehn, 2007; Macdonald & Kuehn, 2013; Schwechheimer &
Kuehn, 2013). Vesicle release has also been shown to relieve
membrane stress resulting from accumulation of peptidoglycan frag-
ments and lipopolysaccharide (LPS) in the periplasm (Fig 3A)
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Table 1. Advantages and disadvantages inherent in bacterial vesicle
production.

Pros Cons

* Enable and sustain membrane * Require considerable biosynthetic

remodeling energy to produce
* Expedite export and/or evade: * Activate host innate immune responses:
a. Toxic/misfolded bacterial a. Oxidation
products b. Antimicrobial production

b. Membrane-active
antimicrobials

C. Viruses/phage

* Integral biofilm component; * Elicit host adaptive immune responses
involved in biofilm mainte-
nance and structure

* Disseminate genetic material * Non-producing cheaters in
and membrane-associated polymicrobial environments take
compounds advantage of vesicle-producing strains

* Protect virulence factors and
enzymes

* Act as antibiotic-binding decoys
resulting in slower perception of
antibiotics and activation of bacterial
antibiotic resistance pathways

* Facilitate nutrient and iron
acquisition

* Interfere with colonization by
competing with bacteria for
attachment sites

* Promote communication and
quorum sensing

* Aid establishment of benefi-
cial/symbiotic bacteria—host
relationships

* Facilitate bacterial spread
throughout the host by
blocking attachment sites

(Uehara & Park, 2007; Chen et al, 2011; Haurat et al, 2011; Klein
et al, 2014; Mahalakshmi et al, 2014; Schwechheimer et al, 2014).
More generally, vesicle production helps resolve oxidative stress (Li
et al, 1996; Berry et al, 2009; Maredia et al, 2012; Macdonald &
Kuehn, 2013). In these scenarios, vesicle formation and release of
the molecular pressure in the envelope is sometimes, though not
always, coincident with activation of stress response pathways.
Vesicle production can also be the result of decreased linkages
between the outer membrane and peptidoglycan (Fig 3B) (Schwech-
heimer & Kuehn, 2015). Numerous reports show that mutants lack-
ing the outer membrane protein OmpA, which contains a
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peptidoglycan binding site, have increased vesicle production
(Fig 3B) (Sonntag et al, 1978; Song et al, 2008; Deatherage et al,
2009; Moon et al, 2012; Park et al, 2012). Similar increases in vesi-
cle production are observed when covalent linkages between
Braun’s lipoprotein, Lpp, and the peptidoglycan are disrupted
(Fig 3B) (McBroom et al, 2006; Deatherage et al, 2009; Kulp &
Kuehn, 2010; Schwechheimer & Kuehn, 2013; Wessel et al, 2013).
In fact, even subtle differences in the number of linkages between
the outer membrane and peptidoglycan can have noticeable effects
on vesicle production, including cases where increased numbers of
linkages were found in hypovesiculating strains (Lappann et al,
2013; Schwechheimer et al, 2014, 2015).

Vesicle production is influenced by membrane fluidity and
microdomains, which in turn are often modulated by temperature
and lipid composition (Fig 3C). Several species including E. coli,
Shewanella livingstonensis, Serratia marcescens, and Bartonella
henselae display increased or decreased vesicle production in
response to high or low temperatures, respectively (McBroom &
Kuehn, 2007; Frias et al, 2010; McMahon et al, 2012; Roden et al,
2012). However, vesiculation by different organisms appears to
have varying dependence on membrane fluidity, as Pseudomonas
aeruginosa does not display altered vesicle release in response to
temperature (Macdonald & Kuehn, 2013). Evidence implicating lipid
species in vesicle production comes primarily from studies showing
selective lipid packaging in vesicles (Fig 3C). For example,
P. syringae preferentially exports even-numbered carbon chain fatty
acids, unsaturated and branched-chain fatty acids in vesicles, all of
which could increase membrane fluidity (Fig 3C) (Chowdhury &
Jagannadham, 2013; Kulkarni et al, 2014). Here again, P. aerugi-
nosa displays differing dependence on membrane fluidity as it
exports phospholipids in vesicles that are typically associated with
increased membrane rigidity (Tashiro et al, 2011). Subsequent stud-
ies have revealed that Salmonella enterica ssp typhimurium and
Vibrio cholerae selectively export particular LPS species in vesicles
(Fig 3C) (Bonnington & Kuehn, 2016; Elhenawy et al, 2016; Zingl
et al, 2020). In these cases, modifications alter LPS geometry, which
could facilitate membrane bending and vesicle formation (Bonning-
ton & Kuehn, 2016; Elhenawy et al, 2016). Interestingly, vesicle
formation in P. aeruginosa is also influenced by LPS composition,
though these findings were based on differences in the O-antigen
rather than the Lipid A component of the LPS (Li et al, 1996;
Murphy et al, 2014).

Small molecules and proteins influence vesicle formation as
well. For example, in P. aeruginosa, the quorum-sensing molecule
Pseudomonas quinolone signal (PQS) stimulates vesicle production

Figure 1. A delicate balance: pros and cons of bacterial vesicle production.

Pros: (A) Vesicle production facilitates rapid membrane remodeling in response to environmental conditions. (B) Vesicle treatment elicits plant innate immune responses
that lead to improved infection outcomes. Vesicle-mediated plant immune activation is similar to that described for induced systemic resistance and could indicate a
role for vesicles in immune priming and other beneficial-bacteria-associated traits. (C) Vesicles play a variety of roles including (top) serving as decoys for phage and
antibiotics, and exporting toxins and misfolded proteins, (right) transporting nucleic acid, (left) packaging proteases to degrade toxins that may harm the bacterial cell,
(left and bottom) exporting outer membrane proteins and other insoluble cargo. Importantly, not all cargo may be contained in the same vesicle; different populations of
vesicles with various cargo and distinct functionality may result from diverse production pathways. (D) Vesicles can function to liberate or deliver nutrients to the
producing cell. Vesicle cargo may induce host cell nutrient release through damage to the host cell membrane. Alternatively, vesicle cargo may bind nutrients and deliver
them to the producing cell. (E) Vesicles play many roles in biofilm formation and dispersal. They are critical components of the extracellular matrix and have also been
shown to facilitate dispersal dependent on packaged cargo. Cons: (F) Export of macromolecules through vesicle production incurs a great metabolic cost for the
producing cell. (G) Vesicle cargo induces host immune responses designed to contain and/or eliminate bacterial cells in both plant and mammalian systems. H) Under
flow conditions, vesicles may compete with bacterial cells for binding sites, inhibiting bacterial attachment and colonization. (I) Vesicles activate host adaptive immune
responses that, in some instances, could result in elimination of the producing cells.
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Figure 2. Diverse vesicle biogenesis mechanisms and packaging could result in a variety of vesicle-associated functions.

(A) Some populations of vesicles may be packaged with virulence factors, quorum-sensing molecules, and molecules with the ability to bind host factors. (B) Bacterial
stress response pathways may result in vesicles that contain misfolded proteins and lipid species to be discarded. (C) Vesicles released for the purpose of nutrient
acquisition may contain siderophores or other nutrient-binding proteins. Proteins and cargo: (A) OprO (Van den Berg, 2014; Modi et al, 2015); OprF (Zahn et al, 2014,
2015); OprB (Van den Berg, 2012a, 2012b); OprM (Akama et al, 2004a, 2004b); B-lactamase (Golemi et al, 2001a, 2001b); LT (Merritt et al, 1993, 1994); PaAP (Nguyen

et al, 2013, 2014); LPP (Shu et al, 2000a, 2000b); OsmE (Mamelli et al, 2012); Syringomycin (Duke & Dayan, 2011); Coronatine (Duke & Dayan, 2011); Tagetitoxin (Duke &
Dayan, 2011); additional nucleic acids within and on the surface. (B) Misfolded proteins. (C) FpvA (Cobessi et al, 2004, 2005); PQS (Yu et al, 2007, 2009); iron.

Phospholipids and LPS depicted in all vesicles.

according to the bilayer-couple model (Fig 3D) (Florez et al,
2017). In this model, PQS accumulates in the outer leaflet of the
outer membrane, expanding this leaflet compared to the inner
leaflet and creating tension between the two leaflets (Fig 3D). The
shape of PQS further facilitates membrane curvature needed to
begin the vesicle budding process. Notably, this proposed mecha-
nism of vesicle production does not involve activation of stress
response pathways. To date, this model is limited to gammapro-
teobacteria (Horspool & Schertzer, 2018); however, quorum-
sensing molecules have been shown to influence formation of
phospholipid liposomes (Mashburn-Warren et al, 2008) and vesi-
cle production in Gram-positive species (Tashiro et al, 2010). It is
important to note that in bacteria normally producing PQS, vesicle
formation can still occur in the absence of the PQS producing
genes (Tashiro et al, 2009; Macdonald & Kuehn, 2013; Toyofuku
et al, 2014), revealing the redundancy of vesicle biogenesis mech-
anisms in bacteria.

In a distinct process and yielding a distinct type of extracellular
vesicles, Gram-negative bacteria can also produce outer-inner
membrane vesicles (OIMVs) (Fig 3E) (Toyofuku et al, 2019; Naga-
kubo et al, 2020). Notably, these vesicles contain inner membrane
components, nucleic acid, ATP, and other cytoplasmic content
(Fig 3E) (Kadurugamuwa & Beveridge, 1995; Pérez-Cruz et al,
2013, 2015; Clarke, 2018). Although a full biogenesis mechanism
has yet to be revealed, OIMVs may form as a result of autolysin
activity that transiently breaks down peptidoglycan to allow OIMV
release (Kadurugamuwa & Beveridge, 1995; Pérez-Cruz et al, 2013,
2015; Clarke, 2018). Naturally produced OIMVs have been
observed in many different species including Shewanella vesicu-
losa, Neisseria gonorrhoeae, P. aeruginosa, Acinetobacter bauman-
nii, V. shilonii, Pseudoalteromonas marina, Arhensia kielensis, and
P. syringae, among others (Hagemann et al, 2014; Pérez-Cruz
et al, 2015; Li et al, 2016; preprint: Janda et al, 2021). In P. aerugi-
nosa, vesicle production can also result from explosive cell lysis
triggered by endolysins, yielding so-called explosive OMVs
(EOMVs) (Fig 3F) (Turnbull et al, 2016; Toyofuku et al, 2019).
While naturally produced OIMVs occur independent of bacterial
stress responses, EOMVs resulting from explosive cell lysis can
also be the result of DNA damage and, therefore, may have dif-
ferent functions (Toyofuku et al, 2014; Florez et al, 2017; Cooke
et al, 2019).

Gram-positive vesicle biogenesis

Much less is known about vesicle biogenesis in Gram-positive bacte-
ria, though similarities to Gram-negative vesicle biogenesis are
emerging. Mounting evidence suggests that vesicles from Gram-
positive species form where the thick peptidoglycan cell wall is
selectively degraded (Fig 3G) (Brown et al, 2015; Toyofuku et al,

© 2021 The Authors

2017, 2019; Wang et al, 2018; Andreoni et al, 2019; Nagakubo et al,
2020). Despite these disruptions to the cell wall, bacterial cell
morphology remains intact during vesicle formation and release
(Toyofuku et al, 2017; Wang et al, 2018; Andreoni et al, 2019). This
is similar to the mechanisms of OMV formation in Gram-negative
species where membrane integrity is not compromised (Chutkan
et al, 2013).

Also similar to Gram-negative bacteria, genetic studies have
revealed that Gram-positive vesicle production may rely on global
regulators that drive expression in complex genetic networks (Bri-
aud & Carroll, 2020). For example, vesicle production in Listeria
monocytogenes relies on SigB, a major stress response regulator that
controls expression of many virulence factors and contributes to
host cell invasion (Kim et al, 2005; Lee et al, 2013b; Liu et al,
2019). SigB is conserved in related Gram-positive bacteria (Hecker
et al, 2007); therefore, this regulator may similarly modulate vesicle
biogenesis in other species.

Gram-positive vesicle production may also depend on transient
reductions in peptidoglycan cross-linking to allow vesicles to pass
through the cell wall (Wang et al, 2018). In Staphylococcus aureus,
treatment with penicillin, which is known to reduce peptidoglycan
cross-linking, or mutations that disrupt peptidoglycan cross-linking
in the cell wall led to an increase in vesicle production (Wang et al,
2018). Additional studies from a number of Gram-positive species
and mycobacteria reveal that vesicles contain transpeptidases and
autolysins, which are involved in peptidoglycan remodeling
(Fig 3G). This result demonstrates that these molecules are at least
present at the site of vesicle release and could actively contribute to
vesicle biogenesis (Briaud & Carroll, 2020).

Similar to vesicle production in Gram-negative species, Gram-
positive vesicle production may also be dictated by lipid geometry
(Fig 3H). Recent lipid profiling studies from Streptococcus pyoge-
nes and Propionibacterium acnes revealed that vesicles are
enriched in phosphatidylglycerol and triacylglycerol and depleted
in cardiolipin, a composition that could facilitate membrane
curvature and vesicle formation (Resch et al, 2016; Jeon et al,
2018; Nagakubo et al, 2020). Similarly, the lipid composition of
Listeria monocytogenes vesicles differed significantly from the
bacterial cell membrane, showing enrichment in phos-
phatidylethanolamine, sphingolipids, and triacylglycerols (Coelho
et al, 2019; Briaud & Carroll, 2020). These results suggest that
vesicles are specifically packaged with distinct lipids that facility
budding and release.

Just as PQS and small molecules can influence vesicle formation
in Gram-negative species, surfactant-like phenol-soluble modulins
(PSMs) may induce Gram-positive vesicle budding (Fig 3I) (Drin &
Antonny, 2010; Nazari et al, 2012; Wang et al, 2018). Although
these molecules are unique to S. aureus (Cheung et al, 2014),
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Figure 3. Mechanisms of vesicle biogenesis.

The EMBO Journal

Several mechanisms of vesicle biogenesis have been proposed with notable similarities between those for Gram-negative and Gram-positive species. (A) An accumulation
of misfolded proteins, immature LPS, and peptidoglycan fragments could result in a build-up of pressure within the envelope. Vesicle formation and release provides one
way to relieve this pressure and eliminate potentially toxic accumulation of molecules resulting from stress. (B) Vesicles bud from regions with fewer linkages to the
peptidoglycan. These include linkages formed by proteins and lipoproteins, such as OmpA and Lpp, respectively. Peptidoglycan endopeptidases also transiently degrade
peptidoglycan cross-linkages to facilitate vesicle budding. (C) Specific lipids, less-modified LPS species, and branched-chain fatty acids are selectively exported in vesicles.
Exporting this cargo in vesicles could facilitate rapid membrane remodeling during environmental shifts. Further, the precise geometry of these molecules could increase
membrane bending and aid vesicle formation. (D) Insertion of small molecules, such as PQS, into the outer leaflet of the outer membrane could also increase membrane
bending thus enabling vesicle formation. (E) Naturally produced OIMVs could form when the peptidoglycan is transiently degraded by autolysins. These vesicles have
been shown to carry many inner membrane and cytoplasmic cargo components, including RNA, DNA, ATP, and other small molecules. (F) OIMVs and EOMVs also result
from explosive cell lysis, in part due to endolysin activity. Importantly, these vesicles likely carry different cargo than naturally produced vesicles and, therefore, may have
different functions. (G) Gram-positive membrane vesicles form where the thick peptidoglycan cell wall is degraded. Autolysin activity can facilitate this degradation,
creating a space through which vesicles can be released. (H) Membrane vesicles from Gram-positive species have also been shown to contain specific types of lipids.
These lipids could increase membrane fluidity or contribute to increased membrane curvature. (I) Small molecules, such as PSMs from S. aureus, can insert into

cytoplasmic membrane and facilitate vesicle formation.

similar molecules may induce membrane curvature in other species
to facilitate vesicle release.

Vesicle cargo selection

As the need for vesicle purification has been recognized and the
purification techniques have improved (for recent reviews, see
(Prados-Rosales et al, 2014a; Klimentovd & Stulik, 2015; Tulkens
et al, 2020a; Liangsupree et al, 2021; Nasukawa et al, 2021)), analy-
sis of vesicle cargo has revealed export selectivity, a hallmark of a
bona fide secretory process. Numerous quantitative proteomic and
lipidomic analyses have demonstrated that the composition of
OMVs (McMahon et al, 2012; Bonnington & Kuehn, 2014, 2016;
Elhenawy et al, 2016; Orench-Rivera & Kuehn, 2021) does not
mimic the composition of the envelope from which they are derived.
Indeed, molecular “rules” have been validated that show mecha-
nisms for specific inclusion and exclusion of soluble and
membrane-associated OMV cargo based on polypeptide sequence or
physical parameters (McBroom & Kuehn, 2007; Orench-Rivera &
Kuehn, 2021). Similarly, in Gram-positive bacteria the protein, lipid,
and nucleic acid content of vesicles reveals selective packaging
rather than a bulk-flow mechanism (Resch et al, 2016; Jeon et al,
2018; Briaud & Carroll, 2020; Nagakubo et al, 2020; Tartaglia et al,
2020; Luz et al, 2021). The precise mechanisms by which each of
these types of cargo are selectively packaged in vesicles remain an
area of active investigation. In addition, it is widely recognized that
the vesicle preparations characterized to date likely consist of a
mixture of subtypes of vesicles with distinct compositions. More
refined separation and sensitive analytic techniques will be neces-
sary in the future to assign specific properties to specific subtypes,
but it should be mentioned that in a natural setting, a similar variety
of vesicle populations are likely to be generated. Thus, a complex
mixture reflects what could be distributed into the bacterial environ-
ment.

Packaging of vesicle cargo that contributes to
bacterial viability
Bacterial vesicles are energetically costly to produce, as they are

composed of complex macromolecules that are metabolically expen-
sive to synthesize (Figs 1F and 2). In addition, vesicle budding and

© 2021 The Authors

release must overcome the energetic stability of the cell’s outermost
membrane barrier that enables survival in diverse, often harsh envi-
ronments. It would, therefore, seem biologically counterproductive
for bacteria to release cellular resources in a process that also poten-
tially harms the envelope’s barrier function. However, benefits of
bulk export and the selective removal and retention of envelope
components (i.e., envelope “remodeling”) by vesicle production
would be a strong evolutionary driver, as bacterial viability would
certainly outweigh energetic costs.

The first insight into the benefit of vesiculation to the cells came
from analyzing vesiculation levels within a library of genetic
mutants, which pointed to a link with envelope stress responses as
mentioned above (McBroom et al, 2006). In a follow-up study, it
was revealed that the ability to produce vesicles benefited viability
by not only increasing bulk export, but also the selective export of
envelope components that would otherwise be toxic to the cell
(Figs 1C and 2B) (McBroom & Kuehn, 2007).

Subsequently, studies examined whether bacteria may also bene-
fit from using selective vesicle export to remodel their OM (Fig 1A)
(Cahill et al, 2015; Bonnington & Kuehn, 2016; Elhenawy et al,
2016; Eberlein et al, 2018; Valguarnera et al, 2018; Orench-Rivera &
Kuehn, 2021). Recently, it was determined that levels of oxidizable
residues and oxidized OM-associated proteins are increased in
E. coli OMV cargo in response to oxidative stress, presumably
because the oxidized proteins are detrimental to the cells (Orench-
Rivera & Kuehn, 2021). Further, the OMV packaging differential
between full-length (cell-wall bound) and truncated (unbound)
OmpA increased upon oxidative stress, which may be related to the
beneficial role cell-wall associated OmpA plays in oxidative
response (van der Heijden et al, 2016).

Remodeling mechanisms are especially relevant for membrane
lipids because they are essential for maintaining the cell barrier and,
consequently, viability in rapidly changing environmental condi-
tions. While phospholipases including PIdA degrade OM inner
leaflet phospholipids, which are then recycled, to date there are no
known mechanisms for degradation and recycling of LPS, the major
component of the OM extracellular leaflet. Bacteria modify LPS in
several ways including increasing or decreasing the O-antigen
length, attaching to lipid A positively charged and/or zwitterionic
groups such as 4-amino-4-deoxy-L-arabinose and phospho-
ethanolamine, palmitoylating lipid A, and modifying LPS core to
improve barrier function in particular environments (Raetz et al,
2007; Capra & Laub, 2012; Chen & Groisman, 2013; Bonnington &
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Kuehn, 2016). However, these modifications occur in the cytoplasm,
and thus without an efflux mechanism at the OM, bacteria would be
forced to rely solely on entry and diffusion of these new modified
LPS species throughout the membrane to adapt to environmental
shifts. This would happen too slowly for bacteria to successfully
generate an appropriate membrane for the new environment and
would ultimately lead to bacterial death before the benefits of the
LPS modifications could take effect. Exporting select lipid and LPS
species in vesicles provides a fast restructuring mechanism that
allows bacteria to create and maintain an appropriately adapted
barrier against an otherwise stressful environment (Cahill et al,
2015; Bonnington & Kuehn, 2016; Elhenawy et al, 2016; Eberlein
et al, 2018).

An example of the benefits of selectively including particular
lipid cargo in vesicles is evident from studies of S. typhimurium
cultures where the shift from a host extracellular to intracellular
environment was mimicked by altering pH and magnesium concen-
tration of the media (Bonnington & Kuehn, 2016). Upon shift, and
shifting back to “extracellular conditions”,
S. typhimurium preferentially exported less-modified LPS species in
vesicles (Bonnington & Kuehn, 2016). As the less-modified LPS is
exported, the overall composition of the outer membrane changes,
tending toward retention of more modified LPS species. These new
species benefit the bacterium and help it adapt to the new, stressful
environment in several ways. For example, LPS modifications mask
negatively charged phosphate moieties, helping strengthen
membrane integrity when divalent ion concentrations are low (Bon-
nington & Kuehn, 2016). Releasing vesicles with a different lipid
composition than the outer membrane could also serve to trick the
host immune system upon bacterial invasion by eliciting an immune
response to the vesicles instead of the bacterial cell (Bonnington &
Kuehn, 2016; Zingl et al, 2020). While this secretion pathway may
be energetically costly in the sense that macromolecules are
“discarded” instead of recycled into components the cell may reuse,
the benefit can outweigh the cost by expeditiously eliminating
compounds in bulk that have become toxic or useless before they
cause harm to the cell (Fig 1A, Table 1).

Characterization studies suggest that vesicles from Gram-
positive species are also packaged to benefit survival, though func-
tional confirmation is often missing. Coagulation factors exported
in vesicles could help Gram-positive species cope with stressful
host environments by facilitating biofilm formation (Lee et al,
2009). While peptidoglycan remodeling enzymes could be a result
of vesicle biogenesis, this cargo could also help restructure the cell
wall to help the bacterium adapt to new environments (Lee et al,
2009). Furthermore, Gram-positive vesicles are enriched with
nutrient scavenging molecules, such as siderophores (Lee et al,
2009; Schrempf et al, 2011; Brown et al, 2015; Liu et al, 2018).
During transitions to environments where nutrients are limited,
these molecules likely improve survival by sequestering nutrients
and delivering them to the producing cell or another cell in the
population (Lee et al, 2009; Schrempf et al, 2011; Brown et al,
2015; Liu et al, 2018).

In sum, at this basic physiological level the ability for bacteria to
export particular cargo in vesicles can specifically improve the
viability of the bacteria in stressful environments. For pathogens,
improved viability due to vesicle secretion is especially beneficial in
antagonistic host environments. However, vesicles play additional

even when
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roles as well during host-pathogen interactions, including their use
as vehicles to transport cargo used to promote microbial attack.

Vesicle-mediated toxin and virulence factor dissemination
during host-microbe interactions

Selective export of toxins and other virulence factors via vesicles
and their functional delivery into host cells has been described in
many cases (Figs 1C, D, G and [, and 2) (Kolling & Matthews, 1999;
Horstman & Kuehn, 2000; Kuehn & Kesty, 2005; Kulp & Kuehn,
2010; Chatterjee & Chaudhuri, 2011; Rompikuntal et al, 2012; Kuns-
mann et al, 2015; Schwechheimer & Kuehn, 2015; Jan, 2017;
Zakharzhevskaya et al, 2017; Liu et al, 2018; Briaud & Carroll,
2020; Nagakubo et al, 2020). There are several advantages to pack-
aging such cargo in vesicles. For example, vesicles protect cargo
from host defenses such as proteases and nucleases, allowing the
toxins and virulence factors to successfully reach their target (Dor-
ward & Garon, 1990; Kolling & Matthews, 1999; Horstman & Kuehn,
2000; Yaron et al, 2000; Renelli et al, 2004; Bonnington & Kuehn,
2014; Bitto et al, 2017). Vesicles also allow the simultaneous deliv-
ery and potentially synergistic interactions of a cocktail of virulence
factors that can be targeted to particular types of host cells by speci-
fic, tissue tropic ligand/receptor interactions (Ellis & Kuehn, 2010;
Ellis et al, 2010; Kaparakis-Liaskos & Ferrero, 2015; Kunsmann
et al, 2015; Bielaszewska et al, 2017). Importantly, packaging
groups of molecules in vesicles enables delivery of virulence factors
with a variety of mechanisms of action, allowing one vesicle unit to
target many aspects of host cell function. For example, some cargo
may modulate host cell membrane function, while other packaged
material may be trafficked to the nucleus to impact host transcrip-
tional responses (Cecil et al, 2019; Le et al, 2021). Taken together,
vesicles allow specific and potent transport of toxic cocktails over
long distances within the host (Dorward & Garon, 1990; Bomberger
et al, 2009; Bonnington & Kuehn, 2014).

Several studies have identified detailed pathways by which func-
tional, vesicle-associated toxins are transported into host cells. For
example, enterotoxigenic Escherichia coli (ETEC) produces heat-
labile enterotoxin (LT), which is secreted via the general secretory
pathway and is associated inside and on the surface of the vesicles
(Fig 2A) (Horstman et al, 2004). Once secreted, LT-containing vesi-
cles enter host cells where the toxin is trafficked through the Golgi
and ER (Kesty et al, 2004). Inside the cell, LT acts similarly to
cholera toxin, also associated with vesicles, as it modifies the adeny-
late cyclase pathway to increase cAMP levels, which leads to a net
efflux of electrolytes and water (Kesty et al, 2004; Chatterjee &
Chaudhuri, 2011). Trafficking of the toxin and the consequent
responses in host cells are dependent on its association with vesi-
cles, as soluble toxin leads to a distinct outcome (Chutkan & Kuehn,
2011).

Shiga toxin 2a from enterohemorrhagic E. coli (EHEC) is also
released in association with vesicles (Bauwens et al, 2017). In
conditions mimicking the human intestinal tract environment, EHEC
increases vesicle production, including vesicles containing Shiga
toxin 2a, leading to an increase in cytotoxicity. Vesicles from EHEC
are also the exclusive secretion pathway for cytolethal distending
toxin V (Bielaszewska et al, 2017). In addition to toxin packaging,
E. coli vesicles have been shown recently to deliver their toxic
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components to host intestinal epithelial cells, where they cause
DNA damage and lead to increased disease pathology (Ling et al,
2019). Toxin packaging and delivery are not limited to vesicles from
E. coli. Vesicles from N. gonorrhoeae are packaged with PorB,
which targets mitochondrial membranes and leads to loss of mito-
chondrial integrity, cytochrome C release, and activation of apop-
totic caspases in macrophages (Deo et al, 2018). In Bacteroides
fragilis, vesicles contain the B. fragilis toxin, which cleaves E-
cadherin and contributes to virulence in inflammatory bowel
disease (Zakharzhevskaya et al, 2017).

Vesicles from Gram-positive species are also packaged with
toxins. S. aureus vesicles are packaged with alpha toxin and leuco-
cidin, which lead directly to inflammasome activation in macro-
phages (Wang et al, 2020). Vesicles from Listeria monocytogenes
carry toxins listeriolysin O and hemolysis, which are required for
bacterial escape from the pathogen containing vacuole (Lee et al,
2013b; Brown et al, 2015). In Bacillus anthracis, components of the
anthrax toxin have been found in vesicles as well as additional cyto-
lysins (Rivera et al, 2010; Brown et al, 2015).

In addition to toxins, vesicles have been shown to contain
nucleic acids that elicit host responses (Figs 1C and 2A). DNA is
found both on the surface and in the lumen of bacterial vesicles
from at least five Gram-negative species and encodes virulence-
related products as well as gene products linked to pathogenesis
regulation and survival in stressful conditions (Bitto et al, 2017).
These vesicles are trafficked to the nucleus of mammalian cells,
although it is unclear whether vesicle-associated DNA integrates
into the host genome or is ultimately translated into protein (Bitto
et al, 2017). In another instance, DNA from bacterial vesicles was
shown to activate host immune responses via TLR9 (Perez Vidako-
vics et al, 2010). As this immune response was directed toward
vesicles, bacteria were ultimately able to evade the host response
(Perez Vidakovics et al, 2010).

Additional studies extend such activities to vesicle-associated
RNA and Gram-positive bacteria. For S. aureus, the data show
mammalian cell immune activation in response to vesicle-associated
RNA and DNA (Rodriguez & Kuehn, 2020; Bitto et al, 2021), which
could play a role in the bacterial strategy of immune evasion during
infection. Recent studies characterizing the specific RNA cargo in
S. aureus vesicles revealed numerous mRNA transcripts that encode
virulence-associated factors, including hld, agrBCD, psmfi1, sbi, spa,
and isaB, as well as sRNAs, including RsaC, that could directly
contribute to virulence in a host setting (Luz et al, 2021). Intrigu-
ingly, RNA packaging in S. aureus vesicles also depends on environ-
mental conditions such as the presence of vancomycin, which
carries implications for vesicle function during infection scenarios
(Luz et al, 2021). Similarly, vesicles from Clostridium perfringens
contain DNA that codes for perfringolysin O and alpha toxin and
have also been shown to activate host immune responses (Jiang
et al, 2014; Brown et al, 2015).

In each of these cases, it seems that vesicle-mediated secretion of
virulence determinants benefits the bacterial cell, often by contribut-
ing directly to pathogenesis. This strategy both protects virulence-
associated molecules from degradation and allows for action at a
distance from the producing cell. However, vesicle contributions to
virulence, described here, and viability, described earlier, must be
carefully balanced with host immune activation elicited by reactive
vesicle components.

© 2021 The Authors
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Vesicle-triggered immune activation during infection

Numerous studies of a wide variety of bacterial pathogens and host
models reveal a strong mammalian immune response to bacterial
vesicles, a body of literature that has been reviewed in detail
(Fig 1I) (Kaparakis-Liaskos & Ferrero, 2015; Johnston et al, 2020).
In vitro and in vivo experiments reveal that the specific mammalian
immune response to vesicles depends on the vesicle cargo and
composition and on the originating bacterial species (Figs 1I and 2).
Vesicles have been shown to activate many of the canonical innate
immune responses such as interleukin (IL)-1p and interferon expres-
sion, with many of these responses apparently dependent on
nucleotide-binding oligomerization domain (NOD) factor activation
(Allison et al, 2009; Kaparakis et al, 2010; Johnston et al, 2021). By
design, these host immune responses target and eliminate invading
bacteria; therefore, their activation appears disadvantageous for
bacterial survival.

The inflammasome response is one example of a critically impor-
tant mammalian defense against pathogens (Rathinam et al, 2012;
He et al, 2016; Antushevich, 2020). Upon bacterial activation of the
inflammasome, an innate immune signaling cascade induces a vari-
ety of host immune responses that target and eliminate the bacterial
pathogen. Activating this pathway would seem counterproductive to
infection by bacterial pathogens, yet bacterial vesicles secreted by
pathogens appear particularly adept to do just that. For example,
although vesicles may aid in bacterial escape from vacuoles, Finethy
et al showed that LPS delivered by E. coli K12 vesicles activated the
non-canonical inflammasome response in a guanylate-binding
protein 1 (GBP1)-dependent manner (Finethy et al, 2017, 2020).
Recognition of vesicle-associated LPS is also sufficient to activate
pyroptosis via caspase-11 activation and interleukin-1 (IL-1) matura-
tion (Vanaja et al, 2016). Similarly, P. aeruginosa vesicles activate
the non-canonical inflammasome dependent on the caspase-11 path-
way and caspase-5 (Bitto et al, 2018). In contrast, free P. aeruginosa
LPS activated the inflammasome via caspase-4 (Bitto et al, 2018). In
yet another example, Campylobacter jejuni packages more virulence
factors in vesicles in response to a shift to human body temperature,
leading to strong inflammasome activation (Taheri et al, 2019).
Extending this phenomenon to Gram-positive species, S. aureus
vesicles activate the NLRP3 inflammasome in a cargo-dependent
manner, and vesicles from Streptococcus pneumoniae are internal-
ized by immune cells and elicit immune responses that protect
against pneumococcal infections (Olaya-Abril et al, 2014; Mehanny
et al, 2020; Wang et al, 2020).

Additional studies of vesicle-mediated mammalian host immune
activation have shown that Gram-positive Clostridium difficile
secretes vesicles that activate pro-inflammatory immune responses
in several types of immune cells, independent of the well-known
toxins TcdA and TcdB (Nicholas et al, 2017). Notably, these
responses include induced expression of IL-1, IL-6, IL-8, and mono-
cyte chemoattractant protein-1 (MCP-1) (Nicholas et al, 2017). Simi-
lar pro-inflammatory immune activation has been characterized in
response to Gram-negative Bacteroides thetaiotaomicron and Acine-
tobacter nosocomialis vesicles, where B. theta vesicles trigger fulmi-
nant colitis through their associated sulfatase activity, and
A. nosocomialis vesicles carry a variety of virulence factors that
result in host cytotoxicity and immune responses (Hickey et al,
2015; Nho et al, 2015). In-depth studies of an outbreak strain of
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E. coli also showed that dynamin-dependent endocytosis of vesicles
activated caspase-9-mediated apoptosis and IL-8 secretion through
delivery of a cocktail of virulence factors (Kunsmann et al, 2015).
Follow-up studies identified specific components required for entry,
virulence factor delivery, and immune activation (Bielaszewska
et al, 2017).

In sum, despite the substantial benefits as a stress response and
mechanism for effective virulence factor dissemination, vesicle
secretion can come at a heavy cost to bacterial pathogens (Table 1,
Fig 1). Host immune cells react to vesicles produced by bacterial
pathogens in a way that would lead to the restriction of pathogen
viability and disease, presumably providing a strong evolutionary
disincentive for bacteria to secrete vesicles. But it must be consid-
ered that while host immune activation creates barriers to infection
or colonization success, bacteria have evolved many mechanisms to
withstand and evade the immune response, and, unsurprisingly,
bacterial vesicles play a role here as well.

Countering mammalian responses with vesicles

Bacteria can activate immune responses via vesicle release;
however, vesicles can also be utilized either actively or passively to
mitigate and overcome the host response at a distance. Additionally,
rapid, vesicle-mediated bacterial membrane remodeling and mainte-
nance can create an effective barrier to host insults and thereby
improve bacterial survival during infection (Figs 1A and 2).

Cargo to actively degrade host antimicrobial compounds

One example of vesicle-mediated, anti-host factor activity is induced
by the host immune factor itself. LL-37 is a cationic antimicrobial
peptide and the only human cathelicidin. In the presence of butyrate
and LL-37 in the intestinal tract, enterohemorrhagic E. coli (EHEC)
upregulates vesicle production and specifically packages vesicles
with OmpT (Urashima et al, 2017). OmpT is a protease that breaks
down LL-37 and prevents its antimicrobial activity; however, OmpT
activity is dependent on binding to LPS. Therefore, by packaging
OmpT in vesicles in the gut environment, EHEC improves its
survival outcome and successfully adapts to the host environment
(Urashima et al, 2017). The precise mechanism by which OmpT is
selectively packaged in vesicles remains unknown.

Vesicles as decoys for passive defense

Vesicles can also defeat the antimicrobial action of membrane-active
peptides by absorbing them, thereby acting to reduce the antimicro-
bial concentration and prevent Kkilling of sensitive bacteria. This
decoy effect has been characterized for both man-made antimicro-
bials such as polymyxin, colistin, and amoxicillin as well as LL-37
in a variety of bacterial species (Loeb & Kilner, 1978; Thompson
et al, 1985; Ciofu et al, 2000; Manning & Kuehn, 2011; Schaar et al,
2011; Yun et al, 2018). It is notable that vesicles also bind and inac-
tivate other membrane binding-dependent bacterial antagonists,
such as bacteriophage (Fig 1C) (Loeb & Kilner, 1978; Manning &
Kuehn, 2011; Biller et al, 2014; Reyes-Robles et al, 2018). Gram-
positive bacterial vesicles also play roles in evading antimicrobial
responses, as they have been shown to contain biologically active B-
lactamase (Lee et al, 2013a) and absorb surface-acting antibiotics
such as daptomycin (Andreoni et al, 2019). These benefits of
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vesicles to improve bacterial viability in a hostile environment are
likely an early evolutionary trait, as antimicrobials and phage are
extremely abundant in all terrestrial and aquatic habitats.

Further, vesicles can be used as decoys to evade adaptive
immune responses. Moraxella catarrhalis, for example, packages
vesicles with the superantigen Moraxella IgD-binding protein (MID),
which facilitates vesicle internalization by B cells (Perez Vidakovics
et al, 2010). Upon internalization, vesicle-associated DNA leads to
an immune signaling cascade that results in polyclonal IgM anti-
body production (Perez Vidakovics et al, 2010). Importantly, this
antibody response is not directed toward the vesicle-producing
bacteria, allowing the pathogen to evade adaptive immune
responses (Perez Vidakovics et al, 2010).

Cargo to directly manipulate host response

Vesicles are also used to influence host responses with highly speci-
fic action in both pathogenic and mutualistic settings. Helicobacter
pylori packages vesicles with small non-coding RNAs (sncRNAs)
that target host mRNAs and reduce IL-8 secretion upon vesicle
recognition (Zhang et al, 2020). Vesicles from Vibrio fischeri are
packaged with OmpU in response to acidic host pH, helping to
establish mutualistic interaction with the Hawaiian bobtail squid
(Lynch et al, 2019). Importantly, however, an OmpU homolog from
the pathogenic V. cholerae also facilitates mutualism in this context
despite functioning as a virulence factor in its native environment,
linking vesicle packaging in mutualistic bacteria to that in patho-
genic species (Lynch et al, 2019).

Packaging to improve survival during stress and

host-induced damage

A different type of beneficial role for vesicles that directly impacts
bacterial survival in a challenging environment was uncovered in
studies focused on the critical ability of bacteria to generate and
maintain their OM as a barrier. Membrane remodeling of lipids and
protein can be essential for bacterial survival in host environments
that are designed to destroy disease-causing bacteria. As mentioned
above, vesicles can be used to remove unfavorable lipid species and
quickly remodel the membrane during the transition from neutral to
acidic and oxidizing environments (Cahill et al, 2015; Bonnington &
Kuehn, 2016; Elhenawy et al, 2016; Eberlein et al, 2018). In host
cells, bacteria encounter these conditions upon internalization by
macrophages, for example, which use acidification and oxidation of
intracellular compartments to kill invading bacteria. Vesicles are
also used to rapidly remove otherwise detrimental proteins from the
OM. For example, OmpT removal from the OM has been shown to
confer resistance to bile acids during V. cholerae infection (Proven-
zano & Klose, 2000). During the transition to the murine gut,
V.cholerae packages vesicles with OmpT, resulting in faster adapta-
tion to the host environment (Zingl et al, 2020).

As we gain an understanding of the various contributions of vesi-
cle components to virulence, survival, and host response, the cost/
benefit analysis of vesicle production increases in complexity,
particularly in the case of pathogens in the context of a mammalian
host environment (Fig 1, Table 1). Secretion and delivery of viru-
lence factors via vesicles in the host certainly benefits bacterial viru-
lence by enabling action at a distance and may additionally include
moderate tissue damage to generate nutrients for the pathogen.
While vesicle activation of a robust mammalian immune response
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directed at the pathogen is likely detrimental to bacterial survival,
this may not outweigh the benefits of vesicle production. Indeed, to
counter such inhospitable host responses, vesicles can be used as
decoys to absorb host antimicrobial compounds or to enable
changes in the bacterial membrane and improve viability (Figs 1
and 2). As in many cases of bacterial virulence factor-host response
stand-offs, pathogens must find the right balance in order to
successfully infect a mammalian host.

Vesicle trade-offs in the plant-microbe system

Additional and broader biological insights into the cost/benefit
equation can be found in the often overlooked but equally relevant
and revealing situation in plants. Bacteria must also strike a balance
in plant systems, and while plant bacterial vesicles and plant host
cell-vesicle interactions have yet to be extensively interrogated,
several studies of the roles bacterial vesicles play in plant environ-
ments have already proven to be rewarding.

Phytobacterial vesicle cargo

Together with data from mammalian bacterial pathogens, initial
findings regarding the proteomic composition of plant bacterial vesi-
cles from pathogenic, commensal, and environmental species reveal
a common theme of using vesicles to transport virulence-associated
material. Studies show that plant bacterial vesicles contain type III
secreted effectors, plant cell wall-degrading enzymes, flagellin, EF-
Tu, and many other virulence-associated molecules (Sidhu et al,
2008; Chowdhury & Jagannadham, 2013; Kulkarni et al, 2015; Solé
et al, 2015). By extrapolating from studies in mammalian systems,
these data suggest that vesicles from plant bacteria could play criti-
cal roles in bacterial virulence programs. However, studies of bacte-
rial vesicles in plant and environmental contexts are relatively
limited, and it largely remains to be determined whether these
virulence-associated factors are functionally active after delivery via
vesicles and how bacteria could use vesicles to promote virulence in
plant systems. Additionally, the mechanism behind plant recogni-
tion of vesicles and how plant immune responses impact ultimate
vesicle function are yet unknown. Thus, we must be cautious in
interpreting functional relevance from compositional data.

Vesicles to aid in virulence and the bacterial life cycle in plants

As in mammalian systems, studies in plant systems are already
beginning to demonstrate that bacterial vesicles may promote the
virulence of plant pathogens. For example, Xylella fastidiosa (Xf)
vesicles can aid in distribution of the bacterium throughout grape-
vine xylem by adhering to the xylem cells and creating a coating
(Ionescu et al, 2014). This vesicle coating inhibits attachment of the
bacteria to the xylem, thereby allowing bacterial cells to travel
further and spread more widely through the plant (Ionescu et al,
2014). In this sense, vesicles act as virulence factors that facilitate
bacterial spread and colonization and lend a survival advantage to
the bacteria (Table 1).

In addition to contributing to bacterial spread, Ionescu et al
(2014) also propose that Xf vesicles could facilitate transitions
between the insect vector and plant host during the Xf life cycle. Xf
appears to control vesicle production, at least in part, through dif-
fusible signal factor-mediated signaling (Ionescu et al, 2014, 2016;
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Feitosa-Junior et al, 2019). This regulation could allow the bacteria
to produce more vesicles in the plant environment and prevent
bacterial attachment to xylem cell walls, while limiting vesicle
production in the insect vector, allowing bacteria to adhere to the
insect mouth parts under high flow conditions and facilitating
spread to other host plants (Ionescu et al, 2014, 2016; Feitosa-
Junior et al, 2019). This proposed vesicle function is similarly bene-
ficial for bacteria as it increases colonization of the host plant and
improves transmission to additional hosts.

Roles for vesicles in nutrient acquisition and survival in the

plant apoplast

Recent proteomics results suggest a different beneficial function for
vesicles from the plant pathogen Pseudomonas syringae pv tomato
DC3000 (Pst) (preprint: Janda et al, 2021). Compared to the bacterial
cell, Pst vesicles were enriched in proteins involved in siderophore
transport, revealing a potential role for vesicles in iron acquisition
(preprint: Janda et al, 2021). Transcription of the corresponding
genes for these enriched proteins is notably upregulated during plant
pathogen-associated molecular pattern (PAMP)-triggered innate
immune responses (preprint: Janda et al, 2021), which could suggest
that vesicles are released upon exposure to the inhospitable plant
apoplast to sequester and deliver nutrients critical to bacterial survival
(Fig 1D). These and other studies in plants have begun to reveal
common beneficial themes inherent in bacterial vesicle production.

Vesicle-mediated plant immune activation and protection
Revealing instead common disadvantages of vesicle production,
Bahar et al (2016) show that vesicles from Xanthomonas campestris
pv campestris elicit PAMP-triggered immune responses in
A. thaliana (Fig 1G, Table 1). In response to vesicle treatment,
A. thaliana leaves trigger a reactive oxygen species (ROS) burst and
upregulate defense marker genes FRK1 and At5g57220. Bahar et al
(2016) also found that even with PAMP receptors mutated or geneti-
cally removed, plants were still able to mount an immune response
as measured by transcription of defense marker genes. Interestingly,
the only way to dampen this response was to eliminate either of two
co-receptors, SOBIR1 or BAK1.

These data suggest that plants are able to detect PAMPs on the
vesicles and initiate an immune response program, but while known
PAMP-triggered immune responses may be partially responsible for
the immune activation seen by Bahar et al, vesicles may also be
activating novel PAMP immune pathways or even activating path-
ways attributed to effector-triggered immune responses. More
broadly, these data reveal the existence of plant mechanisms to
detect bacterial vesicles and mount an appropriate immune
response designed to contain and eliminate the invading bacteria
(Fig 1G). In addition to illuminating a disadvantage of vesicle
production that is conserved in plant and mammalian systems,
these data highlight an interesting new use for vesicles in probing
host immune systems. Given that eliminating well-characterized
plant PAMP receptor pathways failed to eliminate plant immune
responses, studying plant responses to vesicles will likely reveal
novel aspects of plant recognition of and interaction with bacteria.

Our recent study investigated the nature and breadth of vesicle-
mediated plant immune activation in greater depth (McMillan et al,
2021b). Using vesicles from the pathogenic bacterium P. syringae
pv tomato DC3000 (Pst) and the commensal P. fluorescens Migula
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ATCC 13525 (Pf), we discovered that pre-treatment with vesicles trig-
gered an immune program that protected against bacterial and oomy-
cete challenge (Fig 4) (McMillan et al, 2021b). This result seems to
stem in part from vesicle-mediated activation of PAMP-triggered
immune responses, including phosphorylation of MAPK (McMillan
et al, 2021b). However, the duration of MAPK activation exceeds that
of a strictly PAMP-triggered response, which could suggest multiple
vesicle-associated elicitors or controlled release of immunogenic
cargo (Tsuda et al, 2013; Stael et al, 2015). Intriguingly, immune acti-
vation by pathogenic and commensal plant bacterial vesicles was dif-
ferent. In plants, isochorismate synthase 1 (ICS1) leads to production
and accumulation of salicylic acid, which is a major component of
local and systemic immune responses (Wildermuth et al, 2001;
Glazebrook, 2005; Jones & Dangl, 2006; Spoel & Dong, 2012; Seyf-
ferth & Tsuda, 2014; Liu et al, 2016). Pst vesicles led to induced ICS1
expression and salicylic acid accumulation while Pf vesicles did not,
despite both types of vesicles leading to similar protective effects
(McMillan et al, 2021b). Indeed, even some mammalian pathogens,
including EHEC, P. aeruginosa, and S. aureus, can lead to immune
activation and, occasionally, plant protection independent of salicylic
acid pathways. This salicylic acid-independent protection resembles
induced systemic resistance responses and could reveal a use for vesi-
cles in plant immune priming (Zamioudis & Pieterse, 2011; Pieterse
et al, 2014; Vlot et al, 2021).

Hannah M McMillan & Meta | Kuehn

Another recent study supports our findings as well as those from
Bahar et al, showing that Pst vesicles lead to protection against
bacterial pathogens and induce FRKI expression in plants (preprint:
Janda et al, 2021). Importantly, these results also show that Pst
produces vesicles in planta that have similar biophysical properties
to those isolated through traditional purification techniques
(preprint: Janda et al, 2021). While current vesicle purification tech-
niques limit the ability to test the function of vesicles produced in
planta, these results provide critical evidence that vesicles are a
physiologically relevant player in plant-microbe interactions.

Vesicle cargo that leads to plant immune activation

In an effort to determine which vesicle cargo were responsible for
plant immune activation, we tested protection using Pst type three
secretion system (T3SS) mutants. T3SS effectors are well-studied
elicitors of potent plant immune responses that can result in local
and systemic protection against invading pathogens (Vlot et al,
2009, 2021; Spoel & Dong, 2012; Conrath et al, 2015). T3SS effectors
have also been found in vesicles isolated from plant bacteria, includ-
ing Pst (Sidhu et al, 2008; Chowdhury & Jagannadham, 2013;
preprint: Janda et al, 2021). Surprisingly, pre-treatment with vesi-
cles from these Pst mutants resulted in the same level of protection
as vesicles from wild-type Pst, revealing that vesicle-mediated plant
protection is T3SS-independent (McMillan et al, 2021b).
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Figure 4. Vesicle function depends on timing of activity and host response.

Whether vesicle production benefits or harms the producing cell ultimately depends on timing of the various vesicle-associated functionalities and elicited host
responses. Top: Potential event sequence that results in an overall benefit to the producing bacterial cell. Bottom: Event sequence that could result in a disadvantage to

the bacterial cell.

12 of 23 The EMBO Journal ~ 40: €108174 | 2021

© 2021 The Authors



Hannah M McMillan & Meta | Kuehn

Roles for vesicles in plant growth-defense trade-offs

Plant immune activation that results in protection often leads to
stunted plant growth as a result of growth-defense trade-offs (Huot
et al, 2014; Pieterse et al, 2014). Accordingly, treatment with bacte-
rial vesicles results in stunted seedling growth in A. thaliana
(McMillan et al, 2021b). Using this effect as a high-throughput assay
to measure the plant immune response, we probed further the role
of various vesicle cargo in plant immune activation. Strikingly,
denaturing or degrading vesicle-associated protein completely elimi-
nated the growth-inhibition phenotype (McMillan et al, 2021b).
However, upon testing protein-free vesicles in pathogen protection
assays, we discovered that vesicle-associated protein was not
responsible for vesicle-mediated protection against pathogens in
plants (McMillan et al, 2021b).

In contrast to our results, Janda et al (preprint: Janda et al, 2021)
show that Pst vesicle treatment does not lead to stunted seedling
growth. This difference in function is likely due to slight variation in
isolation and purification techniques and highlights an important
consideration for vesicle studies. Namely, vesicle biogenesis and
cargo packaging, and subsequently vesicle function, are largely
dependent on the culture conditions from which the vesicles are
isolated. With respect to these two studies, differences in vesicle
preparation including bacterial culture time, culture density, buffer
components, and density gradient medium could all contribute to
the varied effect on seedling growth inhibition. Future studies should
continue to carefully consider differences in preparation conditions
when drawing comparative conclusions about vesicle function.

These results suggest that vesicle-mediated plant immune activa-
tion and its resulting outcomes are complex and likely involve
diverse mixtures of highly stable immune-active molecules, poten-
tially including lipids and small molecules. Our results also suggest
that vesicle-mediated protection against pathogens could occur in
many different plant species, as protection against the oomycete
Phytophthora infestans was observed in tomato in addition to the
protective responses characterized in A. thaliana (McMillan et al,
2021b). Furthermore, our findings reveal a novel use for vesicles as
tools to probe growth-defense trade-offs in plants as well as salicylic
acid-independent immune response pathways. Ultimately, vesicles
may prove useful in developing agricultural treatments that lead to
durable resistance in crop species.

Plant cell wall-degrading effects of bacterial vesicles
Several additional studies have shown that vesicles or molecules
contained in vesicles elicit a wide range of plant immune responses
that would be disadvantageous for bacterial survival. For example,
vesicles containing plant cell wall-degrading enzymes elicit immune
responses such as callose deposition and programmed cell death in
plant cells, both mechanisms designed to exclude or eliminate
pathogens and contain infection (Chowdhury & Jagannadham,
2013; Solé et al, 2015; Tayi et al, 2016). Intriguingly, these
responses are dependent on the presence of the cell wall-degrading
enzymes in the vesicles, specifically cellulase and xylanase (Tayi
et al, 2016), which parallels the situation for vesicle-associated
microbe-associated molecular patterns (MAMPs)/PAMPs that stimu-
late a host immune response directed against bacteria during
mammalian infections.

These examples clearly demonstrate that vesicles are both benefi-
cial and detrimental to bacterial survival in plant systems through
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their roles contributing to bacterial virulence by facilitating spread
and colonization and eliciting plant immune responses that limit the
spread of infection, respectively. Future studies are needed to
explore these trade-offs. For instance, it would be important to
determine whether there is temporal overlap or sequential timing
for the vesicle-mediated benefits and immune activation (Figs 4 and
5). The advantage of Xf spreading further may outweigh the costs of
Xf vesicles activating plant immune responses if the benefit occurs
before the reactive response is elicited (Fig 4). Similarly, vesicles
released at different stages of bacterial growth may contain distinct
cargo and, therefore, have unique functionality (Fig 5). Ultimately,
whether vesicles can be deemed advantageous or disadvantageous
to the bacterial cells depends on environmental conditions, the
plant and bacterial genotypes, coincident infections, and other
confounding factors.

Limits of a reductionist approach

In evaluating the costs and benefits of vesicle production on bacte-
rial survival and interaction with their environment, it is important
to consider that vesicles are commonly studied as purified entities,
effectively separated from the vesicle-producing bacteria. Despite
the strengths of such reductionist approaches to pinpoint specific
effectors using thoroughly purified vesicles, it should be mentioned
that the natural context of vesicles is complex, often including the
vesicle-producing cells as well as other bacteria, other types of cells,
abiotic substrates, and solvents. Therefore, by extrapolating physio-
logical conclusions from experiments using only purified compo-
nents many advantages and disadvantages of vesicle production
may be overlooked.

Biofilms are a well-studied example of a complex environment
that harbors vesicles. Bacterial vesicles substantially contribute to
the extracellular matrix structure of a polymicrobial biofilm, which
helps mediate antibiotic resistance and colonization of surfaces even
during flow conditions (Fig 1E, Table 1) (Schooling & Beveridge,
2006; Yonezawa et al, 2011, 2017; Grande et al, 2015; Park et al,
2015; Gui et al, 2016; Cooke et al, 2019). In addition, the substrate
of the biofilm can add complexity to the physiological situation. For
instance, in the context of a coculture model using bacterial biofilms
grown on lung epithelial cells, an aminopeptidase associated
with P. aeruginosa vesicles was shown to facilitate bacterial cell
detachment from the biofilm (Esoda & Kuehn, 2019). This ability to
modulate the biofilm would benefit the bacteria by allowing it to
relocate if nutrients were depleted or conditions became unfavor-
able. Examining the effect of purified vesicles in an environment
without the bacteria or host cells present would have overlooked
this critical function.

These studies reveal critical aspects of vesicle function over time
under flow conditions. Modulation of aminopeptidase expression
and packaging, for example, could be used to control biofilm forma-
tion or dispersal dependent on available nutrients at a given location
and other environmental factors. Similarly, while X. fastidiosa vesi-
cles facilitate bacterial spread in a plant system by coating xylem
cell walls (Ionescu et al, 2014), one could imagine a situation where
vesicles compete with bacteria for a limited number of binding sites
(Figs 1H and 5, Table 1). In some contexts, inhibiting bacterial
attachment may be detrimental for colonization success, especially
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Figure 5. Bacterially controlled timing of vesicle packaging and release could result in functionally distinct vesicle populations.

Early in bacterial growth, vesicles may be packaged with molecules that facilitate attachment and spread, while vesicles released in later growth stages may contribute
to bacterial virulence or detachment. Controlled release of different vesicle populations might ensure that timing of release does not negatively interact with host

immune responses, resulting in an overall benefit to the producing cell.

under flow conditions where lack of attachment may inhibit biofilm
formation. These considerations add to the importance of examining
vesicle function for each producing species in its natural context.
Also overlooked in typical monoculture experiments, natural,
complex bacterial environments such as microbiomes and biofilms
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present an opportunity for vesicles to enable interspecies behavior.
To survive in mixed bacterial communities, bacteria use a variety of
mechanisms to outcompete other bacterial strains. Recent studies
show that vesicles play a role in these competitive interactions. In
one such study, it was discovered that Chromobacterium violaceum,
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a Gram-negative opportunistic pathogen common in soil and water,
selectively packages vesicles with violacein, a hydrophobic antibi-
otic (Choi et al, 2020). These vesicles are then used to attack
S. aureus and reduce S. aureus growth, presumably to confer a
competitive advantage for C. violaceum (Choi et al, 2020). In fact,
antagonistic vesicle function even spans kingdoms. For example,
A. thaliana vesicles are selectively packaged with small RNAs that
target and silence virulence genes in the fungal pathogen Botrytis
cinerea and likely also in the oomycete Phytophthora infestans
(Cai et al, 2018, 2020; Baldrich et al, 2019; Hou et al, 2019; He
et al, 2021).

Notably, vesicles can also function in cooperative behavior. For
example, Moraxella vesicles help Haemophilus influenzae evade the
complement response and can improve survival of S. pneumoniae
and H. influenzae by inactivating amoxicillin (Thuan Tong et al,
2007; Schaar et al, 2011). In three similar cooperative interactions,
H. influenzae vesicles carrying B-lactamase can protect group A strep-
tococci from amoxicillin-mediated killing, vesicles from B-lactam-
resistant E. coli can improve survival of B-lactam-susceptible E. coli in
the presence of ampicillin, cefoperazone, or cefotaxime, and
B. thetaiotaomicron vesicles carrying surface-associated p-lactamases
can protect S. typhimurium and gut commensals from cefotaxime
(Schaar et al, 2014; Stentz et al, 2015; Kim et al, 2018). Nevertheless,
such studies of vesicle contributions to cooperative and antagonistic
behavior are scarce and the roles of vesicles in complex native envi-
ronments remain virtually unknown. Without investigating vesicles in
combination with mixed bacterial communities, many of their func-
tions might be overlooked.

Even studies with only one bacterial species in complex media
have been critical in the discovery of novel vesicle functions, such
as nutrient acquisition (Figs 1D and 2C). Both vesicle-mediated
nutrient uptake and OMV production in P. aeruginosa are linked to
Pseudomonas quinolone signal (PQS), a hydrophobic molecule
secreted by P. aeruginosa. As mentioned above, PQS promotes OMV
production when it inserts into the outermost membrane leaflet,
induces membrane curvature, and thereby leads to vesicle budding
(Florez et al, 2017; Horspool & Schertzer, 2018). Additionally, PQS
binds iron, which is a necessary nutrient for the bacterial cell (Bre-
denbruch et al, 2006; Diggle et al, 2007). Lin et al (2017) showed
that P. aeruginosa secretes a T6SS effector, TseF, that binds PQS and
helps deliver iron-containing vesicles to the cell via FptA and OprF
(Fig 2C). Vesicles from several other species including Francisella
novicida, Bacillus subtilis, S. typhimurium, and P. syringae have
also been implicated in nutrient acquisition (Dubey & Ben-Yehuda,
2011; Galkina et al, 2011; McCaig et al, 2013; Sampath et al, 2018;
preprint: Janda et al, 2021). Interestingly, some of these vesicles
remain attached to the parent cell in a membrane tubule, perhaps to
enable delivery of nutrients more efficiently to the cell (Dubey &
Ben-Yehuda, 2011; Galkina et al, 2011; McCaig et al, 2013; Sampath
et al, 2018). Importantly, the role vesicles play in nutrient acquisi-
tion could be easily missed in the absence of the producing cell.

In another instance of vesicle-mediated nutrient acquisition,
Pseudomonas putida, an environmental bacterium, was shown
recently to package vesicles with enzymes to break down lignin, an
abundant component of plant cell walls (Salvachua et al, 2020). At
first glance, it may seem that using vesicles to break down cell wall
components would aid in virulence by activating damage associated
molecular pattern-triggered immune responses in plants. However,
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adding vesicles to bacterial cultures revealed that this mechanism
actually allowed the bacteria to use lignin as an alternative nutrient
source (Fig 1D) (Salvachua et al, 2020). Without testing their effect
on the parent bacteria and instead testing only purified vesicles in a
plant system, researchers may have falsely concluded that vesicle-
mediated lignin digestion was a virulence strategy rather than a
nutrient acquisition mechanism.

Important to consider in examining bacterial vesicle function in
complex microbial environments is the concept of social “cheating”.
In this scenario, non-vesicle-producing bacteria take advantage of
resources packaged in vesicles from other strains or the resulting
function of those vesicles and avoid the associated metabolic cost of
vesicle production (Table 1). For example, in the gut environment,
vesicles from Bacteroidales contain glycoside hydrolases that break
down polysaccharides (Rakoff-Nahoum et al, 2014). Non-vesicle-
producing strains in the gut take advantage of this function by using
the polysaccharide breakdown products as nutrients, which can
even lead to outgrowth by the “cheater” of the producing strain
(Rakoff-Nahoum et al, 2014). P. aeruginosa strains that lack the
global stress response regulator RpoS similarly take advantage of
secreted aminopeptidase, which is known to associate with vesicles
(Esoda & Kuehn, 2019), for its proteolytic activity to enable utiliza-
tion of protein as a nutrient source (Robinson et al, 2020). This
concept applies also to Gram-positive species. Dietzia sp. DQ12-45-
1b has been shown recently to package heme-binding proteins in
vesicles that participate in iron acquisition (Wang et al, 2021).
Bacteria from a variety of related species, but not more distant
species, are able to use the vesicle-associated iron as a nutrient for
their own growth (Wang et al, 2021). Vesicle production in the
context of “cheaters” may pose an exacerbated metabolic burden for
the producing strain, resulting in a net-negative score in the cost-
benefit analysis. These studies reveal the importance of studying
vesicle function in the context of the producing strain and also
complex multi-species environments.

There are also, of course, numerous instances where vesicles do
exhibit important functions independent of the producing cell, espe-
cially in the context of long-distance signaling. This phenomenon is
exemplified in studies of gut microbiota interactions with intestinal
epithelial cells. Vesicles from B. thetaiotaomicron enter gut epithe-
lial cells via dynamin-dependent endocytosis and are also able to
transmigrate across the epithelial barrier via a paracellular route
(Jones et al, 2020). Importantly, these vesicles then disseminate
systemically to tissues, including the liver in mice, and are impli-
cated in balanced gut immune function, which supports vesicle
function independent of bacterial cells (Durant et al, 2020; Jones
et al, 2020; preprint: Gul et al, 2021). When studied in humans, the
vesicles traversed the gut epithelium into the bloodstream more
readily in individuals with intestinal barrier dysfunction (Tulkens
et al, 2020a, 2020b). In fact, some vesicles have even been shown
to alter epithelial permeability, such as those from C. jejuni (Elmi
et al, 2016). Ability to cross the mucus barrier and intestinal epithe-
lium and interact with host immune systems has also been observed
in other resident gut microbiota and pathogens, including E. coli
Nissle 1917, ECOR63, and Bacteroides vulgatus (Alvarez et al, 2016;
Maerz et al, 2018). By crossing mucus and epithelial barriers, vesi-
cles effectively separate from the producing cell. While many vesicle
functions may occur synergistically with bacterial cell functions,
these findings support independent roles for vesicles as well.
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Action at a distance is not limited to gut microbes. P. aeruginosa
vesicles are able to diffuse through the mucus layer in airway
epithelial cells and deliver cocktails of virulence factors in the
absence of bacterial cells (Bomberger et al, 2009). Vesicles from the
periodontal pathogen Aggregatibacter actinomycetemcomitans cross
the blood-brain barrier and deliver small RNAs that lead to TNF-a
production (Han et al, 2019). Indeed, many studies have revealed
that vesicles from diverse species can cross epithelial barriers and
travel throughout an organism to exert their function (Jang et al,
2015; Stentz et al, 2018; Cuesta et al, 2021). It is important to note,
however, that while vesicles may function at a distance from the
bacterial cell, this may also serve to weaken the host barrier and
facilitate bacterial invasion of host tissues, similar to the well-
studied functions of soluble toxins. Understanding how vesicle func-
tion differs from bacterial processes and soluble factors and predict-
ing how far vesicles can travel through complex environments will
benefit from convergence of many fields (McMillan et al, 2021a).

Beyond mammalian systems, vesicles in plant and environmen-
tal systems presumably also exhibit some functions independent of
the producing cell. Vesicles produced by marine bacteria, for exam-
ple, are instantly diluted in seawater and likely carried far from the
producing cell by ocean currents (Biller et al, 2014). These vesicle
populations have been shown to contain nucleic acids, and those
from the cyanobacterium Prochlorococcus can support the growth of
other bacterial species, suggesting a role in carbon cycling (Biller
et al, 2014, 2017). Additional support for their role in biogeochemi-
cal cycles in marine environments comes from a recent study that
shows Prochlorococcus vesicles associate with diverse bacteria and
contain active enzymes that could participate in energy metabolism
and extracellular biochemical reactions (preprint: Biller et al, 2020).
Roles for vesicles in carbon, nutrient, and metal cycling have been
reported in several other environments (Matlakowska et al, 2012;
Prados-Rosales et al, 2014b; Shao et al, 2014; Lin et al, 2017; Liu
et al, 2020); however, these studies all show a direct benefit of vesi-
cle function for the bacterial cell.

While characterization of purified vesicle cargo and function
may reveal the presence or absence of molecules as well as specific
vesicle-mediated effects, only studies integrating vesicles in their
larger context will reveal the potential impact they have on bacterial
survival, virulence, and overall function. Parallels to this concept
exist across biology and can be summed up in the basic principle of
emergent properties. Time and time again scientists have realized
that despite a detailed understanding of the individual components
of a system, their combined function remains difficult to predict. For
example, in ecological studies of species diversity, keystone species
perform critical functions despite often miniscule abundances in the
community (Paine, 1966, 1969, 1992; Mills et al, 1993; Davic, 2003;
Smith et al, 2008; Smith & Bangs, 2009; Hale & Koprowski, 2018).
In studies of the gut microbiome, researchers have found that often
one species will not colonize or will have dramatically different
function without the presence of certain other species (Chung et al,
2012; Surana & Kasper, 2014, 2017; Mosca et al, 2016; Turroni et al,
2019). Despite repeatedly showing the importance of emergent
properties in understanding interactions and overall function in
numerous contexts, we still resist its incorporation into molecular
and host-pathogen studies. Of course, the reason for this hesitation
is in large part due to the inevitable increase in complexity that will
occur after adding even one additional element to the study.
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However, to move the field forward will ultimately require combin-
ing the fine details from reductionist approaches with systems level
data analysis to create a holistic understanding of how these organ-
isms and environments function on every level of complexity.

Conclusion and future directions: settling the score
for vesicles

How do we settle the score? Is vesicle production overall beneficial
for the bacterial cell, or does the energetic cost outweigh their
usefulness? Are bacteria intentionally releasing these cargo-filled
packages or are they simply a bioproduct of stress? The studies
reviewed here suggest that vesicles from both Gram-negative and
Gram-positive species are loaded with specific cargo and ultimately
benefit the bacterial cell. Despite their energetic costliness, vesicles
provide a fast and selective membrane remodeling mechanism that
aids bacterial survival, especially during transitions to stressful envi-
ronments. Furthermore, in both mammalian and plant systems,
vesicles appear to play a critical role in bacterial virulence and allow
action at a distance. One could argue that their benefits to virulence
are outweighed by host immune activation, which could be detri-
mental to bacterial viability. However, we must consider that many
other virulence mechanisms result in host immune activation and
yet are considered ultimately beneficial for bacterial colonization
and survival. Until we are able to analyze vesicle production, trans-
port, activities, and consequences in the environment or in animals
during colonization and infection, we can only guess whether the
overall outcome helps or harms the bacterial cell.

To finally tally the results, future work should incorporate find-
ings from reductionist studies to interpret studies of vesicle function
in complex bacterial communities and environmental conditions.
We must begin working toward studying vesicles in their natural
context, which will require development of new tools to visualize,
isolate, and characterize bacterial vesicle composition, trafficking,
and function. Only then can we work toward a complete under-
standing of why bacteria produce vesicles and determine their ulti-
mate roles in complex environments.
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