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Abstract 

Cells from all levels of life secrete vesicles, which are nanoscale 

proteoliposomes packaged with a variety of proteins, lipids, and small molecule 

cargo. Depending on their origin, these extracellular vesicles are termed exosomes, 

microvesicles, exomeres, and membrane vesicles, to list a few. Vesicles released 

from Gram-negative bacteria bud from the outer membrane and are, therefore, 

referred to as outer membrane vesicles (OMVs). In mammalian systems, OMVs 

facilitate bacterial survival by alleviating membrane stress, serving as a decoy for 

bacteriophage and antibiotics, and providing a fast membrane remodeling 

mechanism. OMVs also contribute to virulence by delivering toxins and other soluble 

and insoluble cargo to the host cell. The role OMVs play in plant systems remains 

unknown. 

Previous studies revealed that plant pathogenic bacterial vesicles contain 

virulence factors, type III secretion system effectors, plant cell wall-degrading 

enzymes, and more, suggesting that vesicles may play similar roles to those from 

mammalian pathogens in host-pathogen interactions. Further, OMVs elicit several 

markers for pathogen-associated molecular pattern triggered immunity in plants. 

These responses include increased transcription of defense markers such as FRK1 

and production of reactive oxygen species. Building on these findings, here we show 

that OMVs from the plant pathogen Pseudomonas syringae and the plant beneficial 

Pseudomonas fluorescens elicit plant immune responses in Arabidopsis thaliana that 

protect against future pathogen challenge. Intriguingly, protection is independent of 
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salicylic acid plant defense pathways and bacterial type III secretion. OMVs also 

inhibit seedling growth, another indication of plant immune activation.  

Our initial biochemical studies suggested that the immunogenic OMV cargo 

was larger than 10 kDa and differed between the pathogen and beneficial species 

despite similar plant immunity outcomes. Interestingly, protective OMV-mediated 

responses were protein-independent, while the seedling growth inhibition phenotype 

was entirely protein dependent. Proteomics analysis confirmed that OMV protein 

cargo differed between P. syringae and P. fluorescens. While media culture 

conditions did not dramatically impact the immunogenic activity of isolated OMVs 

from either species, proteomics analysis revealed a significant shift in P. syringae 

OMV cargo between complete and minimal media conditions. P. fluorescens OMV 

cargo was largely the same in the two media conditions, with no significantly 

enriched proteins in minimal or complete media. Further analysis of the proteins 

enriched in the P. syringae minimal OMV condition identified one set of proteins with 

the same baseline abundance in P. syringae and P. fluorescens complete OMVs 

and another set with a lower baseline abundance compared to P. fluorescens OMVs. 

These two subsets could contribute to virulence and stress tolerance, respectively. 

Enrichment analysis uncovered particularly interesting protein categories in the 

subset with the same baseline abundance. Of interest, several lipoprotein and lipid 

binding categories were enriched, and proteins involved in synthesis of the 

phytotoxin coronatine were also enriched in this same-baseline subset. These 

results support our hypothesis that proteins enriched in P. syringae minimal OMVs 

with the same baseline abundance in P. fluorescens complete OMVs may contribute 
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to OMV-mediated bacterial virulence in plants. Our findings also suggest that our 

forthcoming OMV metabolomic analyses may reveal non-proteinaceous cargo that is 

critical for OMV-mediated plant immune activation. 

The work presented here lays the groundwork for future exploration of OMV-

plant interactions and adds a new layer of complexity to plant-bacteria interactions. 

Further, these results reveal that OMVs elicit complex plant immune responses that 

would be difficult for pathogens to adapt to and overcome, supporting a role for 

bacterial OMVs in agricultural applications to promote durable resistance and 

revealing a new potential avenue for disease prevention and management. 
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1. Introduction  

In order to survive, bacteria must interact with and adapt to their environment. 

They can do this in a variety of ways including changing their secretion profiles and 

altering their membrane composition. Outer membrane vesicles play important roles 

in both cases (1-8). All bacteria produce vesicles. In Gram-negative bacteria, 

vesicles bud from the outer membrane and contain specific sets of lipids, proteins, 

and small molecules found in the bacterial outer membrane and periplasmic space 

(9-12). Similarly, membrane vesicles from Gram-positive bacteria bud from the 

outermost, cytoplasmic membrane and are packaged with a wide variety of 

membrane and cytoplasmic proteins (13-15). This specific cargo allows vesicles to 

contribute to bacterial survival, adaptation, and interaction with the environment and 

host systems (7, 13, 14, 16, 17). 

Parts of this chapter will appear in the journals EMBO and STAR Protocols 

(manuscripts currently accepted and in preparation, respectively). 

1.1 The Bacterial Cell Envelope 

For any Gram-negative bacterium, the outer membrane constitutes a barrier 

and the first layer of defense against the external environment (Figure 1). The 

composition of the outer and inner membranes has been reviewed extensively (18-

21). Briefly, Gram-negative bacteria have an inner and outer membrane separated 

by a thin layer of peptidoglycan in a space called the periplasm (18, 19) (Figure 1). 

The inner membrane is composed of an inner and outer leaflet of phospholipids, with 

integral and lipo- proteins embedded throughout (18, 19). The outer membrane also 
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has an inner leaflet of phospholipids and embedded proteins; however, the outer 

leaflet is composed almost entirely of lipopolysaccharide (LPS) (18, 19, 22). LPS 

forms a strong barrier against the external environment, preventing the entrance of 

many toxic molecules (23, 24) (Figure 1). In fact, some classes of antibiotics work by 

creating breaks in this barrier, disrupting the cross-links between LPS molecules to 

compromise membrane integrity and kill the bacterium (25-28). The bacterial 

membrane is reinforced further by Braunôs lipoprotein (Lpp), which links the outer 

membrane to the thin layer of peptidoglycan in the periplasm (18, 19, 29). This 

strengthens the bacteriumôs overall membrane composition and presents a 

formidable barrier against various environmental stressors. 

 

Figure 1. The Gram-negative cell envelope protects against stress. 
Gram-negative bacteria have an inner and outer membrane separated by a 
thin layer of peptidoglycan. A wide array of molecules is embedded in the 
envelope, helping form a strong defense against a variety of stressors. 
Extracellular vesicles bud from the outermost cell membrane and are termed 
outer membrane vesicles in Gram-negative bacteria. Vesicles play a role in 
bacterial stress response pathways, for example, by exporting damaged or 
misfolded proteins as depicted here.  
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1.2 A Historical Look at Vesicle Production, Packaging, and 
Function 

Vesicles from E. coli were first described as ñextracellular lipoglycopeptidesò 

present in filtered culture supernatants under lysine-limiting growth conditions (30) 

(Figure 2). Notably, these extracellular lipid particles were compositionally distinct 

from the producing cell (30). Extracellular vesicles from mammalian cells were 

observed in human plasma not long after this initial discovery, but were dismissed as 

ñcellular dustò (31) (Figure 2). Almost a decade later, vesicles from Cryptococcus 

neoformans were characterized by freeze-etching and electron microscopy (32) 

(Figure 2). Vesicles from Gram-positive species, including Staphylococcus aureus 

and Bacillus subtilis, were characterized nearly thirty years after the initial findings in 

Gram-negative species (33) (Figure 2). This study and similar findings by the same 

researchers also mark the beginning of vesicle cargo characterization, showing that 

Gram-negative bacterial vesicles contain DNA (33-35). 
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Figure 2. Major scientific breakthroughs in understanding vesicle 
biology and behavior. Circles on the timeline note major findings in the 
fields of biogeochemistry, colloid science, and biology. Bars connecting the 
various tracks for the three fields of study denote findings that span 
disciplines. Orange, blue, and green boxes highlight key questions in 
biogeochemistry, colloid science, and biology, respectively, relevant to vesicle 
composition, function, and behavior. The beige box highlights questions that 
can only be answered using a combination of all three fields. The timeline to 
the right marks the founding of institutions and major initiatives related to 
nanoparticle and vesicle biology, with the color of the marker corresponding 
to each of the three disciplines. Black markers are used where key events 
from different disciplines overlap.  

A closer examination of the role vesicles play in bacterial virulence began 

upon discovering that Pseudomonas aeruginosa vesicles contained virulence 

factors, including phospholipase C, protease, hemolysin, and alkaline phosphatase 

(36) (Figure 2). Soon after, it was shown that E. coli vesicles could transfer antibiotic 
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resistance genes to Salmonella enterica and different E. coli species that the 

recipient cells were then able to express, improving their survival outcome (37) 

(Figure 2). Indeed, virulence factors such as adhesin and invasion could even be 

heterologously expressed in E. coli and packaged in vesicles, and these factors 

retained their immunomodulatory activity in the mammalian host (38, 39). These 

findings were extended to membrane vesicles from a variety of fungal species, in 

yeast and filamentous forms, when immunomodulatory vesicle cargo was 

characterized and tested in mammalian systems (40-44) (Figure 2). 

Additional roles for bacterial vesicles continued to emerge as the field 

advanced. For example, E. coli vesicles are loaded with misfolded proteins to relieve 

membrane stress (6) and can also act as decoys to protect against antibiotics and 

bacteriophage (45) (Figure 2). Renewed interest in the composition and function of 

Gram-positive bacterial vesicles revealed protein cargo involved in protein transport, 

bacterial competition, antibiotic resistance, and virulence functions (46) (Figure 2). 

Subsequent studies in Gram-negative and Gram-positive species showed that 

vesicle cargo and function depend on environmental conditions (2, 47-49) (Figure 2). 

While no pathway or gene has been identified as a master regulator for 

vesicle production, studies have identified pathways that modulate vesicle 

production and shown that many of the contributing pathways are involved in 

bacterial stress responses (50-53). Importantly, vesicle biogenesis provides one 

mechanism for bacteria to remodel their outer membrane, particularly with regard to 

lipopolysaccharide species, in order to create a better barrier against the new 

stressful environment (1, 54-57). This fast restructuring mechanism, combined with 
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the ability to package a variety of toxins and virulence factors, makes vesicles a 

powerful bacterial tool for survival and virulence in host-pathogen interactions (39, 

58). 

Vesicles from plant pathogens were observed and characterized forty years 

after the initial vesicle discovery in E. coli beginning with vesicles from Erwinia 

carotovora subsp. atroseptica (59) (Figure 2). Similar to the discovery trajectory in 

mammalian pathogens, proteomics studies with the phytopathogens Xanthomonas 

campestris pv. campestris, Pseudomonas syringae, and Xanthomonas campestris 

pv. vesicatoria then revealed virulence factor cargo in vesicles (60-63) (Figure 2). 

This cargo retains its immunomodulatory activity in plant systems (64-66) and also 

facilitates bacterial spread throughout the host (67) (Figure 2). 

Coincident with these discoveries, extracellular vesicles from plants were 

characterized in sunflower seeds and years later in the apoplast of Arabidopsis 

thaliana leaves (68-70) (Figure 2). Plant extracellular vesicle cargo includes small 

RNAs and stress response proteins and has been shown to directly inhibit fungal 

pathogen growth and virulence (69, 71-74) (Figure 2). Recent characterizations of 

the Arabidopsis thaliana core root microbiome and of mechanisms used by plants to 

recruit specific microbial species to the rhizosphere provide an excellent context in 

which to probe further vesicle-mediated plant-microbe interactions (75, 76). 

Combining insights from disparate fields of colloid science, biogeochemistry, and 

others has potential to extend our understanding even further, as discussed later 

(77) (Figure 2). 
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1.3 The Bacterial Extracellular Vesicle Generation 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 incorporation help define extracellular vesicle 

production as a specific secretion 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 detrimental to bacterial survival in a variety of environments (Table 1, 

Figure 3). 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? To settle the score, we must consider the 

enigmatic aspects of this secretory process. 
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Figure 3. 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 
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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.   

1.4 Biogenesis of Bacterial Extracellular Vesicles 

1.4.1 Gram-negative bacterial vesicle biogenesis 

Outer membrane vesicles (OMVs), which bud from the outer membrane (OM) 

of Gram-negative bacteria, are capsules of periplasmic, cell wall, and OM 

components (lipids, integral membrane proteins, and membrane-associated 

proteins), as well as small molecules (9-12) (Figures 1 and 4). They are 

heterogeneous in size, but typically range in diameter from 50-200 nm (Figures 4 

and 5). The amount of OMVs released per bacterium in a given environment is both 

species- and strain-dependent (2, 7, 50). 
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Figure 4. 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 
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acquisition may contain siderophores or other nutrient-binding proteins. 
Proteins and cargo: A) Gold/Brown, OprO (78, 79); Dark Blue, OprF (80, 81); 
Light Green, OprB (82, 83); Fuchsia, OprM (84, 85); Orange/Straw, ɓ-
lactamase (86, 87); Multicolor, LT (88, 89); Blue Multicolor, PaAP (90, 91); 
Burgundy, LPP (92, 93); Dark Green, NlpD (94, 95); Pink, OsmE (96); Top 
Molecule, Syringomycin (97); Left Molecule, Coronatine (97); Right Molecule, 
Tagetitoxin (97); additional nucleic acids within and on the surface. B) 
Misfolded proteins. C) Periwinkle, FpvA (98, 99); Dark Teal, PQS (100, 101); 
Silver Spheres, iron. Phospholipids and LPS depicted in all vesicles. 
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Figure 5. ñExtracellular vesicleò encompasses a variety of secreted 
cellular structures. Although we focus on microbial EVs throughout this 
perspective, the general term ñEVò can refer to a wide array of vesicle 
structures. In general, terminology for EVs is determined according to their 
size and mechanism of biogenesis. This schematic depicts the various routes 
of EV biogenesis from mammalian and microbial cells. A detailed depiction of 
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mammalian EVs, including specific cargo, can be found in recent reviews 
(102-106). Depictions of cargo in EVs from bacterial and fungal species are 
also available (7, 14, 39, 51, 107-111). A) Top: Gram-negative bacteria 
produce outer membrane vesicles (OMVs) and outer inner membrane 
vesicles (OIMVs). Bottom: Explosive outer membrane vesicles can also result 
from explosive cell lysis. OM: Outer Membrane. PG: Peptidoglycan. IM: Inner 
Membrane. B) Gram-positive bacteria produce cytoplasmic membrane 
vesicles (CMVs). Fungal cells produce EVs presumably via a similar 
biogenesis pathway. C) Left: Mammalian cells produce a variety of EVs 
including exosomes, exomeres, microvesicles, migrosomes, and oncosomes. 
EE: Early Endosome. Lys: Lysosome. MVB: Multi-vesicular Body. ER: 
Endoplasmic Reticulum. Right: Apoptotic bodies are formed when 
mammalian cells undergo apoptotic cell death. Size in nm indicates diameter.  

Diverse genetic and biochemical research findings have validated that 

bacterial vesicles are a bona fide secretion system. As mentioned above, 

researchers first speculated that OMVs were artifactual 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) 

(30, 112) (Figure 2). However, subsequent studies determined explicitly that OMV 

production is not necessarily linked to the loss of cellular viability or membrane 

integrity (53, 59, 113). Further, several studies have highlighted a genetic basis for 

the mechanism and regulation of vesicle production by Gram-negative bacteria (6, 

50, 53, 114, 115). Notably, mutations in stress response pathways and outer 

membrane constituents alter vesiculation rates (50, 53).  

1.4.1.1 Hypotheses for OMV formation 

These findings and subsequent studies have led to several models for vesicle 

formation (Figure 6). First, vesicle production serves to relieve membrane stress, for 

example by eliminating misfolded proteins from the periplasmic space (5, 6, 116) 

(Figure 6A). Vesicle release has also been shown to relieve membrane stress 
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resulting from accumulation of peptidoglycan fragments and lipopolysaccharide 

(LPS) in the periplasm (114, 117-121) (Figure 6A). More generally, vesicle 

production helps resolve oxidative stress (5, 122-124). 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. 
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Figure 6. Mechanisms of vesicle biogenesis. 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 
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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.   

Vesicle production can also be the result of decreased linkages between the 

outer membrane and peptidoglycan (7) (Figure 6B). Numerous reports show that 

mutants lacking the outer membrane protein OmpA, which contains a peptidoglycan 

binding site, have increased vesicle production (125-129) (Figure 6B). Similar 

increases in vesicle production are observed when covalent linkages between 

Braunôs lipoprotein, Lpp, and the peptidoglycan are disrupted (9, 53, 116, 126, 130) 

(Figure 6B). 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 (114, 115, 131). 
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Vesicle production is influenced by membrane fluidity and microdomains, 

which in turn are often modulated by temperature and lipid composition (Figure 6C). 

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 (6, 132-134). 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 (5). Evidence implicating lipid species in vesicle 

production comes primarily from studies showing selective lipid packaging in 

vesicles (Figure 6C). 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 (47, 61) (Figure 6C). Here again, P. 

aeruginosa displays differing dependence on membrane fluidity as it exports 

phospholipids in vesicles that are typically associated with increased membrane 

rigidity (135). Subsequent studies have revealed that Salmonella enterica ssp 

typhimurium and Vibrio cholerae selectively export particular LPS species in vesicles 

(1, 55, 57) (Figure 6C). In these cases, modifications alter LPS geometry, which 

could facilitate membrane bending and vesicle formation (1, 55). 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 (123, 136). 

Small molecules and proteins influence vesicle formation as well. For 

example, in P. aeruginosa, the quorum-sensing molecule Pseudomonas quinolone 
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signal (PQS) stimulates vesicle production according to the bilayer-couple model 

(137) (Figure 6D). 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 (Figure 6D). The shape of PQS further facilitates membrane 

curvature needed to begin the vesicle budding process. Notably, this proposed 

mechanism of vesicle production does not involve activation of stress response 

pathways. To date this model is limited to gammaproteobacteria (138); however, 

quorum sensing molecules have been shown to influence formation of phospholipid 

liposomes (139) and vesicle production in Gram-positive species (140). It is 

important to note that in bacteria normally producing PQS, vesicle formation can still 

occur in the absence of the PQS producing genes (5, 141, 142), revealing the 

redundancy of vesicle biogenesis mechanisms 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) 

(15, 143) (Figure 6E). Notably, these vesicles contain inner membrane components, 

nucleic acid, ATP, and other cytoplasmic content (36, 144-146) (Figure 6E). 

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 (36, 144-146). Naturally produced OIMVs have been observed in many 

different species including Shewanella vesiculosa, Neisseria gonorrhoeae, P. 

aeruginosa, Acinetobacter baumannii, V. shilonii, Pseudoalteromonas marina, 

Arhensia kielensis, and P. syringae, among others (66, 145, 147, 148). In P. 

aeruginosa, vesicle production can also result from explosive cell lysis triggered by 
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endolysins, yielding so called explosive OMVs (EOMVs) (109, 143) (Figures 5A and 

6F). 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 different functions (137, 141, 149). 

1.4.2 Gram-positive bacterial vesicle biogenesis 

Much less is known about vesicle biogenesis in Gram-positive bacteria, 

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 (14, 15, 49, 110, 143, 150) (Figure 

6G). Despite these disruptions to the cell wall, bacterial cell morphology remains 

intact during vesicle formation and release (49, 110, 150). This is similar to the 

mechanisms of OMV formation in Gram-negative species where membrane integrity 

is not compromised (151). 

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 (13). 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 (152-154). 

SigB is conserved in related Gram-positive bacteria (155); 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 (150). In 

Staphylococcus aureus, treatment with penicillin, which is known to reduce 
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peptidoglycan cross-linking, or mutations that disrupt peptidoglycan cross-linking in 

the cell wall led to an increase in vesicle production (150). Additional studies from a 

number of Gram-positive species and mycobacteria reveal that vesicles contain 

transpeptidases and autolysins, which are involved in peptidoglycan remodeling 

(Figure 6G). This result demonstrates that these molecules are at least present at 

the site of vesicle release and could actively contribute to vesicle biogenesis (13). 

Similar to vesicle production in Gram-negative species, Gram-positive vesicle 

production may also be dictated by lipid geometry (Figure 6H). Recent lipid profiling 

studies from Streptococcus pyogenes 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 (15, 156, 157). Similarly, the lipid composition of Listeria monocytogenes 

vesicles differed significantly from the bacterial cell membrane, showing enrichment 

in phosphatidylethanolamine, sphingolipids, and triacylglycerols (13, 158). These 

results suggest that vesicles are specifically packaged with distinct lipids that 

facilitate 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 (150, 159, 160) (Figure 6I). Although these molecules are 

unique to S. aureus (161), similar molecules may induce membrane curvature in 

other species to facilitate vesicle release. 
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1.4.3 Vesicle isolation and purification 

An important consideration in isolating vesicles for functional and proteomic 

studies is the method of vesicle purification. Naturally produced vesicles, because 

they are produced via a concerted mechanism that preserves membrane integrity, 

likely have different functions and compositions than vesicles formed by lysed and 

dying bacterial cells (53). Therefore, it is critical to avoid cell lysis and production of 

membrane blebs through the use of detergents in the process of vesicle isolation 

(151). The most common method to purify naturally produced vesicles involves a 

series of ultracentrifugation and filtration steps designed to remove bacterial cell 

contamination and concentrate vesicles from the supernatant of cultures (151, 162) 

(Figures 7 and 8A). Further purification can be performed using density gradients to 

remove flagella or other small molecule contaminants (162) (Figures 7 and 8A).  
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Figure 7. Schematic of OMV preparation using tangential flow and 
density gradient purification.  From the top left, bacteria are grown in liquid 
media to stationary phase. Colony forming units (CFU) and OD600 are 
measured using small aliquots of the culture. If shift conditions are employed, 
CFU and OD600 are also measured after the shift using small aliquots of the 
culture. For shifted cultures, cells are removed from the original culture by 
centrifugation, resuspended in new media and incubated for cell growth. Cells 
are then pelleted via centrifugation, the cell-free supernatant is filtered, and 
then concentrated using tangential flow (if necessary). The concentrated 
OMV-containing supernatant is then filtered again to remove any remaining 
bacterial cells and ultracentrifuged to pellet vesicles. Vesicles are 
resuspended in a small volume of buffer or water, sterile filtered again and 
pelleted by ultracentrifuging to concentrate further. This concentrated crude 
vesicle sample is then loaded at the bottom of an OptiPrep density gradient 
and ultracentrifuged overnight to separate vesicles from other components in 
the supernatant. After collecting the fractions and removing the OptiPrep by 
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dilutions and washes, purified vesicles may be characterized in many 
different ways including by SDS-PAGE, electron microscopy, Bradford, and 
FM4-64 analyses. 

 

Figure 8. Purified vesicles can be characterized and their functions 
examined in many different ways. A. Vesicles can be purified from bacterial 
culture supernatants through a series of centrifugation and filtration steps. 
Density gradients can be used to further purify samples. B. Vesicle 
characterization can be divided generally into three categories: physical, 
functional, and cargo characterization. Within each of these categories, a 
variety of techniques may be used to examine particular vesicle components 
and properties. C) Additional functional studies can include interaction assays 
with host systems. 
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Vesicle concentration is then calculated based on protein and lipid content, 

and vesicle morphology is imaged using electron microscopy or, more recently, 

atomic force microscopy (151, 163). Emerging vesicle quantification techniques 

include the use of nanoparticle tracking analysis (NTA) and size exclusion column 

purification. NTA has the advantage of automation (164). In static or flow conditions, 

vesicles can be measured according to size and number. Other groups have 

compared traditional density gradient separation to separation on size exclusion 

columns, and their results suggest that both are effective techniques (165). While 

traditional density gradient fractionation produces the highest yield, size exclusion 

columns are less time consuming (165). A thorough review of different vesicle 

purification techniques from Gram-negative bacteria has been published (166). 

Even though results from artificially produced vesicles do impede overall 

interpretation of vesicle function in the field, naturally produced vesicles isolated via 

proper centrifugation and filtration techniques, with their unique hydrophilic and 

hydrophobic cargoes have been shown to play an important role in interactions with 

the environment and, therefore, in host-pathogen interactions. 

1.4.4 Vesicle characterization techniques 

Vesicle characterization can be generally divided into three categories: 

physical characterization, cargo characterization, and functional characterization 

(Figure 8B). Many different techniques for characterization of the physical properties 

of vesicles have been developed or repurposed from nanoparticle research and 

have been described previously (151, 167). These methods include particle counting 

(qNano, NTA, and NanoSight), surface charge measurements (zeta potential, 
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qNano, and NTA), aggregation potential (alpha), as well as morphology and 

rigidness (TEM and AFM). Additionally, many analyses of vesicle cargo use 

standard techniques including proteomics and metabolomics as well as nucleic acid 

profiling to provide a broad understanding of the types of molecules present in 

vesicle structures. Simple measurements such as total protein and lipid content 

using Bradford and FM4-64 assays also provide useful and rapid characterization of 

vesicle concentration in a sample. 

Functional characterization requires a broad array of techniques (Figure 8C). 

Many functional studies rely on immunological measurements in mammalian and 

plant systems to determine what effect vesicles have on host systems (17, 168-171). 

Nonspecific, broad labeling approaches as well as labeling of specific vesicle cargo 

have been documented recently, providing multiple methods to visualize, track, and 

isolate vesicles and their cargo in complex systems (107, 166, 172-175). 

While this is by no means a comprehensive list of vesicle characterization 

techniques, protocols for some of the most common methods used in the field have 

been outlined in Appendix B. Additional information about specific instrumentation 

and its associated protocols has been included where appropriate. In the future, 

vesicle research should strive to develop a database where each of these 

measurements are given for vesicles isolated from different species and in different 

culture conditions. This would serve as a tremendous resource for future studies to 

ask how vesicles are produced, what functions they have in various environments, 

and ultimately why they are produced by all cells. 
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1.4.5 Limitations of current purification and characterization 
techniques 

1.4.5.1 Quantification 

There are several limitations to the different vesicle quantification techniques. 

General quantification measurements using protein and lipid may vary dramatically 

between species and conditions making it difficult to compare yield across species 

and sample conditions. Additionally, there is not an ideal standard to use for lipid 

measurements with the lipophilic dye FM4-64. For example, one possible standard 

curve could be constructed using purchased liposomes. However, the dye may 

incorporate differently into artificially produced liposomes that have limited diversity 

of lipid species in the membrane. As a result, lipid concentration using this dye can 

only be used for relative concentration comparisons. Alternative measurements 

could quantify the amount of specific sugars found in LPS, for example the common 

inner core sugar, 2-keto-3-deoxyoctonate (KDO) (176); however, these 

measurements are limited to Gram-negative species and exclude MV quantification 

in Gram-positive species, which do not contain LPS. Despite these limitations, 

protein and lipid measurements are fast, convenient, and inexpensive.  

Quantifying vesicle production using particle counting techniques such as 

NTA pose different limitations. For example, vesicles may aggregate, which would 

lead to an underestimate of the number of vesicle particles in the sample. 

Alternatively, if particle counting quantification is performed using crude vesicle 

preparations there may be non-vesicle-associated protein aggregates in solution, 

which would result in an overestimation of the number of vesicles in the sample. An 

advantage of particle counting techniques is that they typically use much lower 
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sample concentrations. This provides a quantification technique for situations where 

it may be difficult to obtain sufficient yield for alternative measurements or where the 

sample must be conserved for additional experimentation. 

It is also important to keep in mind that quantification of vesicles from TEM 

images is unreliable unless extreme care is taken to fully sample the TEM grid. 

Vesicles are likely to clump together on small areas of the grid, increasing the 

chance that a small number of randomly sampled areas contain very few vesicles 

and leading to an underestimation of vesicle concentration. Similarly, some types of 

vesicles may not adhere to the grid and would instead be washed away in 

subsequent preparation steps. This too would lead to an underestimation of vesicle 

concentration. How well vesicles absorb the negative stain used in TEM 

preparations can also vary based on producing species and growth conditions, 

preventing visualization under the microscope. As such, TEM should be used only 

as a method to characterize vesicle size and morphology and alternative methods, 

as mentioned above, should be used for quantifying vesicle concentration. It is also 

noted that vesicle size as measured by TEM may be different than their size 

reported by NTA based on the different states of these samples, particularly with 

regard to hydration. Thus, comparisons of vesicle sizes should be made using data 

from the same methodologies. 

Additional cautions when using TEM as a characterization technique include 

its inherent subjectivity. Especially if the vesicle preparation is not gradient purified, 

the sample may contain cell debris or protein aggregates that, in some cases, 

resemble vesicles. Deciding whether or not to measure these structures is subjective 
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and there has yet to be a defined consensus in the field on how to standardize these 

measurements.  

1.4.5.2 Detection 

One way to detect vesicles by TEM, confocal microscopy, or other imaging 

techniques could be to label them with dyes, covalent tags, or antibodies targeting 

specific proteins. Many studies have used dyes to track vesicle movements within 

host cells. Here, a number of limitations arise. For example, when used at high 

concentrations, lipophilic dyes such as PKH or DiD have a propensity to form non-

vesicle-associated fluorescent aggregates (177-179). Although washing unbound 

dye from OMV/MV samples is standard practice, previous studies showed that 

lipophilic dyes can form micellar-like structures that are indistinguishable from dye-

labeled extracellular vesicles (180). It is therefore crucial to control for false positives 

by using buffer controls that are processed exactly the same as the labeled MV/OMV 

samples when determining the concentration of dye to label MVs/OMVs for uptake 

and internalization assays. Additionally, for dyes that are not covalently attached to 

the vesicle membrane, there is a possibility of transfer between the vesicle 

membrane and the host cell membrane. Such transfer is problematic as it may result 

in the incorrect conclusion that the vesicle membrane has fused with the host 

membrane, for example, to release its cargo. In fact, the vesicle may have docked to 

the host membrane and transferred its cargo via some other mechanism, or 

performed an entirely different function altogether, allowing the dye to transfer in the 

process. This limitation could be overcome by using a covalently attached tag such 

as biotin or FITC. However, there are also limitations to the use of covalently labeled 
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vesicles. Covalent modifications of surface components may change the surface 

properties such that receptor-ligand interactions are affected, which would in turn 

affect the biological properties of the vesicles. Even if particular critical surface 

components remain unmodified, labeling of neighboring components could sterically 

interfere with the activity of the critical components. It is therefore critical to confirm 

that the covalent labeling of the vesicles does not affect known activities (e.g. 

specific activity for toxicity or immunomodulatory activities). Lowering the 

concentration of the covalent labeling can reduce interference, but also may reduce 

the ability to track the vesicles, so interference versus detectibility factors must be 

determined by trial-and-error. 

Another way to track where vesicles traffic in host cells or tissues is by 

labeling a specific protein or lipid on the vesicle surface using an antibody. This 

technique allows visualization of the unmodified vesicles after incubations with cells 

by both fluorescent microscopy and TEM, as in the case with immunogold labeling. 

Immuno-labeling requires the identification of an epitope ï either a protein or lipid - 

to serve as a vesicle-associated marker and also requires an antibody that interacts 

specifically with that vesicle cargo with very little cross-reactivity to the other 

components (e.g. host cell molecules) in the samples. Additionally, this method 

assumes that all vesicles produced by any given cell contain that marker protein, 

which may be incorrect. A variety of cellular processes lead to vesicle formation. 

This varied biogenesis likely results in numerous populations of vesicles all produced 

from the same parent cell but with a wide array of functional properties and 

molecular cargo. Therefore, it is also likely that any given marker protein may only 
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be present in a subset of vesicles. Nonetheless, given a suitable marker protein and 

antibody, immuno-labeling provides one way to specifically label certain populations 

of vesicles for characterization and functional assays. 

1.4.5.3 Yield 

In addition to limitations with quantification and labelling techniques, there are 

limitations inherent to the vesicle preparation process. For example, there is an 

inherent trade-off between vesicle purity and yield. Extensive purification ensures 

that only vesicles are quantified; however, this also results in sometimes significant 

sample loss. Alternatively, quantifying crude vesicle purifications may result in 

overestimation of vesicle amounts, as crude preps may also contain protein 

aggregates and other cellular contaminants. Furthermore, shifting to minimal media 

during a vesicle preparation poses several limitations. Most notably, minimal medias 

often represent stressful conditions for bacterial cells and sometimes limit bacterial 

viability. This could result in low vesicle yields or an increased number of 

contaminants due to cell lysis. For these reasons and to ensure adequate vesicle 

yield, cells grown to high density in complete media are often shifted to minimal 

media for a short period of time. This limits the number of bacterial growth stages in 

which vesicle production may be tested in minimal media. 

1.4.5.5 Storage 

Finally, vesicle storage conditions pose limitations on the ability to test vesicle 

function. In most vesicle preparations, purified vesicle pellets are stored frozen at -

20°C until they are characterized or used in functional assays. While this does not 

seem to affect the function of the vesicles from some species, the effect of freeze-



 

31 

thaw on vesicle components is rarely tested, and there have yet to be extensive 

studies on how freezing affects the vesicle structure. Therefore, we cannot exclude 

the possibility that standard storage conditions impact vesicle structure and 

composition and, subsequently, vesicle function. 

1.5 Vesicle Cargo Selection and Packaging 

Studies of OMV cargo have revealed clues to the roles of OMVs in the 

environment and in relation to bacterial cell function. Vesicles have been shown to 

serve as decoys to protect the bacterium from toxic compounds such as antibiotics, 

to aid in biofilm formation, sequester nutrients to bring back to the cell, and deliver 

virulence factors to host cells in the context of pathogenesis, to name a few (2, 7, 50, 

51, 181). There are many benefits to packaging a variety of molecules within 

vesicles. For instance, bacteria can package hydrophobic molecules in the vesicle 

membrane, while hydrophilic molecules can be packaged in the vesicle lumen, 

where they are protected from proteases and other degrading environmental 

conditions in the extracellular milieu (3, 172, 182, 183). Many proteomic studies 

using a variety of bacterial species have focused on vesicle composition in different 

environmental conditions (5, 141, 184-189). In each condition tested, bacteria alter 

vesicle packaging considerably, presumably to provide different functional roles 

necessary in the particular environment.  

As the need for vesicle purification has been recognized and the purification 

techniques have improved (for recent reviews, see (166, 190-193)), analysis of 

vesicle cargo has revealed export selectivity, a hallmark of a bona fide secretory 

process. Numerous quantitative proteomic and lipidomic analyses have 
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demonstrated that the composition of OMVs (1, 3, 55, 133, 194) does not mimic the 

composition of the envelope from which they are derived. Indeed, molecular ñrulesò 

have been validated that show mechanisms for specific inclusion and exclusion of 

soluble and membrane-associated OMV cargo based on polypeptide sequence or 

physical parameters (6, 194). Similarly, in Gram-positive bacteria the protein, lipid, 

and nucleic acid content of vesicles reveals selective packaging rather than a bulk-

flow mechanism (13, 15, 156, 157, 195, 196). 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 

necessary in the future to assign specific properties to specific subtypes, as 

discussed above, 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 environment. 

Despite such numerous examples of vesicle cargo characterization, very little 

is known about how bacteria select cargo, preferentially package cargo in the 

vesicles, and release vesicles into the environment without damaging the membrane 

in the process. However, while packaging mechanisms are still unknown, a clear 

association between vesicle packaging and bacterial virulence strategy has emerged 

from the literature and promises to reveal new bacterial pathogenesis mechanisms. 
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1.5.1 Packaging vesicle cargo that contributes to bacterial viability 

Bacterial vesicles are energetically costly to produce, as they are composed 

of complex macromolecules that are metabolically expensive to synthesize (Figures 

3F and 4). In addition, vesicle budding and release must overcome the energetic 

stability of the cellôs outermost membrane barrier that enables survival in diverse, 

often harsh environments. It would, therefore, seem biologically counterproductive 

for bacteria to release cellular resources in a process that also potentially harms the 

envelopeôs barrier function. However, benefits of bulk export and the selective 

removal and retention of envelope components (i.e., envelope ñremodelingò) 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 (53). 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 (6) (Figures 3C, 4B, 6A). For example, stressful 

environments may damage bacterial proteins, lead to an increase in misfolded 

proteins in the periplasmic space, or require bacteria to insert more outer membrane 

proteins into the outer leaflet. In these situations, bacteria increase vesicle 

production and specifically package vesicles with the damaged and misfolded 

proteins to relieve stress (6). Furthermore, bacteria can relieve membrane stress 
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using vesicles to compensate for disrupted stress response pathways, for example 

the ůE stress response pathway (6).  

1.5.1.1 OMV-mediated bacterial membrane remodeling 

Subsequently, studies examined whether bacteria may also benefit from 

using selective vesicle export to remodel their OM (1, 54-56, 194, 197) (Figures 3A 

and 6C). 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 (194). 

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 (198). 

Remodeling mechanisms are especially relevant for membrane lipids 

because they are essential for maintaining the cell barrier and, consequently, 

viability in rapidly changing environmental conditions. While phospholipases 

including PldA 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 phosphoethanolamine, palmitoylating lipid A, and modifying LPS core to 

improve barrier function in particular environments (1, 22, 199, 200). 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 
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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 (1, 54-56).  

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 concentration of the media (1). Upon shift, and even when shifting back 

to ñextracellular conditions,ò S. typhimurium preferentially exported less modified 

LPS species in vesicles (1). As the less modified LPS is exported, the overall 

composition of the outer membrane changes, tending towards 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 (1). 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 (1, 57). While this secretion pathway may be 

energetically costly in the sense that macromolecules are ñdiscardedò instead of 

recycled into components the cell may reuse, the benefit can outweigh the cost by 
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expeditiously eliminating compounds in bulk that have become toxic or useless 

before they cause harm to the cell (Figure 3A, Table 1).  

Table 1. Advantages and disadvantages inherent in bacterial vesicle 
production. 

Pros Cons 

§ Enable and sustain membrane remodeling § Require considerable biosynthetic energy to 
produce 

 

§ Expedite export and/or evade: 
o Toxic/misfolded bacterial products 
o Membrane-active antimicrobials 
o Viruses/phage 

  

§ Activate host innate immune responses: 
o Oxidation 
o Antimicrobial production 

§ Integral biofilm component; Involved in biofilm 
maintenance and structure 
 

§ Elicit host adaptive immune responses 
 

§ Disseminate genetic material and membrane-
associated compounds 

§ Non-producing cheaters in polymicrobial 
environments take 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 beneficial/symbiotic 
bacteria-host relationships 

 

 

§ Facilitate bacterial spread throughout the host 
by blocking attachment sites 

 

 1 
 

A number of sources also suggest that modifying LPS composition alters 

protein packaging in vesicles. For example, O-antigen deficient Klebsiella 

pneumoniae package fewer outer membrane proteins but more chaperone proteins 

into vesicles (56), while in Pseudomonas aeruginosa and Porphyromonas gingivalis 

A-band (neutral) and B-band (charged) LPS influence protein packaging (3, 136). In 

these situations, bacteria use vesicles to quickly restructure their outer membrane by 

releasing select lipid species, while also using the nature of the restructuring as a 

mechanism for selective protein packaging. Selective packaging helps bacteria to 
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secrete misfolded proteins to relieve stress and also package virulence factors and 

toxins to succeed in the context of host-pathogen interactions (6).  

Characterization studies suggest that vesicles from Gram-positive species 

are also packaged to benefit survival, though functional confirmation is often 

missing. Coagulation factors exported in vesicles could help Gram-positive species 

cope with stressful host environments by facilitating biofilm formation (46). 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 (46). Furthermore, Gram-positive vesicles are enriched with nutrient 

scavenging molecules, such as siderophores (14, 46, 201, 202). 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 (14, 46, 201, 202). 

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 roles as well during host-pathogen interactions, including their use as 

vehicles to transport cargo used to promote microbial attack. 

1.5.1.2 Environmental impact on OMV packaging 

As mentioned previously, environment significantly alters vesicle packaging 

(2). In the context of mammalian host-pathogen interactions, this alteration can 

contribute to bacterial survival in the host, or it can aid in virulence (58). For 
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example, in acidic conditions such as those in the stomach and in simulated 

conditions of the ileum and colon, enterohemorrhagic Escherichia coli increases 

vesicle production (8). Additionally, this increase is accompanied by increases in 

vesicle-associated shiga toxin and cytotoxicity (8). Host conditions and interactions 

with the host in general can also lead to changes in the vesicle metabolite cargo 

(203). 

In parallel to ongoing studies looking at how the host environment and stress 

conditions influence vesicle packaging, the focus of many research studies has been 

on the benefit of vesicles for the bacteria within host environments. These 

experiments have been conducted in vivo in mouse and fish models and in vitro 

using minimal media to mimic the host environment.  

The in vitro experiments have shown that environment dramatically affects 

vesicle composition and packaging (1, 2, 8, 54, 204). In a host environment, this 

translates to the bacteria using vesicles to adapt to their new, stressful environment, 

and also to bacteria packaging virulence factors in vesicles to alter their new 

environment or directly interfere with host immune function (205-211).  

1.5.2 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 (7, 9, 13, 15, 

39, 51, 182, 183, 201, 212-215) (Figures 3C, 3D, 3G, 3I, and 4). There are several 

advantages to packaging such cargo in vesicles. For example, vesicles protect cargo 

from host defenses such as proteases and nucleases, allowing the toxins and 
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virulence factors to successfully reach their target (3, 33, 37, 172, 182, 183, 216). 

Vesicles also allow the simultaneous delivery and potentially synergistic interactions 

of a cocktail of virulence factors that can be targeted to particular types of host cells 

by specific, tissue tropic ligand/receptor interactions (215, 217-220). 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 transcriptional responses (221, 222). Taken together, vesicles allow specific 

and potent transport of toxic cocktails over long distances within the host (3, 33, 

223).  

Several studies have identified detailed pathways by which functional, 

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) (224). Once secreted, LT-containing vesicles enter 

host cells where the toxin is trafficked through the Golgi and ER (225). Inside the 

cell, LT acts similarly to cholera toxin, also associated with vesicles, as it modifies 

the adenylate cyclase pathway to increase cAMP levels, which leads to a net efflux 

of electrolytes and water (214, 225). Trafficking of the toxin and the consequent 

responses in host cells are dependent on its association with vesicles, as soluble 

toxin leads to a distinct outcome (226).  
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Shiga toxin 2a from enterohemorrhagic E. coli (EHEC) is also released in 

association with vesicles (8). 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 (220). In addition to 

toxin packaging, E. coli vesicles have been shown recently to deliver their toxic 

components to host intestinal epithelial cells, where they cause DNA damage and 

lead to increased disease pathology (227). Toxin packaging and delivery is not 

limited to vesicles from E. coli. Vesicles from N. gonorrhoeae are packaged with 

PorB, which targets mitochondrial membranes and leads to loss of mitochondrial 

integrity, cytochrome C release, and activation of apoptotic caspases in 

macrophages (211). In Bacteroides fragilis, vesicles contain the B. fragilis toxin, 

which cleaves E-cadherin and contributes to virulence in inflammatory bowel disease 

(213).  

Vesicles from Gram-positive species are also packaged with toxins. S. aureus 

vesicles are packaged with alpha toxin and leukocidin, which lead directly to 

inflammasome activation in macrophages (228). Vesicles from Listeria 

monocytogenes carry toxins listeriolysin O and hemolysin, which are required for 

bacterial escape from the pathogen containing vacuole (14, 152). In Bacillus 

anthracis, components of the anthrax toxin have been found in vesicles as well as 

additional cytolysins (14, 229). 

In addition to toxins, vesicles have been shown to contain nucleic acids that 

elicit host responses (Figures 3C and 4A). DNA is found both on the surface and in 
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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 (172). 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 (172). In 

another instance, DNA from bacterial vesicles was shown to activate host immune 

responses via TLR9 (230). As this immune response was directed towards vesicles, 

bacteria were ultimately able to evade the host response (230).  

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 (231, 232), 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, psmɓ1, sbi, spa, and isaB, as well as sRNAs, including RsaC, that could 

directly contribute to virulence in a host setting (196). Intriguingly, RNA packaging in 

S. aureus vesicles also depends on environmental conditions such as the presence 

of vancomycin, which carries implications for vesicle function during infection 

scenarios (196). 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 (14, 233). 

In each of these cases, it seems that vesicle-mediated secretion of virulence 

determinants benefits the bacterial cell, often by contributing directly to 
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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. 

1.6 Bacterial Vesicles and the Mammalian Host 

It has been well-established that bacterial vesicles contain toxins and other 

virulence factors, that these are selectively packaged within vesicles for export, and 

that they remain functionally active upon delivery to host cells (7, 9, 39, 51, 183). 

There are several advantages to packaging such molecules in vesicles. For 

example, packaging molecules in vesicles protects them from host defenses such as 

proteases, allowing the toxins and virulence factors to successfully reach their target 

(3, 182, 183). Additionally, vesicles conveniently gift-wrap cocktails of virulence 

factors, allowing simultaneous delivery and potentially synergistic interactions 

between a variety of bacterial molecules with the host target (215, 217-220). 

Furthermore, because these molecules are protected, vesicles allow the delivery of 

these virulent packages over long distances within the host (3, 33, 223).  

1.6.1 Bacterial vesicle entry into host cells 

One way for vesicles to interact with host cells is by entering the cell via 

endocytosis. Clathrin, caveolin, dynamin, lipid raft, and membrane fusion pathways 

have all been suggested as possible routes of vesicle uptake (173). Collectively, 

results from numerous studies suggest that uptake mechanism depends on the 

specific experimental conditions present. For example, enterohaemorrhagic 



 

43 

Escherichia coli vesicles enter HeLa cells via clathrin mediated endocytosis, with 

vesicles lacking O-antigen requiring clathrin-mediated endocytosis and vesicles 

containing O-antigen accessing lipid rafts for entry (234). In contrast, some 

Helicobacter pylori vesicles enter epithelial cells via caveolin mediated endocytosis, 

and Pseudomonas aeruginosa vesicles enter airway epithelial cells via lipid rafts 

(223, 235). Still other groups propose that bacterial vesicles somehow fuse with 

mammalian host membranes and show that dye from fluorescently labeled vesicles 

can transfer to the host cell membrane (212, 223), though this hypothesis has been 

disproven for some species (234). Studies have also shown that vesicles from the 

same bacterium can enter using a variety of mechanisms, likely dependent upon 

specific components of vesicles produced by different pathways (173, 220, 223, 234-

237). Additional results suggest that vesicle size regulates entry into host cells (235, 

236). Small vesicles tend to enter through caveolin-dependent endocytosis while 

large vesicles preferentially enter via clathrin- and dynamin- regulated pathways 

(235). In contrast, some studies show that eliminating clathrin, caveolin, or dynamin 

pathways has no effect on vesicle uptake (220).  

These varied results suggest that, in fact, different species and different 

populations of vesicles interact with host cells via a variety of mechanisms. Of note, 

differences in vesicle preparation protocols may also contribute to some of the 

differences observed in vesicle uptake mechanisms. 

1.6.2 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 
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literature that has been reviewed in detail (217, 238) (Figure 3I). 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 (Figures 3I and 4). Vesicles have been shown to activate many of the 

canonical innate immune responses such as interleukin (IL)-1ɓ and interferon 

expression, with many of these responses apparently dependent on nucleotide-

binding oligomerization domain (NOD) factor activation (239-241). 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 important 

mammalian defense against pathogens (242-244). Upon bacterial activation of the 

inflammasome, an innate immune signaling cascade induces a variety 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 the 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 

(207, 245). Recognition of vesicle-associated LPS is also sufficient to activate 

pyroptosis via caspase-11 activation and interleukin-1 (IL-1) maturation (208). 

Similarly, P. aeruginosa vesicles activate the non-canonical inflammasome 

dependent on the caspase-11 pathway and caspase-5 (246). In contrast, free P. 

aeruginosa LPS activated the inflammasome via caspase-4 (246). In yet another 
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example, Campylobacter jejuni packages more virulence factors in vesicles in 

response to a shift to human body temperature, leading to strong inflammasome 

activation (247). 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 internalized by immune cells and elicit 

immune responses that protect against pneumococcal infections (228, 248, 249).  

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 (209). Notably these responses include 

induced expression of IL-1ɓ, IL-6, IL-8, and monocyte chemoattractant protein-1 

(MCP-1) (209). Similar pro-inflammatory immune activation has been characterized 

in response to Gram-negative Bacteroides thetaiotaomicron and Acinetobacter 

nosocomialis vesicles, where B. theta vesicles trigger fulminant colitis through their 

associated sulfatase activity, and A. nosocomialis vesicles carry a variety of 

virulence factors that result in host cytotoxicity and immune responses (210, 237). 

In-depth studies of an outbreak strain of 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 (215). Follow-up studies identified 

specific components required for entry, virulence factor delivery, and immune 

activation (220).  

In sum, despite the substantial benefits as a stress response and mechanism 

for effective virulence factor dissemination, vesicle secretion can come at a heavy 
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cost to bacterial pathogens (Table 1, Figure 3). 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 considered 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.  

1.6.3 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 maintenance can create an effective barrier to host 

insults and thereby improve bacterial survival during infection (Figures 3A and 4).  

1.6.3.1 Cargo to actively degrade host antimicrobial components 

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 (250). 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 
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environment (250). The precise mechanism by which OmpT is selectively packaged 

in vesicles remains unknown. 

1.6.3.2 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 antimicrobial concentration 

and prevent killing of sensitive bacteria. This decoy effect has been characterized for 

both man-made antimicrobials such as polymyxin, colistin, and amoxicillin as well as 

LL-37 in a variety of bacterial species (45, 251-255). It is notable that vesicles also 

bind and inactivate other membrane binding-dependent bacterial antagonists, such 

as bacteriophage (45, 251, 256, 257) (Figure 3C). Gram-positive bacterial vesicles 

also play roles in evading antimicrobial responses, as they have been shown to 

contain biologically active ɓ-lactamase (258) and absorb surface-acting antibiotics 

such as daptomycin (49). These benefits of 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 (230). Upon internalization, vesicle-associated DNA leads 

to an immune signaling cascade that results in polyclonal IgM antibody production 

(230). Importantly, this antibody response is not directed towards the vesicle-

producing bacteria, allowing the pathogen to evade adaptive immune responses 

(230).  
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1.6.3.3 Cargo to directly manipulate host response 

Vesicles are also used to influence host responses with highly specific 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 (259). Vesicles from Vibrio fischeri are packaged 

with OmpU in response to acidic host pH, helping to establish mutualistic interaction 

with the Hawaiian bobtail squid (260). 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 pathogenic species (260). 

1.6.3.4 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 (1, 54-56). 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 
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infection (261). During the transition to the murine gut, V. cholerae packages 

vesicles with OmpT, resulting in faster adaptation to the host environment (57). 

As we gain an understanding of the various contributions of vesicle 

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 (Figure 3, Table 1). Secretion and 

delivery of virulence factors via vesicles in the host certainly benefits bacterial 

virulence 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 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 (Figures 3 and 4). 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. 

1.7 Bacterial Vesicles and the Plant Host 

While bacterial vesicles have been extensively studied in the context of 

mammalian host interactions, very little work has been done to understand bacterial 

vesicle-plant interactions. Many studies have characterized the proteomes of plant 

bacterial vesicles from pathogenic, commensal, and environmental species (60, 61, 

63, 66, 185, 262, 263). With respect to host-pathogen interactions, these studies 

show that vesicles contain type III secreted effectors, cell wall-degrading enzymes, 
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virulence factors such as flagellin and EF-Tu, and many other molecules (60-63). 

However, it remains to be determined which of these retain their known functions in 

vesicles, how bacteria could be using vesicles as virulence packages, and how 

plants may be recognizing vesicles to trigger an immune response against the 

pathogen. 

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 bacterial 

vesicles and plant host cell-vesicle interactions have yet to be extensively 

interrogated, several studies of the roles bacterial vesicles play in plant 

environments have already proven to be rewarding.  

1.7.1 The plant immune response 

Like mammalian systems, plants mount an immune response to microbial 

attack. In response to bacterial infection, plants recognize conserved pathogen 

associated molecular patterns (PAMPs) on the bacterium and initiate responses 

designed to keep pathogens out, such as strengthening the cell wall with callose, 

releasing ROSs, and sending antimicrobial molecules to the site of infection (264-

268) (Figure 9). Additionally, bacterial recognition triggers stomatal closure (266, 

269-276). Because many bacteria enter through stomata on the leaf surface, closing 

these structures can limit the bacterial population in the apoplast, or space between 

the plant cells, where bacterial infection takes place (266) (Figure 10). These 

responses are collectively referred to as PAMP-triggered immunity, or PTI (264, 
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265). While PTI is decently effective, many bacteria can overcome these responses; 

for example, by injecting effector molecules into the plant cell (264, 265) (Figure 11).  

 

Figure 9. PAMP-triggered plant immune responses. Upon recognition of 
conserved microbial patterns via pattern recognition receptors, plants mount 
an immune response that includes a reactive oxygen species (ROS) burst, 
upregulation of defense response genes, deposition of callose to the cell wall, 
and production of antimicrobial compounds.  

 

Figure 10. Bacterial entry into plant leaves. Bacteria enter leaves through 
stomata or wounds on the leaf surface and replicate between cells in a space 
called the apoplast.  



 

52 

 

Figure 11. Effector-triggered susceptibility. Some pathogens can 
overcome PAMP-triggered plant immune (PTI) responses, for example, by 
injecting effectors via the type III secretion system. These effectors block PTI 
responses, which enables bacterial replication and results in the disease 
phenotype shown here.  

The most well-studied example of this is via the type III secretion system, 

where bacteria inject effector molecules directly into plant cells through a syringe-like 

structure (277-282) (Figure 11). However, years of study on the interaction between 

type III secreted effectors and plant immune responses have revealed that plants 

can overcome PTI suppression through effector-triggered immune responses (also 

effector-triggered immunity, or ETI) (264, 265) (Figure 12). ETI responses are much 

more robust than PTI responses and include upregulation of defense molecules, 

systemic immune activation, and programmed cell death (Figure 12). These 

responses have been reviewed extensively on numerous occasions (264, 265, 279, 

283-288). While studies have revealed many of the mechanisms involved in plant 

recognition and response to many different bacterial, fungal, and viral pathogens, 

bacterial outer membrane vesicles have been overlooked. Given that all bacteria 

produce vesicles and they have been shown to induce immune responses in 



 

53 

mammalian systems, this comprises a tantalizing new area for plant-microbe 

research. 

 

Figure 12. Effector-triggered plant immune responses. Plants have 
evolved nucleotide-binding leucine-rich repeat proteins that recognize some 
effectors or their resulting modifications. This recognition triggers a strong 
wave of immune responses that include defense gene transcription, a 
reactive oxygen species burst, programmed cell death, and production of 
plant defense hormones including salicylic acid. Salicylic acid can 
subsequently initiate systemic plant immune responses.  

1.7.2 Phytobacterial vesicle cargo 

Together with data from mammalian bacterial pathogens, initial findings 

regarding the proteomic composition of plant bacterial vesicles 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 (60-63). By extrapolating from 

studies in mammalian systems, these data suggest that vesicles from plant bacteria 

could play critical roles in bacterial virulence programs. However, studies of bacterial 
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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 

recognition 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. 

1.7.3 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 grapevine xylem by adhering to the xylem cells and creating a coating 

(67). 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 

(67). 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. also propose that 

Xf vesicles could facilitate transitions between the insect vector and plant host during 

the Xf life cycle (67). Xf appears to control vesicle production, at least in part, 

through diffusible signal factor-mediated signaling (67, 262, 289). 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 



 

55 

flow conditions and facilitating spread to other host plants (67, 262, 289). This 

proposed vesicle function is similarly beneficial for bacteria as it increases 

colonization of the host plant and improves transmission to additional hosts.  

1.7.4 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) (66). 

Compared to the bacterial cell, Pst vesicles were enriched in proteins involved in 

siderophore transport, revealing a potential role for vesicles in iron acquisition (66). 

Transcription of the corresponding genes for these enriched proteins is notably 

upregulated during plant pathogen-associated molecular pattern (PAMP)-triggered 

innate immune responses (66), which could suggest that vesicles are released upon 

exposure to the inhospitable plant apoplast to sequester and deliver nutrients critical 

to bacterial survival (Figure 3D). These and other studies in plants have begun to 

reveal common beneficial themes inherent in bacterial vesicle production. 

1.7.5 Vesicle-mediated plant immune activation and protection 

Revealing instead common disadvantages of vesicle production, Bahar et al. 

show that vesicles from Xanthomonas campestris pv campestris elicit PAMP-

triggered immune responses in A. thaliana (64) (Figure 3G, 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. also found 

that even with PAMP receptors mutated or genetically removed, plants were still able 

to mount an immune response as measured by transcription of defense marker 
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genes (64). 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 be activating novel PAMP immune pathways or even activating 

pathways 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 (Figure 3G). 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, discussed in Chapter 2, investigated the nature and breadth 

of vesicle-mediated plant immune activation in greater depth (65). Using vesicles 

from the pathogenic bacterium P. syringae pv tomato DC3000 (Pst) and the 

commensal P. fluorescens Migula ATCC 13525 (Pf), we discovered that pre-

treatment with vesicles triggered an immune program that protected against bacterial 

and oomycete challenge (65) (Figures 13 and 14). This result seems to stem in part 

from vesicle-mediated activation of PAMP-triggered immune responses, including 

phosphorylation of MAPK (65) (Figure 13). However, the duration of MAPK 
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activation exceeds that of a strictly PAMP-triggered response, which could suggest 

multiple vesicle-associated elicitors or controlled release of immunogenic cargo 

(267, 290). Intriguingly, immune activation by pathogenic and commensal plant 

bacterial vesicles was different (Figure 13). 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 (264, 265, 291-294) 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 

(65) (Figure 13). 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 vesicles in plant immune priming (295-297). 
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Figure 13. Bacterial vesicles elicit plant host immune responses. 
Treatment with vesicles from the pathogen P. syringae or the beneficial P. 
fluorescens trigger plant immune responses that inhibit seedling growth and 
lead to protection against bacterial and oomycete pathogens. Additional 
assays suggest that vesicle cargo differs between bacterial species and 
among different culture media conditions. 
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Figure 14. 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. 

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 

FRK1 expression in plants (66). Importantly, these results also show that Pst 

produces vesicles in planta that have similar biophysical properties to those isolated 

through traditional purification techniques (66). While current vesicle purification 

techniques 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. 
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1.7.6 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 (264, 296, 298, 299) (Figure 12). T3SS effectors have also been found in 

vesicles isolated from plant bacteria, including Pst (60, 61, 66). Surprisingly, pre-

treatment with vesicles 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 (65). 

1.7.7 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 (295, 300). Accordingly, treatment 

with bacterial vesicles results in stunted seedling growth in A. thaliana (65) (Figure 

13). 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 

eliminated the growth-inhibition phenotype (65). 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 (65). 

In contrast to our results, Janda et al show that Pst vesicle treatment does not 

lead to stunted seedling growth (66). This difference in function is likely due to slight 
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variation in isolation and purification techniques and highlights an important 

consideration for vesicle studies. Namely, vesicle biogenesis and cargo packaging, 

and subsequently vesicle function, is 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 activation and its 

resulting outcomes are complex and likely involve diverse mixtures of highly stable 

immune-active molecules, potentially 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 (65) (Figure 13). 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. 

1.7.8 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 
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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 (61, 63, 263). Intriguingly, these 

responses are dependent on the presence of the cell wall-degrading enzymes in the 

vesicles, specifically cellulase and xylanase (263), which parallels the situation for 

vesicle-associated microbe-associated molecular patterns (MAMPs)/PAMPs that 

stimulate a host immune response directed against bacteria during mammalian 

infections.  

These examples clearly demonstrate that vesicles are both beneficial and 

detrimental to bacterial survival in plant systems through 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 if there 

is temporal overlap or sequential timing for the vesicle-mediated benefits and 

immune activation (Figures 14 and 15). 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 (Figure 14). Similarly, vesicles 

released at different stages of bacterial growth may contain distinct cargo and, 

therefore, have unique functionality (Figure 15). 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. 
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Figure 15. 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. 

1.8 Vesicles from Other Organisms 

Most work with vesicles in plant-pathogen interactions has focused on 

vesicles from the host plant or vesicles from eukaryotic pathogens. In particular, 
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interest in this area has formed increasingly around the transport of RNA within 

plant, oomycete, and fungal vesicles. After several groups characterized vesicles 

from the plant apoplast (69, 74), Baldrich et al. went on to describe a group of 10-17 

nucleotide tiny RNAs (tyRNAs) that seem to be preferentially packaged into vesicles 

(71). These tyRNAs represented regions throughout the Arabidopsis genome, and 

interestingly included coding regions involved in pathogen response (71). As 

proposed in the earlier paper that found stress response proteins in vesicles, this 

further supported the hypothesis that plants load vesicles with molecules that 

contribute to defense (69). 

In addition to characterization, several groups have shown that the RNA 

contained within plant vesicles can directly interfere with pathogen virulence. For 

example, Cai et al. showed that plant vesicle-associated RNA is taken up by the 

fungal pathogen Botrytis cinerea and acts to suppress fungal virulence genes (73). 

Importantly, this silencing reduced lesion size and improved disease outcome (73). 

The function of plant vesicles and their contribution to plant innate immune 

responses has been reviewed recently (170), although little is known about how 

plants select and load cargo for export in vesicles, how vesicles are secreted 

through the plant cell wall, and how vesicles from plant pathogens interfere with 

plant immune responses or overall plant function. 

In addition to plant-pathogen interactions, vesicles have been characterized 

on multiple occasions in the context of symbiotic interactions (301). In both 

Medicago truncatula and Oryzae sativa, plant vesicles have been seen by TEM in 

the peri-arbuscular space (PAS) (302, 303). While their function here is still 
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unknown, the PAS is thought to facilitate nutrient exchange and communication 

between the plant host and the fungi (304, 305). 

1.9 Relating Vesicle Composition to Function: Future Directions 
and Challenges for the Field 

While decades of research clearly show that bacterial vesicles elicit immune 

responses, mechanisms for how vesicles elicit these responses remain hazy. As 

mentioned above, few studies directly relate vesicle composition to immune 

activation, focusing instead either on environmental effects on vesicle composition in 

vitro or host responses to vesicles in vivo. A major challenge remaining for the field 

is a uniform protocol to separate different populations of vesicles produced by the 

same strain. Vesicles are produced through a variety of different pathways, as 

mentioned above (7, 13, 17, 58, 169, 306, 307), which likely result in distinct 

combinations of packaged cargo (165). For example, some vesicles may be loaded 

with misfolded proteins to relieve membrane stress, while others are packaged with 

virulence factors or toxins to target host cells. Without a consistent means to 

separate these populations, functional studies can only draw conclusions about the 

collective function of all vesicles produced by a bacterium, which complicates 

interpretation and may confound attempts to determine mechanism of vesicle action. 

In mammalian systems, distinct extracellular vesicle populations are often 

separated by labeling surface-associated marker proteins (308-310). Notably, 

column-based purification methods have also been developed for bacterial vesicles 

using common membrane-associated vesicle cargo, and these have been 

implemented in several studies of vesicle function (311, 312). Additionally, 
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proteomics studies have revealed possible vesicle marker proteins in a variety of 

species, which will extend our ability to purify and detect specific subsets of vesicles 

(3, 66, 313). While these methods do allow separation of vesicles based on known 

molecular components, additional, non-biased separation methods will be necessary 

to capture functional properties of all vesicle populations and to separate vesicles in 

poorly characterized species. 

Insights from other fields could help identify novel ways to separate vesicle 

populations (77). For example, techniques from colloid science to separate 

nanoparticles based on surface charge (314-318) or approaches from 

biogeochemistry to separate particles based on metal content (319-325) may reveal 

distinct compositional or functional groups of vesicles (Figures 2 and 16). Distinct 

vesicle populations could also be separated based on their ability to travel through 

porous media (326-328) (Figure 16). Key to these alternative separation techniques 

will be the ability to non-destructively re-isolate the vesicles for use in downstream 

experimentation. 
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Figure 16. Convergence to address EV-mediated inter-kingdom 
communication. A schematic describing the different compartments of the 
natural environment in which EVs may be found, and the questions 
associated with the roles of EVs in these compartments. Top Left. How do 
EVs released by microorganisms influence the function of both plants and 
other microorganisms in the natural environment? Bottom left. How do EVs 
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interact with leaf and root cells? Top right. In what ways do time and 
environmental stressors affect EV viability? Middle right. What roles do EVs 
have in inter-microbial communication? Bottom right. How can EVs impact 
nutrient cycling in the environment? 

Because the field lacks a uniform protocol to separate different populations of 

vesicles, studies that have attempted to relate composition to function have been 

largely inconclusive. As a result, research examining vesicle characteristics from 

host cell entry mechanisms to immunogenic capability to inter-bacterial interactions 

have led to mixed conclusions even from vesicles of the same origin. Novel 

separation techniques will enhance our ability to link cargo to function, thereby 

moving the field forward. 



 

69 

2. Protective Plant Immune Responses are Elicited by 
Bacterial Outer Membrane Vesicles 

Much of this chapter appears in the journal Cell Reports (65). 

2.1 Summary 

Bacterial outer membrane vesicles (OMVs) perform a variety of functions in 

bacterial survival and virulence. In mammalian systems, OMVs activate immune 

responses and are exploited as vaccines. However, little work has focused on the 

interactions of OMVs with plant hosts. Here we report that OMVs from 

Pseudomonas syringae and Pseudomonas fluorescens activate plant immune 

responses that protect against bacterial and oomycete pathogens (Figure 13). OMV-

mediated immunomodulatory activity from these species displayed different 

sensitivity to biochemical stressors, reflecting differences in OMV content (Figure 

13). Importantly, OMV-mediated plant responses are distinct from those triggered by 

conserved bacterial epitopes or effector molecules alone. Indeed, our study shows 

that OMV-induced protective immune responses are independent of the T3SS and 

protein, but that OMV-mediated seedling growth inhibition largely depends on 

proteinaceous components. OMVs provide a unique opportunity to understand the 

interplay between virulence and host response strategies and add a new dimension 

to consider in host-microbe interactions.  

 

Keywords: extracellular vesicles, plant immunity, plant immune response, 

OMV, Pseudomonas syringae, Pseudomonas fluorescens, bacterial virulence, 

secretion, oomycetes 
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2.2 Introduction 

Cells from all kingdoms of life produce extracellular vesicles (Figure 5). 

Bacteria can use these secreted, 40-200 nm in diameter, biological ñpackagesò to 

eliminate toxic compounds such as misfolded proteins, facilitate bacterial adaptation 

to environmental change and stress, and communicate with their environment using 

insoluble mediators (2, 6, 7, 39, 58, 137, 138) (Figures 3, 6, and 16). In Gram-

negative bacteria, vesicles bud from the outer membrane in a process that does not 

damage or weaken the bacterial membrane (6, 9-12) (Figures 1, 4 and 6). Outer 

membrane vesicle (OMV) production is influenced by many factors, including growth 

stage and stress, with previous research suggesting that production peaks during 

late log and early stationary phase and increases in response to stress (2, 6, 7, 10, 

17, 50, 329). For bacterial pathogens, studies have shown that OMVs are enriched 

in toxins and virulence factors and specifically interact with, and are often 

internalized into, host cells (4, 6, 7, 39, 47, 50, 58) (Figure 4). OMV-host interactions 

can benefit pathogens and contribute to their overall virulence strategy; however 

host immune systems also detect OMVs and use them as signals to activate 

immune responses that improve the ability of the host to overcome infection (39, 

217, 218, 330, 331) (Figure 3).  

Despite the extensive focus on interactions between bacterial OMVs and 

mammalian hosts, especially in the context of pathogenicity and disease, research is 

only beginning to uncover the role that OMVs play in the environment and, 

specifically, their role in interactions with plants. Plant-pathogen interactions present 

an excellent opportunity to study OMVôs contributions to bacterial virulence and 
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OMV-mediated interkingdom communication because many mechanisms of 

interaction are well-characterized. 

Our current understanding of plant-pathogen interactions partly stems from a 

large body of work using the model host Arabidopsis thaliana and the model 

bacterial pathogen, Pseudomonas syringae pv. tomato (Pst). Pst enters the leaf 

tissue through stomata or wounds in the leaf epithelium and proliferates in the 

intercellular space known as the apoplast (266, 268) (Figure 10). This stressful 

environment, which consists mostly of air and is devoid of nutrients and resources 

needed for bacterial growth (268), can be mimicked in vitro using minimal media and 

has been shown to induce bacterial virulence factor expression (332). Plants detect 

invasion into the apoplast through a combination of extracellular and intracellular 

defense mechanisms and mount an immune response to clear the pathogen (264-

268) (Figures 9, 11, and 12). 

Some non-pathogens, including Pseudomonas fluorescens, also activate a 

subset of plant immune responses at low levels despite their inability to proliferate in 

foliar tissue (295, 297, 333-338). This low-level plant immune response does not 

inhibit plant growth significantly, and some of these non-pathogens have even been 

shown to promote plant growth (339-341). A key difference between non-pathogenic 

commensals and pathogenic bacteria, specifically between P. fluorescens and P. 

syringae, is the ability of pathogens to overcome plant defenses using the type III 

secretion system (T3SS) (277-282) (Figure 11). While T3SS studies have been 

instrumental in identifying and defining the complex pathways in plant innate immune 
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responses, many other bacterial secretion pathways also play a role in plant-microbe 

interactions (268, 342).  

Local immune responses to both pathogens and non-pathogens can lead to 

systemic immune protection in plants (295). Pathogenic bacteria often induce host 

expression of the isochorismate synthase 1 (ICS1) gene, which encodes an enzyme 

that catalyzes the production of salicylic acid (SA), a plant immune signal for 

systemic acquired resistance (291, 292, 343-346) (Figure 12). For non-pathogens, it 

is widely believed that immune activation is triggered by pathogen/microbe-

associated molecular patterns (PAMPs/MAMPs) and that systemic immune induction 

occurs via SA-independent pathways (295). In addition to MAMPs, studies have also 

revealed specific antibiotic, metabolite, and lipoprotein production in P. fluorescens 

strains that elicit local and systemic plant immune responses (335, 338, 347, 348).  

Our growing understanding of virulence in plant pathogenic bacteria has 

recently expanded to include OMV-mediated secretion and cargo delivery. 

Proteomic studies have revealed that OMVs from plant pathogenic bacteria contain 

plant cell-wall degrading enzymes, components of protein secretion machinery and 

effectors, nucleic acids known to induce plant immune responses, and a variety of 

virulence factors (60-63). OMVs from Xanthomonas campestris pv. vesicatoria, 

Xanthomonas campestris pv. campestris, and Xanthomonas oryzae pv. oryzae and 

virulence factors purified from these OMVs have been shown to trigger immune 

responses in plants that include callose deposition, increased transcription of pattern 

recognition receptors, and reactive oxygen species release (63, 64, 263). 

Additionally, OMVs from Xylella fastidiosa block bacterial cell attachment to xylem 
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cell walls, allowing the bacteria to spread further and cause disease throughout the 

plant (67). While these studies reveal enticing initial support for OMV involvement in 

bacterial virulence and plant immune activation, they also bring to light many 

unanswered questions about how plants detect OMVs, which immune pathways 

OMVs activate, whether OMV-mediated plant immune responses lead to improved 

resistance against pathogen infection, how specific immune responses are to OMVs 

from a given species or pathovar, and whether OMVs from non-pathogens also 

induce plant immune responses. Furthermore, it remains unknown how OMVs may 

work in concert with the producing bacterial cell to further virulence or plant immune 

activation. 

In this study, we show that upon exposure to bacterial OMVs, plants can 

mount a broad-spectrum immune response against bacterial and oomycete 

pathogens (Figure 13). This response is conserved for OMVs from a variety of 

bacterial species, though not all species, and includes a complex range of direct 

plant immune responses and indirect seedling growth inhibition (Figure 13). Studying 

these different responses provides unique insight into how plants differentiate 

between beneficial, commensal, and pathogenic bacterial interactions. Furthermore, 

our data reveal an exciting new use for OMVs as a tool to uncouple plant growth and 

defense activation, as well as signaling and immune outcome.  
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2.3 Results 

2.3.1 Pseudomonas syringae and Pseudomonas fluorescens produce 
outer membrane vesicles 

To evaluate OMV production, we isolated OMVs from Pseudomonas syringae 

pv tomato DC3000 (Pst) and Pseudomonas fluorescens Migula ATCC 13525 (Pf) 

grown first in rich and then in minimal liquid media to early stationary phase (Figures 

7 and 17A) according to previously developed methods (53, 151, 332). Minimal 

media has been shown to modulate OMV production and induce virulence factor 

expression (52, 189, 332, 349). We noted that while bacterial cell viability and 

density were lower in cultures shifted to minimal media compared to those that were 

mock shifted to complete media, membrane integrity was not compromised (Figures 

17B-D), demonstrating that the cells did not die during the shift. We compared OMV 

production in complete media to production in minimal media by assessing total 

protein and lipid in the preparations. After controlling for cell growth and culture 

density, we found that shifting to the minimal media did not alter OMV production in 

Pst or Pf (Table 2; Figures 17E-H). Additional characterization by transmission 

electron microscopy revealed that OMVs produced in complete and minimal media 

have similar size distributions and morphology (Figures 17I-L and 18A). The size 

and morphology of Pst and Pf OMVs are consistent with those reported for OMVs 

from other bacterial species, with diameters of mainly 50-150 nm (7, 12, 47, 61).  
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Figure 17. Pseudomonas syringae and Pseudomonas fluorescens outer 
membrane vesicles (OMVs). A. Growth of Pst and Pf measured by OD600 in 
1L complete media cultures. n=3. B. Membrane integrity of Pst in complete 
versus minimal media at time of OMV harvest as measured by Sytox Green 
where fluorescence intensity indicates compromised membrane integrity. HK: 
heat-killed bacterial cells. Statistics: ANOVA, Tukey HSD. n=3. C. CFU/mL of 



 

76 

Pst (left) and Pf (right) in complete versus minimal media. Complete media 
cultures were mock-shifted to complete media (Mock) or shifted to minimal 
media (Shift) for 2 h. Statistics: Two-tailed Studentôs T-test. Pst Mock: n=10; 
Pst Shift: n=15; Pf Mock: n=7; Pf Shift: n=11. D. OD600 of Pst (left) and Pf 
(right) grown in complete media and mock-shifted to complete media (Mock) 
or shifted to minimal media (Shift) for 2 h. Statistics: Two-tailed Studentôs t-
test. Pst Mock: n=12; Pst Shift: n=18; Pf Mock: n=9; Pf Shift: n=16. E-H. Pst 
(E, F) or Pf (G, H) OMV production as measured by (E, G) protein and (F, H) 
lipid normalized to culture density. Statistics: Two-tailed Studentôs T-test. 
Additional tests using repeated measures ANOVA, where CFU and OD600, or 
protein and lipid were the repeated measures revealed decreased cell growth 
in minimal media and no difference in vesicle production, respectively. nÓ3. I-
L. Size distribution of OMVs isolated from Pst (I, K) or Pf (J, L) cultures grown 
in complete media (I, J) or grown in complete media and shifted to minimal 
media for 2hr (K, L). The box plot in the top panel summarizes the data where 
the vertical line is the median, left and right edges of the box are the 1st and 
3rd quartile, respectively, left and right whiskers show the 1st quartile minus 
the interquartile range and the 3rd quartile plus the interquartile range, 
respectively, confidence diamond shows the mean, where the left and right 
edges of the diamond are the lower and upper 95% of the mean, respectively, 
and the points show outliers. Pst Complete: n=86; Pf Complete: n=466; Pst 
Shift: n=1104; Pf Shift: n=1448. Horizontal lines and error bars indicate mean 
± SE. p<0.05 in all statistical tests. Asterisks indicate statistical significance. 
NS indicates not statistically significantly different. 

Table 2. Pst and Pf OMV Yield. 
Table S1. OMV Yield. Related to Figure 1. 
 

Species Mediaa N 
Culture  

Volume (mL) 
CFU/mL OD600 

Protein  
(µg/mL) 

Lipid  
(RFU/100µL) 

Pst 
Complete-
Complete 

11 500 910 ± 310 2.5 ± 0.3 1224.8 ± 297.7 28.3 ± 9.6 

Pst 
Complete-

Minimal 
18 500 310 ± 99 1.7 ± 0.1 773.1 ± 218.9 13.3 ± 2.3 

Pf 
Complete-
Complete 

9 500 111 ± 410 3.0 ± 0.3 2250.8 ± 436.7 67.8 ± 10.0 

Pf 
Complete-

Minimal 
16 500 410 ± 110 2.6 ± 0.2 1727.1 ± 349.4 33.4 ± 8.6 

 
aYield from Pst and Pf cultures grown in complete media to early stationary phase and shifted to either 
complete or minimal media for 2 hr. 
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Figure 18. OMV pre-treatment protects against bacterial challenge. A. 
TEM of OMVs isolated from Pst (top) or Pf (bottom) cultures grown in 
complete media (left) or shifted to minimal media for 2hr (right). Scale bar: 
200 nm. Representative images from at least 15 (Pst Complete: n=15; Pst 
Minimal: n=47; Pf Complete: n=26; Pf Minimal: n=35). B. Leaves infiltrated 
with either buffer (top) or OMVs from Pst (middle) or Pf (bottom) cultures 
followed by challenge with either buffer (left) or Pst (right). OMVs were 
collected from minimal media cultures. Representative images from n=7. C, 
D. Pst population size (C) or log fold change (D) in plants pre-treated with 
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either buffer or various concentrations of Pst (C) or Pf (D) OMVs from minimal 
media cultures. Statistics: ANOVA, Tukey HSD. E. Pst log fold change in 
plants pre-treated with 5X Pst OMVs from minimal media cultures. Leaves 
were pre-treated 1, 3, 5, or 7 days before challenge with Pst. Statistics: 
ANOVA, Tukey HSD. Each treatment sample was normalized to a paired 
buffer-treated control. F. Pst log fold change in plants pre-treated with either 
buffer or OMVs/MVs from various species. Statistics: ANOVA, Tukey HSD. In 
panels B-F, plants were pre-treated with OMVs, challenged with Pst 24 h 
later, and Pst CFU/cm2 was measured after 4 days. In panels C-F, n=3 
experimental replicates, each with at least 7 plants per treatment condition. 
Gray scatter points display the value from each plant tested. Horizontal line 
and error bars indicate mean ± SE. p<0.05 in all statistical tests. Conditions 
not connected by the same letter are statistically significantly different. 

2.3.2 OMV pre-treatment protects against Pst challenge 

Given that OMVs elicit immune responses in mammalian systems (217), and 

that prior exposure to PAMPs enhances the plant immune response to a second 

challenge (350), we hypothesized that exposure to OMVs may have long-lasting 

immune implications for plants. To test whether OMVs protect against bacterial 

challenge, we treated A. thaliana leaves with OMVs pelleted from bacterial culture 

supernatants, waited 24 h, challenged leaves by infecting with Pst, then measured 

bacterial population size after 4 days (Figure 19). Pre-treatment with Pst and Pf 

OMVs resulted in a complete rescue of leaf yellowing in response to Pst infection 

(Figures 18B and 20A). In response to increasing pre-treatment concentrations of 

OMVs from both Pst and Pf, we saw a corresponding decrease in bacterial 

population size four days post-challenge (Figures 18C-D). Importantly, pre-treatment 

with OMVs at both the 5X and 1X concentrations significantly reduced Pst growth at 

the day four timepoint (Figures 18C-D). We note that OMVs did not reduce Pst 

growth in vitro (Figure 20B), suggesting that this effect is not due to direct bacterial 

growth inhibition by the OMVs in the plant. Additionally, the leaves remained 
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protected from bacteria when challenged up to three days after pre-treatment with 

Pst OMVs (Figures 18E and 20C).  

 

Figure 19. Schematic for vesicle pre-treatment followed by bacterial 
challenge in A. thaliana. Seeds from A. thaliana are sown on autoclaved soil 
(MetroMix 360, SunGro Horticulture) with added fertilizer and vernalized (2 
days; 4°C in the dark) before transferring to 16 h of light/8 h of dark at 28°C. 
After three weeks, two leaves per plant (leaves 3 and 4) are infiltrated with 
OMVs/MVs between 10 and 10:30 AM and returned to the growth room 
overnight. 24 h later, leaves pre-treated with OMVs/MVs are infiltrated with 
Pst. Pst is grown for 2 days on KB agar plates at 28°C and suspended in 10 
mM MgSO4 at an OD600 of 0.002 before infiltration. Plants are returned to the 
growth room for 4 days when leaf yellowing starts to occur. Using a standard 
hole punch, discs are taken from each treated leaf and discs from the same 
plant are ground using a metal bead in 10 mM MgSO4. Samples are then 
serially diluted and plated in 10 µL strips on KB agar plates. Plates are 
incubated (2 d; 28°C) and then colony forming units are counted as a 
measure of bacterial growth. 
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Figure 20. OMV treatment does not lead to A. thaliana leaf yellowing and 
protection lasts at least two days post infiltration. A. Additional images of 
protection against Pst challenge in A. thaliana leaves. Leaves were pre-
treated with 5X Pst or Pf OMVs isolated from either complete (Mock) or 
minimal (Shift) media. B. Neither 5X Pst or Pf OMVs inhibit Pst growth. 5X 
Pst (Left) or Pf (Right) OMVs were added to cultures of Pst in complete media 
at the time of inoculation. OD600 was measured every 15 min for 48 h and 
compared to untreated cultures (No Treatment). Error bars are standard 
error. Statistics: Repeated Measures ANOVA. n=3. C. Pst in plants pre-
treated with 5X Pst OMVs from minimal media cultures. Statistics: Two-tailed 
Studentôs T-test. n=3 experimental replicates, each with at least 7 plants per 
treatment condition. Gray scatter points display the value from each plant 
tested. Horizontal lines and error bars indicate mean ± SE. p<0.05. Asterisks 
indicates statistical significance. 
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To determine whether the protective effect was indeed due to OMVs rather 

than any proteins or other macromolecules that might co-pellet with OMVs from the 

culture supernatant, we purified the OMVs further using density gradient 

fractionation (Figure 7). Previous work from our lab has shown that this method 

separates OMVs from co-pelleted non-OMV-associated proteins and other secreted 

products (162, 183). Based on protein and lipid content as well as the evaluation of 

fraction content by negative-staining electron microscopy, we determined that Pst 

OMVs were present in fractions four through seven of the gradient (Figures 21A and 

22A). When each fraction was used to pre-treat plants prior to bacterial challenge, 

we saw that only the fractions containing OMVs elicited protection against Pst 

(Figure 21B), which suggested that the protective response was in fact OMV-

associated. Because no protective activity was found in fractions without OMVs, all 

subsequent experiments could be performed using OMVs pelleted from culture 

supernatants without density gradient purification. 
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Figure 21. OMV-mediated protection is OMV-associated, type III 
secretion-independent, and withstands biochemical disruption. A. 
OptiPrep density gradient with Pst OMVs showing distribution of protein and 
lipid across light (left) to heavy (right) fractions. Protein and lipid traces are 
representative of 3 experimental replicates. B. Pst log fold change in plants 
pre-treated with either buffer or various fractions from the density gradient in 
(A). Statistics: ANOVA, Tukey HSD. C. Pst log fold change in plants pre-
treated with either buffer or 5X Pst OMVs from WT, ȹhrcC, ȹhrpA, or ȹhrpL. 
Statistics: ANOVA, Tukey HSD. D. OMV production as measured by protein 
and lipid normalized to culture density. Statistics: Repeated Measures 
ANOVA, Tukey HSD. n=3. E. Pst log fold change in plants pre-treated with 
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either buffer, 5X Pst OMVs, treated 5X Pst OMVs (sonicated, boiled, or 
treated with Proteinase K), or Proteinase K alone as a control. ProK: 
proteinase K. Statistics: ANOVA, Tukey HSD. F. Pst log fold change in plants 
pre-treated with either buffer, 5X Pst OMVs, 5X Pst OMVs exposed to a 
combination (Combo) of treatments, or the combination treatment alone as a 
control. Statistics: ANOVA, Tukey HSD. All OMVs were isolated from cultures 
grown in complete media and shifted to minimal media for 2 h. In panels B, C, 
E, F, plants were pre-treated with OMVs, challenged with Pst 24 h later, and 
Pst CFU/cm2 was measured after 4 days. In panels B-C and E-F, n=3 
experimental replicates, each with at least 7 plants per treatment condition. 
Gray scatter points display the value from each plant tested. Horizontal line 
and error bars indicate mean ± SE. p<0.05 in all statistical tests. Conditions 
not connected by the same letter are statistically significantly different.  
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Figure 22. OMVs in fractions 4-7 of a density gradient, T3SS mutants 
display no growth defect, treated vesicles do not contain detectable 
protein or nucleic acid. A. TEM images of Pst OMVs from OMV-containing 
fractions of the OptiPrep density gradient with the corresponding size 
distribution for each fraction. The density gradient was run using OMVs 
isolated from Pst cultures shifted to minimal media. For the size distributions, 
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the box plots in the top panels summarize the data where the vertical line is 
the median, left and right edges of the box are the 1st and 3rd quartile, 
respectively, left and right whiskers show the 1st quartile minus the 
interquartile range and the 3rd quartile plus the interquartile range, 
respectively, confidence diamond shows the mean, where the left and right 
edges of the diamond are the lower and upper 95% of the mean, respectively, 
and the points show outliers. Scale bars: 200 nm. F4: n=225; F5: n=66; F6: 
n=257; F7: n=142. B. CFU / mL (left axis, solid bars) and OD600 (right axis, 
hatched bars) for Pst WT and T3SS mutants grown in complete media. 
Horizontal lines and error bars indicate mean ± SE. Statistics: Repeated 
Measures ANOVA using CFU and OD600 as repeated measures for growth. 
p<0.05. NS indicates not statistically significantly different. n=3. C, D. 5X 
OMVs from Pst cultures shifted to minimal media were untreated or treated 
with sonication, boiling, or Proteinase K (C) or combined (Combo) treatment 
(D) and separated by SDS-PAGE to examine protein contents using SYPRO 
Ruby Stain (C and D (Left)) and Silver Stain (D (Right)). Proteinase K is 28.9 
kDa. E. 5X OMVs from Pst cultures shifted to minimal media were treated 
with combined treatment and run on a 1% agarose gel. In D and E, lanes 3-6 
and 3-7, respectively, are replicates from two independent OMV preparations 
and corresponding treatments. In all gels, equivalent amounts of OMVs were 
added at the 5X concentration. ProK: Proteinase K. Vertical dashes without 
labels indicate blank lanes. 

Plant immune responses to bacterial infection have been found to depend in 

part on plant recognition of bacterial T3SS effector-mediated modifications of plant 

proteins (264, 265) (Figure 12). As both effectors and components of the T3SS 

machinery have been identified in association with OMVs (62), we wanted to test 

whether OMV-mediated protection and implied immune activation was dependent on 

T3SS factors. We used three well-studied T3SS mutants, ȹhrcC, ȹhrpA, and ȹhrpL, 

all of which eliminate the ability of Pst to induce leaf collapse and effector-triggered 

immune responses (282, 351-357). The ȹhrcC mutant lacks a core component of 

the machinery inserted into the bacterial outer membrane, while ȹhrpA lacks the 

pilus protein required to form the needle structure (351, 352). In contrast, ȹhrpL 

lacks a sigma protein required for coordination of various components of the T3SS 

apparatus and expression of effector proteins; therefore, OMVs from ȹhrpL should 
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not contain effectors (353, 354). In response to pre-treatment with OMVs from any of 

the three T3SS mutant strains, we saw no reduction in protective responses as 

measured by the bacterial challenge assay (Figure 21C), indicating that T3SS 

effectors were not responsible for triggering protective immunity. Interestingly, while 

in vitro growth of the three mutant strains did not differ from that of wild type, all three 

mutants produced significantly more OMVs than wild type (Figures 21D and 22B). 

We next tested whether OMV-mediated protection was at all protein-

dependent. Interestingly, treating OMVs with proteinase K or boiling only slightly 

reduced their protective effect (Figure 21E). In fact, even using a combination of 

many different biochemical and physical treatments only resulted in slightly reduced 

protection against bacterial challenge (Figure 21F). For this combined treatment, 

polymyxin was used to interfere with LPS-mediated immune interactions (358, 359), 

sonication was used to disrupt the OMV structure further before treating with 

benzonase to digest nucleic acid, proteinase K treatment was used to digest any 

OMV-associated proteins, and boiling for two hours in the presence of the detergent 

Tween 20 was used to disrupt lipid interactions and denature any remaining 

polypeptides. As shown by SDS-PAGE and agarose gel electrophoresis, no 

detectable proteins or nucleic acids remained in these treated OMV samples 

(Figures 22C-E). That this combination resulted in only slight reduction in protection 

suggests that protein is not driving OMV-mediated protection against bacterial 

infection. It also suggests that the OMV-associated molecules leading to protection 

are highly stable, potentially implicating metabolites, lipids, and small protein 

epitopes, among other macromolecules.  
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2.3.3 Pst and Pf OMVs protect against oomycete challenge in multiple 
plant species 

To explore how broadly OMV-mediated responses were able to protect 

against pathogens, we tested their effect on oomycete pathogenesis. 

Hyaloperonospora arabidopsidis is a well-studied biotrophic pathogen, requiring a 

living host to grow and reproduce (268, 360-362). In A. thaliana, pre-treatment with 

Pst OMVs led to a reduction in oomycete growth upon subsequent challenge 

(Figures 23A and 24A).  
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Figure 23. Schematic for vacuum infiltration of vesicles into A. thaliana 
and tomato followed by oomycete challenge. A. A. thaliana seedlings are 
grown for 1 week on domed soil covered in mesh. Purified vesicles are 
diluted in buffer [10 mM MgCl2 + 0.05% Silwet L77] to a concentration of 13.7 
µg/mL (protein concentration, by Bradford). Seedlings are dipped into the 
buffer or vesicle solution and a gentle vacuum is applied for 3 minutes and 
released slowly to infiltrate. Plants are then covered with a plastic dome and 
placed in a 12 h light/12 h dark growth incubator. 24 h post infiltration, plants 
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are sprayed with 3-5 x 104 fresh spores of Hyaloperonospora arabidopsidis 
NOCO2 isolate. Plants are then covered with a mesh dome and returned to 
growth incubator for 6 days. On the 6th day post infection, plants are covered 
with a dome and watered heavily to increase humidity, then 10 plants are 
collected into 1 mL of dH20 for three replicates per pot and vortexed to 
release spores. Spore density for each replicate is counted 3 times using a 
hemacytometer. B. Purified vesicles are diluted in 5 mL of buffer [10 mM 
MgCl2 + 0.05% Silwet L77] to 27.4 µg/mL (protein concentration, by 
Bradford). Detached leaves of susceptible Solanum lycopersicum cv. 
Mountain Fresh Plus are dipped in either the buffer solution or vesicles and 
placed in a petri dish abaxial side up. To infiltrate, a gentle vacuum (25 inHg) 
is applied for 5 min and released slowly. Leaves are allowed to dry for 6 h at 
room temperature before transferring under 1.5% water agar plates. Leaves 
are stored at room temperature under 12 h light/12 h dark for one day prior to 
late blight inoculation. P. infestans isolate NC 14-1 (clonal lineage US-23) is 
grown and maintained on detached leaves of Solanum lycopersicum cv. 
Mountain Fresh Plus under 1.5% water agar in ambient laboratory conditions 
for seven days prior to inoculation. Sporangia are harvested from these 
leaves by placing the infected leaf in a 15 mL tube with 10 mL dH2O and 
shaking vigorously to release sporangia. Sporangia are quantified using a 
hemocytometer and sporangial density is adjusted to 1000 sporangia/mL. 500 
ɛL of this solution (500 sporangia) is misted onto the abaxial side of each 
inoculated leaf using a mist applicator attached to a 15 mL conical centrifuge 
tube. Conversely, 500 ɛL of dH2O is misted onto the abaxial side of each 
uninoculated leaf. Leaves are then placed under 1.5% water agar in individual 
petri plates, wrapped in parafilm, and incubated in plastic bins in ambient 
laboratory conditions under 12 h light/12 h dark. Sporangia concentration is 
measured 1-week post-inoculation. Sporangia for each leaf are harvested as 
above, and the number of sporangia/mL is quantified using a hemocytometer. 
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Figure 24. Pst and Pf OMVs protect against oomycete challenge in 
multiple plant species. A. Hyaloperonospora arabidopsidis spore count in 
samples isolated from seedlings pre-treated with either buffer or 5X Pst 
OMVs. Statistics: 2-tailed Studentôs t-test. B. Phytophthora infestans 
sporangia count in samples isolated from detached leaves pre-treated with 
either buffer, 10X Pst OMVs, or 10X Pf OMVs. Statistics: ANOVA, Tukey 
HSD. C. Leaves pre-treated with Buffer (top), Pst OMVs (middle), or Pf OMVs 
(bottom) and challenged with buffer (left) or Phytophthora infestans (right). 
Representative images from n=3 experimental replicates, each with 8 leaves 
per treatment condition. All OMVs were isolated from cultures grown in 
complete media and shifted to minimal media for 2 h. In panels A-B, n=3 
experimental replicates, each with at least 7 plants per treatment condition. 
Gray scatter points display the value from each plant tested. Horizontal line 
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and error bars indicate mean ± SE. p<0.05 in all statistical tests. Asterisk 
indicates statistical significance. Conditions not connected by the same letter 
are statistically significantly different. 

In tomato and potato, another well-studied oomycete pathogen, Phytophthora 

infestans causes devastating disease and crop loss each year (362-364). To test 

whether bacterial OMVs protect against P. infestans infection in its natural host, we 

pretreated detached tomato leaves of a susceptible cultivar (cv. Mountain Fresh 

Plus) with Pst OMVs, Pf OMVs, or a buffer control via vacuum infiltration (Figure 

23B). Interestingly, pre-treatment with Pst and Pf OMVs reduced sporangia counts 

after P. infestans challenge (Figures 24B-C and 25A). These data suggest that 

bacterial OMVs are able to induce protective plant responses that improve plant 

disease resistance during bacterial and oomycete challenge. We note that while pre-

treatment with Pst OMVs did lead to reduced growth of P. infestans in tomato, Pst 

OMV treatment also led to an interesting water-soaking phenotype that was not 

observed upon treatment with Pf OMVs (Figures 24C and 25A). Pst OMV-mediated 

water-soaking was not observed in A. thaliana (Figure 18B), although Pst bacteria 

cause water-soaking in both tomato and A. thaliana (365). Together, these results 

lead us to speculate that, as a natural pathogen of tomato, Pst may secrete OMVs 

containing reactive cargo specifically targeting the host response pathways of 

tomato. 
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Figure 25. Pst OMVs, but not Pf OMVs, induce water soaking in tomato, 
and Pst and Pf OMVs reduce P. infestans growth. A. Additional images of 
tomato leaves infiltrated with buffer, or 10X Pst OMVs or Pf OMVs isolated 






























































































































































































































































































































































































































































































































































































































































































































































































































