	


[bookmark: _Hlk57311082]Supplementary Material 
Membrane Vesicle Production as a Bacterial Defense Against Stress 
[bookmark: _Hlk45028529]Negar Mozaheb1, Marie-Paule Mingeot-Leclercq 1*
1 Université catholique de Louvain (UCL), Louvain Drug Research Institute (LDRI), Cellular & Molecular Pharmacology Unit (FACM), 1200 Brussels, Belgium
* Correspondence: 
Marie-Paule Mingeot-Leclercq
marie-paule.mingeot@uclouvain.be







	

2

33

Supplementary Table 1. List of studies allocated to the membrane vesicles. The information of the table summarizes the studies in terms of the main approach of studies, assessed effects, and conclusions.
	Effectors
	Microorganism
	Main Approaches
	Assessed Effects
	Other Conclusions
	Ref.

	Environmental Factor
	Oxidative Stress
	C. jejuni
	Activation of the general stress response
	-Increased OMV numbers
-Alteration of OMVs’ composition
-Role of chaperonins in OMV production rate
	- Presence of Flagel proteins in OMVs
- OMVs act as a virulence factor
	(1)

	
	
	P. aeruginosa PAO1
	- Activation of the SOS response
- Induction of nitrogen-dependent respiration
	- Production of F and R-pyocins
- Increased OMV numbers
	-Presence of prophage components in the OMVs
	(2)

	
	
	E. coli
	- Mutation in oxyR gene
	- Increased OMV numbers
	-Effect of disrupted membrane on OMV production
	(3)

	
	
	N. meningitides
	- Cysteine depletion
- Increasing the dissolved oxygen in the culture of mutant strains for peptidoglycan anchored protein (∆rmpM)
	- Increased OMV numbers
- Decreased the growth rate of ∆rmpM
- The presence of SOS response elements in OMVs
	- Activation of SOS response pathway during cysteine depletion
	(4), (5)

	
	
	P. aeruginosa
	-Ectopic expression of the main bacterial chaperonins

-Tracking the O-antigen structural change
	-The higher chaperonins expression the lower amount of OMV
- B-band polysaccharide is required for membrane blebbing
	- Misfolded proteins in periplasm induce OMV production

-OMVs are originated from high curvature area of OM
	(6), (7), (8)

	Environmental Factor
	Oxidative Stress
	C. rodentium
	-Perturbing membrane integrity by creating mutants for two-component system (PmrAB/C) activating by iron
	- High concentration of iron induces oxidative stress
	
- High concentration of iron disturbs membrane integrity
	(9)

	
	
	L. interrogans
	-Increasing the concentration of free iron
-Inducing mutation in metalloprotease Htpx homolog
	-Membrane vesicle production increase in the presence of soluble iron
-Membrane and membrane vesicles contribute to passive nucleation of metals
	- Htpx and its homologs could regulate the stress response genes
	(10)

	
	UV exposure
	Fresh water bacteria
	-UVR exposure (UVA+UVB)
	-Increased membrane vesicle production
	
	(11)

	
	
	C. raciborskӀ
	-UV exposure
(UVA+UVB)
	-Increased membrane vesicle production
-Increase exopolysaccharide in produced membrane vesicle
	-Exposure of phosphatidylserine is a manifestation of hypervesiculation phenotype
	(12)

	
	Nutrient deprivation
	N. meningitides
	-Cysteine depletion
-Lysine depletion
	- General stress response activation
-Increased OMV production
	- Cysteine, lysine, and iron depletion make oxidative stress
	(4, 13)

	
	
	ETEC
	Iron limitation
	-Increased OMV production
	- The presence of the general stress response proteins like UvrA and UpsF in the OMVs
	(14)

	
	
	P. gingivalis
	-Iron limitation 
	-OMV production carrying HmuY, heme-binding activity, increased
	- Increase of HmuY in media
	(15)

	Environmental Factor
	Nutrient deprivation
	N. meningitides
	-Sulfate depletion
-Determining the role of VacJ/Yrb ABC (ATP-binding cassette)
	-Increased OMV numbers
-Activation of the SOS response pathway
-Perturbation of the outer membrane asymmetry
	-Sulfate depletion cause oxidative stress
-Under the oxidative stress, VacJ/Yrb ABC transporter is downregulated
	(16)

	
	
	S. enterica
	-Mg2+ depletion
	- Activation of the PhoPQ system
-Increase OMV production
	
-Lipid A deacetylation causes an increase in the high curvature area of the membrane
	(17)

	
	
	P. aeruginosa
	-Mg2+ depletion
	-Increased OMV numbers
-Activation of the SOS response pathway
	
	(18)

	
	
	P. aeruginosa
	-Induced iron-depletion via knock-outing the putative systems for iron uptake
	-An effective iron acquisition system based on type VӀ secretion system and OMVs containing PQS
	-The iron-PQS complexes on the OMV surfaces could transfer iron to the other cells possessing the receptors of these complexes ligands’
	(19)

	
	
	V. cholera
	-Hyper-vesiculation mutants
-Mutants in membrane asymmetry maintaining system 
-Polymyxin B 

-High bile-salt concentration
	-Role of membrane asymmetry maintaining system in hypervesiculation

-Role of hyper-vesiculation in cope with starvation stress, antimicrobial cations, and bile-salt
	-LPS modification and hypervesiculation help pathogens with faster adaption and colonization in their hosts
	(20)

	Environmental Factor
	Nutrient deprivation
	M. tuberculosis
	-Induced iron-depletion
-Mutant creation for siderophores
	-Increased membrane vesicle production carrying mycobactin
	-Mutant strain for mycobactin production is not able to grow in minimal condition without an exogenous source for free iron or siderophores
	(21)

	
	pH
	F. tularensis (clinical strain)
	-Mimicking the environment inside the mammalian
host (low pH)
	-Membrane vesicles are tubular
- Increased OMV production
	-The protein content of OMVs alteration in various stress condition 
	(22)

	
	
	S. enterica serovar Typhimurium (S. Typhimurium)/ S. enterica
	-Analysis of OMV’s RNA content under low pH condition
	-The presence of sRNA responsible for E. coli resistance against low pH
- Increased OMV production
-Induced changes in the outer membrane under low pH condition
	-The RNA content of OMVs play various roles
- Activation of PhoP/Q and PmrA/B two-component systems are responsible for inducing outer membrane changes
	(23-25)

	
	
	V. fischeri
	-Culturing the bacteria at acidic or basic pH
	- Increased OMVs carrying ompU
-The higher OMV, the higher the symbiotic signal production
	- Various environmental conditions change the protein content of OMVs
	(26)

	
	Temperature
	E. coli
	-Increasing the temperature up to 55 C˚ for 10 minutes
	- Increased OMV numbers
	
	(27)

	
	
	P. aeruginosa PAO1
	-Increasing the temperature to 45 C˚
- Modifying the strains for developing rough phenotype (without O-antigen)
	- Increased OMV numbers
-Rough strains produce larger OMVs after the heat treatment
	-O-antigen is necessary for OMV production induced by the high temperature
	(28, 29), (30)

	Environmental Factor
	Temperature
	E. coli, P. aeruginosa, C. jejuni
	- Ectopic expression of the envelope stress response components
	-Increased OMV production after heat treatment
	
	(31-34)

	
	
	P. aeruginosa PAO1
	-Inducing PQS production via heat shock
	- Mostly no change in OMV production
	- PQS can induce OMV production via interacting with membrane
-Under stress, PQS is not necessary for OMV production
	(35), (6)

	
	
	P. putida DOT-T1E
	-Heat treatment in 55 C˚ for 10 minutes
	-Increased OMV numbers
-changed OMV contents
	- High temperature induces the production of OMVs containing more saturated fatty acids
- OMV production increases bacterial surface hydrophobicity
-Bacteria tend to produce a higher amount of biofilm
	(28, 36)

	
	Osmotic pressure, Desiccation, and Hydration
	F. tularensis
	-Heat treatment
-Cold Treatment
	-Increased vesiculation under the effect of both treatments
- Heat-induced vesicles carry the enzymes involved in the bacterial envelope biosynthesis and metabolism
	-Low pH, as well as high temperature, effectively induce the production of membrane vesicles
	(22)

	
	
	P. putida DOT-T1E
	-High-saline medium (2 Molar)
	-Increased OMV numbers
-changed OMV contents
	- The high temperature induces the production of OMVs containing more saturated fatty acids
- OMV production increases bacterial surface hydrophobicity
	[20]

	Environmental Factor
	Osmotic pressure, Desiccation, and Hydration
	L. monocytogenes
	- High-saline medium
	- An increased concentration of misfolded protein
-Increased OMV production
- Decreased amount of misfolded protein after HtrA activation
	-OMV production and the periplasmic chaperonins act in two opposed ways
	(32)

	
	
	L. monocytogenes
	-Induced high osmotic pressure using KCl and NaCl
	-Showing Hyper-vesiculation phenotype helps the bacteria with transferring the compatible solutes to each other
	-NaCl has more potency for inducing vesiculation 
	(37)

	
	
	E. coli
	-Determining the role of osmotic pressure-response elements (OmpR) by mutant fabrication (∆ompR) 
	-OmpR does not directly take part in OMV production
	
	(38)

	
	
	E. coli
	-Induced osmotic pressure by and dehydration condition using glycerol/water solution and freely permeant polyol respectively
-High-speed rehydration
	-Cell death membrane vesiculation under osmotic, desiccation, and rehydration stresses
-Membrane lipid phase transition 
	
	(39)

	Antibiotics
	Aminoglycosides
	P. aeruginosa
	-Gentamicin treatment
	-Increased OMV production
-Virulence factors are packed in OMVs after the treatment with gentamicin
	-Replacement of the antibiotic with Ca2+ and Mg2+ in the outer membrane causes membrane bulging
	(40), (41, 42)

	Antibiotics
	Aminoglycosides
	A. baylyi
	-Treatment with sub-inhibitory concentrations of gentamicin
	-Increased OMVs carrying virulence factor production
	-These vesicles are successful in transferring DNA 
	(43)

	
	Macrolides. Tetracyclines
	E. coli, M. catarrhalis, and A. baumannii (clinical strain)
	Treatment with azithromycin and tetracycline
	-Neither change in membrane vesicle production nor in the cytotoxicity of the vesicles
	-Inhibitors of cell-wall synthesis act more effectively in inducing membrane vesicle production than the inhibitors of protein synthesis
	(44-46)

	
	Fluoroquinolones
	P. aeruginosa, E. coli
	-Treatment with ciprofloxacin
	-Increased OMV production
-Induction of SOS response pathway
	
-Ciprofloxacin induces the SOS response pathway
-Increased toleration against the antibiotic especially in biofilm
	(18),(47) 

	
	
	S. maltophilia
	-Treatment with ciprofloxacin
	-Increased OMV and OIMV production
-Some of the vesicles have fimbriae compartments
	-Vesicles are the capable intermediate for transferring the virulence factors
	(48)

	
	
	EHEC
	-Treatment with ciprofloxacin
	-Increased OMV number
-Activation of prophage harboring shi-ga toxin 2a
-Production of Shiga toxin- associated OMVs
	-Antibiotic treatment increases the toxicity of OMVs in EHEC
	(44)

	Antibiotics
	Fluoroquinolones
	F. tularensis
	-Treatment with ciprofloxacin
	-Increased OMV number
-Increased tendency for biofilm formation 
	
	(49)

	
	Genotoxins
	B. subtilis, P. aeruginosa
	-Treatment with mitomycin C
	-Increased OMV production
	-Prophage activation
-Peptidoglycan lysis →   
SOS response activation
	(50, 51)

	
	ß-lactams
	P. aeruginosa
	-Treatment with benzyl penicillin
	-Increased OMV production packing ß-lactamase
	
	(42)

	
	
	A. baumannii

	- Treatment with cephalosporin and imipenem
	-Increased OMV and OIMV production
-Convey of ß-lactamase, carbapenemase and outer membrane protein with OMVS
	-Membrane vesicles after antibiotic treatment show higher toxicity
-Membrane vesicles act as a suitable mediator for horizontal gene transfer
	(52), (53), (46)

	
	
	EHEC
	-Treatment with meropenem and fosfomycin
	-Increased OMV production
	-The treatments are not able to activate prophage harboring Shiga toxin 2a
	(44)

	
	
	M. catarrhalis, H. influenza
	No treatment
	-OMVs transfer the ß-lactamase and ß-lactamase genes to Gram-positive and negative
	-sheltered ß-lactamase in the OMVs is protected against host immune systems
	(54, 55)

	Antibiotics
	ß-lactams
	Bacteroides
	Within gut microbiota/No treatment 
	-OMVs transfer cephalosporinase to other commensals and enteric pathogens like S. typhi
	
	(56)

	
	
	S. aureus
	No treatment
	-OMVs transfer the ß-lactamase
	- The produced ß-lactamase is highly thermo-labile
-The ß-lactamase is protected from proteases by sheltering in OMVs
	(57)

	
	
	S. maltophilia
	-Treatment with imipenem
	-Increased OMV production
	
	(58, 59)

	
	
Polymyxins
	E. coli
	-Treatment with polymyxin B, colistin
	-Increased OMV number
-Antibiotic interaction with the OMVs →   bacterial survival
	-Bacteria will not be able to develop resistant community against the antibiotic 
	(60)

	
	
	P. aeruginosa PA14, A. baumannii ,C. jejuni
	-Treatment with polymyxin B
	-Increased OMV production
-Bacterial survival
	
	(1, 6, 46)

	
	
	M. catarrhalis
	-Using normally produced OMVs by M. catarrhalis 
	-Increased pathogenicity, and the survival rate of neighboring bacteria as well as C. albicans after the treatment with polymyxin B
	-OMVs from M. catarrhalis passively protect the C. albicans from serum complement. Also, they help the yeast to keep its filamentous phenotype in the presence of cationic peptides and serum complement  
	(61)

	Chemicals
	Organic Solvent
	P. putida
	-Exposure to alkanol/ chlorophenols/ o-Xylene
	-Change in the envelope composition
-Change in LPS composition
-Increase in OMV production
-Increase in biofilm formation potency of the stain 
	-Envelope changes have significant effects on bacteria toleration against organic solvents
	(36, 62-65)

	
	EDTA
	P. aeruginosa
	-Treatment with EDTA
-Mutant creation for B-band LPS production
	-A decrease in OMV production
- Lower survival rate against EDTA
	
	(66)

	
	
	P. aeruginosa
	-Treatment with EDTA
	-A decrease in membrane stability
	-Increase OMV production
	(67-69)

	
	
	C. neoformans
	-Treatment with EDTA
	-A decrease in membrane vesicle production
-A decrease in biofilm production
	-Deficiency in the secretion of extracellular polysaccharide
	(70)

	
	Glycine
	E. coli
	- Treatment with glycine
	-Induction of OMV production
	-Treatment with glycine increases OMV formation via 2 separate biogenic mechanisms
- Induced and noninduced membrane vesicles have similar protein contents
	(71)

	Phages
	Prophage activation
	B. subtilis
	-Treatment with genotoxins
-Fabrication of mutant strains for the gene in the SOS response pathway
	
-Increased membrane vesicle production triggered by endolysin activity
-Mutant strains fell short in membrane vesicle production
	-The produced endolysin could trigger the membrane vesicle formation in neighboring cells
	(50)

	
	
	EHEC
	-Treatment with Ciprofloxacin, meropenem, fosfomycin, polymyxin B, gentamicin, rifaximin, tigecycline, and azithromycin
	-The effective treatment for induction of OMV production
	-The activation of prophage harboring 2a Shiga toxin is responsible for cytotoxicity caused by OMVs
	(44)

	
	
	S. aureus
	-Treatment of the S. aureus and its phage-devoid counterparts with mitomycin C, daptomycin ciprofloxacin, flucloxacillin, and ceftaroline
	-Induced OMV production 
-The failure of membrane vesicle formation after SOS stress response activation in phage –devoid strain
	
	(72)

	
	
	P. aeruginosa PAO1
	-Providing denitrifying condition
	-Increased OMV production
-Induced pyocin activation
	-Activation of the SOS response pathway under the denitrifying condition
-Increased PQS carrying OMVs
-Prophage activation under the denitrifying condition
	(2)

	Phages
	Prophage activation
	P. aeruginosa
	-Applying genotoxins for inducing prophage activation
	-The activation of lysins encoded by prophages induces explosive cell lysis
-Explosive cell lysis is a model for OMV production
	-Explosive cell lysis promotes biofilm formation
-The activation of SOS pathway is prophage induction and responsible for explosive cell lysis 
	(51)

	
	
	D. alaskensis
	-Treatment with genotoxins
	-Activation of prophages
-The presence of prophage genes in the OMVs released
	-The genotoxic induced virus-like particles (VLPs) contribute to horizontal gene transfer
	(73)

	
	
	A. baumannii

	-Treatment with Hydrogen peroxide,
d-cycloserine, polymyxin B, and imipenem
	- Differential expression of phage proteins correlated with antibiotic treatment
	- Different in the toxicity of OMVs produced following by various antibiotic treatments
	(46)

	
	
	S. maltophilia
	-Treatment with ciprofloxacin
	- Induction of prophage activation
- Induction of membrane vesiculation
	-Produced membrane vesicles are heterogeneous in terms of their shape and contents 
	(48)

	
	Phage interaction
	E.coli
	-Polymyxin B and colistin treatment
-Hyper-vesiculating mutant creation
	- Decreased efficacy of antimicrobial activity of antibiotics and T4 bacteriophage were  
	
	(60)
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